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Applied Hedgehog Conservation Research
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Hedgehogs (Order Eulipotyphla, Family Erinaceidae, Subfamily Erinaceinae) are
familiar and popular spiny mammals, but they face many challenges in modern human-
dominated environments. In this Special Issue, “Applied Hedgehog Conservation Re-
search”, we present an anthology of articles from the journal Animals which help to fill
some of the many gaps in our knowledge of hedgehogs and describe new approaches to
their conservation. Most articles in this collection focus on the West European hedgehog
(Erinaceus europaeus), which remains by far the most researched species to date, but studies
of other hedgehog species are also included when they are relevant and informative. The
articles reflect a broad and diverse spectrum of current research that is relevant to the
conservation of hedgehogs in the wild and can provide insights into their behaviour, genet-
ics, disease, and mortality, including studies of hedgehogs in human care. We gratefully
acknowledge the authors who have contributed articles, the peer reviewers, and the staff of
the journal, who have facilitated the production of this Special Issue. All the articles are
Open Access and free to download, ensuring that the studies are available to all and can
contribute significantly to evidence-based hedgehog conservation.

There is growing evidence of a serious decline in the distribution and abundance
of hedgehogs in Western European countries, such as the UK [1], the Netherlands [2],
Belgium [3], and Switzerland [4]. This decline of the West European hedgehog within
its native range seems to be caused by a variety of factors. Different influences may
be at work in urban and rural environments, but generally, we can implicate the loss,
degradation, and fragmentation of suitable habitats. The isolation of small hedgehog
populations may also increase the likelihood of local extinctions from stochastic events and
the effects of low genetic diversity. Other negative factors include the lethal or sub-lethal
effects of environmental pollutants, hazards such as road traffic accidents, a decline in
the abundance of invertebrate prey, high levels of disturbance, interspecific competition,
and predation, e.g., by Eurasian badgers (Meles meles) [2,5,6]. Despite the many negative
effects of anthropogenic hazards and environmental change, hedgehogs are often found
living alongside humans, especially in low-density urban and suburban areas with gardens
and plenty of greenspace, where they may benefit from supplementary food sources, a
reduced risk of predation, additional shelter, and a warmer microclimate [6–8]. Hedgehogs
are typically absent from highly urbanised environments such as town centres and cities
with small, highly fragmented areas of greenspace [7,9], but the benefits of an urban
lifestyle can be seen in northern Scandinavian countries, where hedgehogs are principally
found in association with human settlements [10], provided that an appropriate number of
small forest patches in urban areas ensure suitable hibernation habitats for hedgehogs [11].
Similarly, in Qatar, a population of Ethiopian hedgehogs (Paraechinus aethiopicus) benefit
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from visiting irrigated farms and a rubbish mound [12]. However, in a contrasting example,
the formerly thriving urban hedgehog population in Zurich (Switzerland) has declined
in the last 25 years in both distribution (down 17.6%) and abundance (down 40.6%), and
further investigations are required to establish the reasons for this [4].

In this Anthropocene era, the existence of almost every wildlife species depends on
how well they can cope with the conditions that are created by humans. Hedgehogs are
generally popular animals, but just popularity is not enough when key groups in society
are disconnected from and ignorant of the natural world [13]. Citizen Science and public
engagement initiatives need to be sensitive to the social context to engage and motivate
people to implement conservation actions, in order to make the changes that will allow
wildlife to co-exist with us.

Urgent action is required to reverse the decline of the West European hedgehog, but
there are still major gaps in our understanding of its population ecology, the underlying
causes of decline, and the effectiveness of different conservation measures. Population
modelling is an important strategic tool, but it requires data such as survival and reproduc-
tive rates, which are especially challenging to obtain from a secretive, nocturnal animal.
If cause of death (or other additional) data can also be obtained, the models gain the
power to examine further issues, such as the potential benefits of mitigations or the impact
of certain causes of death (associated with certain environmental factors) on population
trends [14,15]. Post-mortem age determinations of hedgehogs in Denmark [16] examined
sex- and age-specific mortality rates in road-killed and other dead hedgehogs from ur-
ban and rural areas. Additional data on individual genetic heterozygosity revealed no
significant association with either the age at death or the cause of death. In this case, it
seems that low genetic diversity is not a principal risk factor. Moreover, hibernation is
a key feature of West European hedgehogs’ life history, and for many years, it has been
assumed that hibernation was a high-risk period. However, recent studies [17] show that
in fact, hibernation is a period of relatively low mortality. Death from collisions with road
traffic is one of the most obvious mortality factors affecting hedgehogs, and the scale of
the losses suggests population-level effects [1,9]; in addition, males are more likely to be
traffic victims [14,16]. The population effects of road mortality and, where implemented,
the benefits of road mitigation schemes such as crossing structures and fauna tunnels need
to be assessed by detailed demographic research [14].

As hedgehogs are elusive animals, the use of environmental DNA (eDNA) to detect
their presence has considerable potential. eDNA has now been used to detect the presence
of many species, including a range of terrestrial mammal species in samples of river
water [18], although no hedgehogs were detected in that study. Another approach that has
been successfully trialled is to use DNA analysis to look for a hedgehog-specific parasitic
nematode Crenosoma striatum (a lungworm) in slugs—the nematode’s intermediate host [19].
Slugs are easy to collect, and this method has the potential to be used simply to confirm the
presence of hedgehogs on a site, especially in habitats where fieldwork is difficult or where
they are at low densities and hard to find.

Where populations of different hedgehog species meet, much can be learned about
their ecological niche characteristics, the potential for interspecific competition, and the
implications for conservation management. A detailed study of cranial and jaw morphol-
ogy has revealed differences between allopatric and sympatric populations of the West
European hedgehog and the Northern white-breasted hedgehog (Erinaceus roumanicus),
with a convergence in jaw shape in the sympatric animals that may be a result of feeding
niche overlap and competition [20]. In the contact zone between these two European
hedgehogs, wildlife rescue centres may receive both species. If releasing individuals away
from their point of origin, there is a potential to create artificial mixing between their popu-
lations, irrespective of natural landscape barriers [21]. Translocations by wildlife rescue
centres may also explain the unexpected gene flow that has been observed between urban
subpopulations of E. europaeus in Berlin, although natural movements through habitat
patches in the city may also be possible [22].
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Animal rescue and rehabilitation centres aim to contribute to hedgehog welfare and
conservation by restoring ailing hedgehogs to health and returning them to the wild.
Bearman-Brown and Baker estimated that in 2016, at least 40,000 hedgehogs were admitted
to rescue centres in Britain and the Channel Islands, of which maybe 50% were released [23].
Such figures suggest potential population-level effects. Studies that test the efficacy of reha-
bilitation methods [24] and provide reliable reference data for physiological variables [25]
play an important part in the development of good practice for hedgehog rehabilitation.
The participation of rescue and rehabilitation centres in research can be extremely valuable
and can reveal much about the problems facing hedgehogs in the wild [26,27], as can
studies carried out in captivity examining behaviour and hibernation [28]. Rescue centre
records can provide year-on-year data on the numbers and causes of admissions and can
also contribute samples to studies of, for example, infectious and non-infectious diseases;
the prevalence of environmental pollution by pesticides, heavy metals, organic pollutants,
and other ecotoxins [29]; plastic waste [15]; and the occurrence and characteristics of
cut injuries that are presumably caused by garden tools like robotic lawn mowers [30].
Studies by Rasmussen et al. of robotic lawn mowers have shown important differences
between models in the risk of injury to hedgehogs, creating the basis for specific design
improvements to mitigate such risks [31,32]. Moreover, investigations of the personality
and reactions of live hedgehogs towards a disarmed, approaching robotic lawn mower are
also applied in the design of a standardised hedgehog safety test, eventually serving to
produce and approve hedgehog-friendly robotic lawn mowers [33].

A range of anthropogenic influences could potentially affect hedgehogs’ behaviour.
One of these is Artificial Light at Night (ALAN), which is known to disrupt the behaviour of
a wide range of species. A study of hedgehogs using camera-trap videos at supplementary
feeding stations in gardens found no consistent overall effect of ALAN on the feeding
and general activity of hedgehogs [34]. However, a study in Berlin used GPS tracking
and dataloggers and demonstrated a preference for movement in locations with lower
light levels [35]. By attaching dataloggers to urban hedgehogs under different conditions,
it was documented that the temporary disturbance of their habitat that was caused by
a music festival had a more serious impact on hedgehog behaviour than a permanent
disturbance caused by fragmentation [36]. Nevertheless, we stress the importance of
further investigations on the effects of anthropogenic disturbances to the habitats before
clear conclusions can be drawn.

The popularity of hedgehogs means that many people put out food for their much-
loved garden visitors. Supplementary feeding could be an important factor for maintaining
urban hedgehog populations, but feeding during the winter appears, at least in some cases,
to be increasing the levels and duration of activity when hedgehogs would normally be
hibernating [37]. Further research is needed to evaluate the risks and benefits of supple-
mentary feeding, facilitating evidence-based advice to the public to benefit the hedgehogs.
Furthermore, contrary to the heterogeneously dispersed invertebrate prey which hedge-
hogs naturally forage for, supplementary feeding is usually provided in food bowls, which
may artificially attract a substantial number of hedgehogs to the feeding stations. This
might trigger aggression between competing hedgehogs and increase the potential risks of
injury and disease transmission from close, as well as aggressive, intraspecific encounters,
or contact with other competing or predatory species that are attracted to the food [38].
However, ingestion of natural prey items may also cause risks to the hedgehogs, as Williams
et al. demonstrated that molluscs, commonly eaten by hedgehogs, are potential vectors
of rodenticide poisons [39], providing a potential explanation for the high prevalence of
rodenticides that have been detected in hedgehogs in previous studies [29,40].

Clearly, there is a need for further, more detailed studies to answer the many remain-
ing questions about hedgehogs’ population ecology, habitat requirements, and behaviour,
as well as the impacts of potential key causal factors in their decline. There is enough
current knowledge to prescribe land management changes which are likely to benefit
hedgehog populations in rural areas [41], but there is a serious lack of evidence underpin-
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ning this advice. Management interventions, or indeed any interventions aiming to benefit
hedgehogs, need to be part of well-designed before/after studies to provide evidence of
their effectiveness.

We hope that the studies published in this Special Issue, “Applied Hedgehog Conserva-
tion Research”, will inspire forthcoming research and will contribute to an evidence-based
optimisation of the conservation initiatives protecting this beloved species, thus preventing
further population declines.

Conflicts of Interest: The authors declare no conflicts of interest.
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Simple Summary: Hedgehogs have been found in higher densities in urban compared to rural areas.
Recent dramatic declines in rural hedgehog numbers lead us to pose the question: how are hedgehogs
faring in urban areas? In this study, we examined how hedgehog numbers have changed in the city
of Zurich, Switzerland, in the last 25 years. We compared data collected through citizen science
projects conducted in 1992 and 2016–2018, including: observations of hedgehogs, data from footprint
tunnels, and capture-mark recapture studies. We found that hedgehog numbers have declined by
41%, from the former average of more than 30 individuals per km2, in the last 25 years. In the same
time span, hedgehogs have lost 18% of their former urban distribution. The reasons for this decline are
still unknown. Intensification of urban buildup, reduction of green space quality, the use of pesticides,
parasites, or diseases, as well as increasing numbers of badgers, which are hedgehog predators,
in urban areas are discussed as potential causes. Worryingly, these results suggest that hedgehogs are
now under increasing pressure not only in rural but also in urban areas, their former refuges.

Abstract: Increasing urbanization and densification are two of the largest global threats to biodiversity.
However, certain species thrive in urban spaces. Hedgehogs Erinaceus europaeus have been found
in higher densities in green areas of settlements as compared to rural spaces. With recent studies
pointing to dramatically declining hedgehog numbers in rural areas, we pose the question: how do
hedgehogs fare in urban spaces, and do these spaces act as refuges? In this study, recent (2016–2018)
and past (1992) hedgehog abundance and distribution were compared across the city of Zurich,
Switzerland using citizen science methods, including: footprint tunnels, capture-mark recapture,
and incidental sightings. Our analyses revealed consistent negative trends: Overall hedgehog
distribution decreased by 17.6% ± 4.7%, whereas abundance declined by 40.6% (mean abundance
32 vs. 19 hedgehogs/km2, in past and recent time, respectively), with one study plot even showing
a 91% decline in this period (78 vs. 7 hedgehogs/km2, respectively). We discuss possible causes of
this rapid decline: increased urban densification, reduction of insect biomass, and pesticide use, as
well as the role of increasing populations of badgers (a hedgehog predator) and parasites or diseases.
Our results suggest that hedgehogs are now under increasing pressure not only in rural but also in
urban areas, their former refuges.

Animals 2020, 10, 1606; doi:10.3390/ani10091606 www.mdpi.com/journal/animals
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1. Introduction

Currently, over half of the world’s human population lives in cities and, by 2050, it is estimated
that over 66% of people will do so [1]. With this current rise in population, the area covered by
urban settlements is expected to triple by 2030 [2]. This massive increase in urbanized land cover has
inevitably become one of the greatest concerns of modern conservation [3,4]. In addition, expanding
urban spaces are also densifying, with the net result of smaller and more intensively used green
spaces [5,6]. Understanding urban ecology is key to conservation efforts in these human-built and
dominated landscapes.

Rather than being simply degraded landscapes, urban areas provide habitat for a wide array
of wildlife. The urban environment’s particular habitat characteristics render it a unique ecosystem.
Although cities tend to be characterized by fewer natural resources, greater anthropogenic disturbance
and higher levels of fragmentation than pristine systems, urban areas feature a greater diversity of
habitats, more (often anthropogenic) resources, and fewer natural predators [7–10]. Anthropogenic
disturbance creates an urban landscape that is highly variable in temperature, pollution level,
habitat availability, and species composition across small spatial scales compared to the non-urban
surroundings. These extreme pressures may result in profound behavioral adaptations in the animals
inhabiting urban areas [11,12] and, in some cases, may promote rapid evolution [13–16]. Certain
species benefit from the habitat mosaics that are urban spaces [17].

One such species is the European hedgehog Erinaceus europaeus, which is commonly associated
with the agricultural landscape. This species, however, is also known to inhabit green areas of
settlements. It can even reach higher densities in urban spaces than in rural ones [18–23]. Factors that
provide more favorable conditions for hedgehogs in urban areas include: better habitat quality [19,24],
higher anthropogenic food availability [25,26], higher availability of vegetation structures to build
day nests [27], and more beneficial climatic conditions [28], coupled with lower risk of predation by
badgers [20,29,30]. In multiple European countries, the distribution of hedgehogs has been declining
over the past few decades [31–37]. While hedgehog populations seem to decline over a large range
and in several countries, rural hedgehogs are affected particularly strongly by the decline [38]. In the
UK, the hedgehog was recently classified as Vulnerable on the Red List [39]. Therefore, the question
arises whether urban settlements act as shelters for hedgehog populations.

Although hedgehogs are regularly observed, systematic studies are not easy due to their nocturnal
and secretive lifestyles. In addition, access to privately and semi-privately owned land is often limited
for researchers. Citizen science is a particularly suitable approach to study urban wildlife because it
enables access to privately and semi-privately owned lands, and it allows data collection in a scope
otherwise not possible. In addition, the involvement of citizen scientists brings conservation aspects
and local wildlife concerns closer to the people who live in cities and offers researchers access to local
knowledge. Our recent survey was performed as part of the citizen science project StadtWildTiere
(“urban wildlife”) in Zurich, Switzerland, which was established in 2013. This project collects incidental
observations of wild animals in various urban areas on an online platform with the aim to increase
knowledge on occurrence and distribution, to raise awareness of wild animals in cities, and to promote
conservation and mutually beneficial co-existence. Further, the project includes a well-established
network of 60 volunteers, who have been trained in various wildlife research methods.

The aim of this study was to test how hedgehogs are doing in urban environments by evaluating
the temporal changes in hedgehog distribution and abundance in the city of Zurich in the last 25 years
in a case study. We were able to build upon a city-wide call for hedgehog sightings in 1992, combined
with a capture-mark-recapture study, which resulted in the creation of a distribution map, as well as an
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estimate of abundance numbers for a period in the past. In the recent comparative study, we used
footprint tunnels [31,40,41], collected hedgehog observations, and employed a capture-mark-recapture
approach in four urban districts with the help of citizen scientists to estimate current distribution
and abundance measures for urban hedgehogs. The resulting indicators of hedgehog density and
distribution were compared over the 25-year period. Such long-term comparative datasets on
population development are scarce, and the methodologies inevitably slightly differ between the
study periods; thus (with certain caveats in mind), we performed a conservative comparison with
the available data. In the wake of the modern biodiversity crisis, it is invaluable to have older data to
compare with current estimates.

2. Materials and Methods

2.1. Study Species and Site

We studied temporal changes in the distribution and abundance of urban hedgehogs
Erinaceus europaeus, in the city of Zurich (433,000 inhabitants, 92 km2, 47.369, 8.539), Switzerland.
We compared data from two studies, the first of which was carried out in 1992 [42] the second from
2016–2018. Both studies focused on the urbanized area of Zurich, excluding forests and agricultural
lands. To allow complete comparability, we focused on a subset of the urbanized area of Zurich,
the study area that was assessed in both time periods (46 km2, hereafter referred to as the study area),
for the abundance estimations (Figure 1).

Figure 1. City of Zurich and study areas that were assessed in the course of 25 years (past (1992) vs.
recent (2016/2017)). The outline delineates the municipal border of the city of Zurich with forest area
(green) and water bodies (blue). Study areas are divided into 1 km2 patches (light blue) and study
plots (red: Altstetten (A), Enge (E), Schwamendingen (S), Wipkingen (W); in 1992, only Wipkingen was
investigated; for details, see text).
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The data for the abundance estimations were collected in the study area plots, which are sections of
the study area (one in 1992 (size 0.23 km2) and four in 2016–2018 (size 0.5 km2)) and then extrapolated
in accordance to the relative return rates of observations or footprint tunnel data to the study area
(Figure 1). For the distribution maps, the entire urban space of the city of Zurich was considered (grid
of 58 km2 representing the urbanized area). To control for observation effort, the observation points
from 1992 and 2016–2018 were classed as presence and absence points at a level of 1

4 km2. This level
was chosen to allow for more in-depth comparisons than 1 km2 would have done.

2.2. Past Study (1992)

In spring 1992, survey cards were sent by mail to approximately 18,000 households (mostly
members of conservation and animal protection associations) all over the city of Zurich to ask for
observations of hedgehogs. The obtained records of observations were then used to create a distribution
map by classing them as presence and absence data. A 1

4 km2 grid size was chosen. As the cards were
not evenly distributed over the city, the proportion of sent out and returned cards per 1

4 km2 grid cell
was used to obtain a relative return rate. Cards were only returned when a hedgehog was seen. It was
assumed that all people had the same intention in returning observations after seeing a hedgehog,
as they all were members of nature conservation associations.

Intensive hedgehog searches were conducted in one specific plot within the above described
study area (hereafter referred to as a study area plot, Wipkingen, 0.23 km2) for abundance estimation
(Figure 1). The whole area was scanned for hedgehogs once in the course of the night (n = 23),
mainly by a single person walking in the dark but occasionally by searching larger areas with a
torch. All hedgehogs encountered in this area during a radio telemetry study from beginning of
June through end of July 1992 were uniquely marked by attaching six heat-shrink plastic tubes over
individual spines with instant glue [19]. This marking lasted at least three months and made possible
the unambiguous identification and count of all encountered hedgehog individuals. For estimating
abundance, all encountered hedgehogs were summed up. The study area plot was searched intensely,
so that it was assumed that the majority of hedgehogs had been encountered. The study area plot
was surrounded by either train tracks or heavily trafficked on three sides, and only one hedgehog
was observed crossing one of these streets. However, as the study area plot was not truly isolated,
it was assumed that some hedgehogs were counted that did not really inhabit that area, while some
living in the plot must have been missed. For example, some of the hedgehogs may not have regularly
inhabited the study area but only appeared on an occasional exploratory trip or were young, dispersing
individuals. To account for this uncertainty, a third of the total amount was used as error range
of abundance.

2.3. Recent Study (2016–2018)

2.3.1. Surveys of Hedgehog Distribution and Abundance Today

To assess the distribution of hedgehogs, we divided the urbanized area of the city of Zurich
into km-squares, 46 of which were surveyed with footprint tunnels made from corrugated plastic
(1200 mm × 210 mm × 180 mm) between May and October 2016 [31,40,41]. These 46 km-squares were
chosen as they contained the most suitable hedgehog habitat (e.g., no lake and forest) and only areas
with the chance of regular sightings by citizens (no peripheral agricultural areas). The estimation of the
abundance in both time periods was limited to the study area of the 46 km-squares (Figure 1). Thus,
the study area of the early study period (1992) was pruned accordingly.

Within each study area square (1 km2), we defined a 500 m × 500 m square (in cases where no
settlement area was included in the square, we chose a 400 m × 600 m rectangle) near the center of that
square. We placed ten tunnels within this square (>100 m apart from each other), and checked daily
for five consecutive days for footprints and to top up bait and ink. A spoonful of bait (commercially
available hedgehog food, Claus—Spezial-Igelfutter, Limburgerhof, Germany), two ink-pads (non-toxic
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ink: mix of carbon powder and vegetable oil), and two sheets of A4 paper were placed inside the
tunnel, on a removable plate (Figure A1, Appendix A). It was expected that, if hedgehogs inhabit the
study area, they would encounter these footprint tunnels during their nocturnal forays and enter them
to reach the bait [40]. In doing so, their feet would touch the ink and leave species specific footprints
on the paper. We placed the footprint tunnels along linear features (e.g., wall, hedgerow, fence, etc.)
as these are structures that hedgehogs like to follow when foraging [43]. The proportion of these ten
tunnels per km-square containing hedgehog footprints were used for further analyses of hedgehog
abundance, 0 (no tunnel with hedgehog footprints) to 10 (all tunnel contain hedgehog footprints),
hereafter referred to as hedgehog level; see below. The survey was conducted primarily by volunteers
from the StadtWildTiere (“urban wildlife”) project in Zurich, as well as interns, and the authors.

In addition to the footprint tunnels, we collected observations of hedgehogs by the general
public on an observation platform, which is part of the citizen science project StadtWildTiere. Further,
the project includes a well-established network of volunteers, who have been trained in various wildlife
research methods. We asked people to send in observations of hedgehogs through the distribution
of leaflets, hangouts, and articles in newspapers. From 2016 through 2018, 4125 observations from
mammals, reptiles, and amphibians were collected by 449 users. For the recent study, we analyzed
hedgehog observation data from 2016–2018 (n = 1096) to match the total number of observations in
1992 (n = 1011). Due to the differences in data collection between the first and the second study periods,
we wanted to account for the possibility that there might be an underlying spatial clustering in the
more recent data set resulting from a less systematic distribution of flyers, which may have caused us to
underestimate the actual recent distribution. To account for such a bias, we examined the distribution
of all observations other than hedgehogs (n = 3029). The mean of non-hedgehog observations per
cell was 8.8 (= 3029/343 grid cells, median = 6). We removed all cells from both study periods with
fewer than 4 observations of non-hedgehog species (in the recent time period) to ensure a minimum
level of observation effort. We then examined distribution differences between the past and the recent
study periods using these estimates and found that this method actually resulted in an even larger
decline compared to the one described above, with all grid cells included. Therefore, we concluded
that potential spatial clustering did not lead to an underestimation of the distribution in the recent
study. Consequently, we chose to use our more conservative estimate with all grid cells included for
the comparison of time periods.

2.3.2. Capture Mark Recapture Study

In 2017, we carried out a capture-mark-recapture (hereafter CMR) study to obtain estimates of
abundance. We selected four study area plots, each 0.5 km2 in size (districts Altstetten, Wipkingen,
Enge, Schwamendingen, Figure 1). The one area where CMR was conducted in 1992 was 0.23 km2 in
size and delimited by large roads. In the recent study, the size of the study area plots were 0.5 km2

to render them more representable for the area, while still being small enough to be searched within
4 h. These areas were chosen in 2017 for comparisons between study years because they all contained
higher than average hedgehog density in 1992 but were found to show exceptionally low (Altstetten
and Wipkingen) or high (Enge and Schwamendingen) relative density of hedgehogs, respectively,
in the footprint tunnel study of 2016 (see Results). Therefore, we considered these areas appropriate
for a comparison between years.

We surveyed each of the four study area plots eight times during 4 weeks in June 2017. Surveys
were only conducted in good weather conditions, i.e., if there was no heavy rain, in order to not
influence capture rates. While sometimes two areas were surveyed in the same night by different
teams, the areas were generally surveyed in subsequent nights. For every survey, a researcher and a
volunteer searched for hedgehogs with flashlights between 10 pm and 2 am, scanning the entire study
area plot via public paths and green spaces. We captured all encountered hedgehogs and examined
them to determine weight, sex, and health status (e.g., presence of injuries or an unusual amount of
ectoparasites). We marked hedgehogs uniquely with shrink tubes (see methods from study in 1992).
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Only adult hedgehogs were marked with shrink tubes, as juveniles could still be easily distinguished
by their smaller size at this time of the year. The handling of each hedgehog lasted about 10 min,
and the animals were subsequently released on site. The capturing protocols were in accordance with
the regulations (1992) or approved by the Veterinary Office of the Canton Zurich through the animal
experimentation authorization (ZH079/17).

2.4. Analyses

We analyzed the data from the CMR study from 2017 in the program MARK [44] to obtain
estimates of hedgehog abundance. As all data was collected within four weeks, we assumed a closed
population and used the closed capture model (Huggins’ p and c). All four study area plots (Altstetten,
Wipkingen, Enge, Schwamendingen) were analyzed together, nested according to study area plot.
To test for overdispersion and the fit of the model to the data, we calculated median c-hat (c-hat; 0.987,
sampling standard error = 0.046). Values over 1 indicate overdispersion or a bad fit of the model to the
data. Models were ranked by Akaike information criterion (AIC). We averaged the three best models
(AIC not more than 3 points apart) to get accurate abundance estimates for the high-density study area
plots. The abundance in the two low-density areas was calculated assuming constant survival and
recapture probability over time and among study sites. These two different approaches were necessary
because the low recapture rates did not allow averaging the models.

To obtain population size estimates for the study areas where no CMR surveys were conducted
(n = 42 km-squares) for the recent study period, we computed a linear regression between the
abundance measures from the CMR study as the independent variable and the hedgehog levels from
the footprint tunnel study in the respective areas as the dependent variable (Figure A2, Appendix A).
Interpolating from the resulting regression equation, we subsequently assigned each hedgehog level
across the study area to a corresponding estimate of the abundance. We then summed up all the
estimates of the 46 km-squares in the study area, to get an estimate of the population size of hedgehogs
in the city of Zurich for the recent study period. The confidence and prediction intervals were estimated
using Monte-Carlo simulation in the software Stan [45].

Similarly, we calculated the hedgehog population size for the same study area (46 km-squares) in
1992 using the relative return rate (i.e., the proportion of survey cards returned per 1

4 km2). For this,
we ran a linear regression using the relative return rate as the independent variable and the abundance
estimate of the study area Wipkingen (where hedgehog abundance was estimated in 1992 by marking
and summing up the encountered hedgehogs) as the dependent variable. Since abundance was only
measured in one area, we improved the model by using the y-intercept from the 2016/2017 data (which
is 3.4 hedgehogs/km2; see results). We considered this a better fit for the model’s intercept than setting it
at zero, as even in areas where no hedgehog were detected by the footprint tunnels, there likely is a very
low hedgehog density present. This was shown in the two study area plots, Altstetten and Wipkingen,
where 1 and 0 out of 10 tunnels contained hedgehog tracks, respectively, yet some hedgehogs were
found during the CMR study (4 and 3 individuals, respectively). The hedgehog abundance for each
km-square (n = 46) was compared between time periods to get a relative percent change showing
areas with relative declines or increases in hedgehog abundance compared to 1992. These estimates
were obtained by using the relative return rate of the survey cards (for 1992), and the hedgehog level
from the footprint tunnels (for 2016–2018) in combination with the CMR numbers from the respective
year. In addition, the km-squares were divided in three abundance categories of low (0–19 hedgehogs
per km2), medium (20–39), and high (>40) and their frequency in each survey was plotted.

We then used the point observation data from 1992 (from survey cards) and 2016—2018 (from the
StadtWildTiere platform) to construct hedgehog distribution maps for the two study periods based
only on occurrence data (presence/absence of observations) on a 1

4 km2 level across the entire study
area. We chose the level at 1

4 km2 in order to have enough resolution to compare the data and to have
the same sized areas in both time periods. The presence data from the footprint tunnels are included in
the data from 2016–2018. We modeled the distribution in both time periods with a subsampling of the
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data set to estimate the difference in the distribution between both time periods. Our subsampling
consisted of randomly selecting 100 observations from the full sample (without resampling, using
the sample-function from the r-package “base” [46] and seeing how many 1

4 km2 grid cells were
occupied. We used this stepwise function to produce estimated asymptotic curve that then allowed us
to calculate an estimate for the expected distribution (value estimating the horizontal asymptote for
large x). We repeated the subsampling and asymptote modeling for subsample sizes of 200 to 900 at
increments of 100 and repeated each subsampling 1000 times. With the resulting asymptote estimates
(for the subsample sizes 500 to 900), we calculated differences in distribution estimates between the
subsamples (Figure A3, Appendix A). This subsampling method was only used to validate the extent
of the hedgehog decline in distribution between the two study periods. All analyses were conducted
using the programs QGIS (Version 2.18) [47] and R (Version 3.6.2) [48].

3. Results

3.1. Change of Hedgehog Distribution in 25 Years

In the past study, 1011 observations of hedgehogs were received via returned survey cards
(approximately 18,000 where sent in total). Hedgehogs were present in 87.1% of the 232 grid cells
(circles in Figure 2). Only parts of the inner-city areas and the industrial areas along the Limmat river,
which are densely built and contain little green space, were found to be unoccupied.

 

Figure 2. Distribution map of hedgehogs Erinaceus europaeus in the city of Zurich, Switzerland in the
past study 25 years ago (1992, circles) and in the recent study (2016–2018, points). The outline delineates
the municipal border of the city of Zurich with forest area (green) and water bodies (blue). Distribution
circles represent the 1

4 km2 survey grid. The distribution of hedgehogs declined by −17.6% (± 4.7%) in
the 25 years between the studies.

In the recent study from 2016–2018, we collected 1096 hedgehog observations on the citizen
science platform stadtwildtiere.ch for the entire study area. In the footprint study from 2016, 121 of
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the 460 footprint tunnels (26.3%) contained hedgehog tracks. Taken together, these surveys indicate
hedgehogs currently occupy 74.6% of the 232 grid cells (points in Figure 2).

A comparison of the hedgehog distributions between study periods showed that hedgehogs were
found in 30 grid cells (12.9%) in the recent study, which were unoccupied in the past. However, in
25.4% of the 232 grid cells, hedgehogs were missing, despite having occurred there in 1992 (Figure 2).
In summary, the presence of hedgehogs reduced by 12.5% of the 232 grid cells in the 25 years between
the studies. A subsampling method revealed a reduction in median distribution estimates between the
study periods of 17.6% ± 4.7% (mean ± confidence interval, Figure A3, Appendix A).

3.2. Change of Hedgehog Abundance and Density in 25 Years

In the past study, 18 individual hedgehogs were marked (June to August 1992) in the Wipkingen
study area plot and the density was calculated to be 78.0 ± 26.0 hedgehogs/km2 (mean ± confidence
interval CI). To calculate population size across the total study area, the relative return rate of the
survey cards, the estimate from Wipkingen, and the intercept estimate from the recent study period
were used. This allowed us to estimate their abundance as 1477 ± 492 (total ± CI) hedgehogs for the
study area in the city of Zurich in 1992.

In the recent study, we caught and marked a total of 57 hedgehogs in four study area plots (30 in
Schwamendingen, 19 in Enge, 4 in Altstetten, and 3 in Wipkingen; S, E, A, and W, respectively, in Figure 1;
Table A1, Appendix A). All hedgehogs were in relatively good condition. We recaptured individual
hedgehogs on average 2.13 times (range: 1 to 6 times, Table A1, Appendix A). Using the estimates from
the CMR models, we assigned each hedgehog level across the study area to a corresponding estimate
of the abundance and added them to get an estimate for the entire study area. The hedgehog densities
in the study area plots were 70.4 (62.6–78.1) hedgehogs/km2 in Schwamendingen, 45.4 (38.1–52.7)
hedgehogs/km2 in Enge, 9.3 (7.5–11.2) hedgehogs/km2 in Altstetten, and 7.0 (5.4–8.6) hedgehogs/km2

in Wipkingen (estimate (confidence interval), Table A2, Appendix A). Both methods used in the recent
study—footprint tunnel and mark-recapture—produced similar results for the different areas of Zurich.
Areas with low hedgehog numbers in the footprint tunnels had also low numbers in the CMR study,
and vice versa (Figure A2, Appendix A). The population size across the study area in 2017 was 878
(844–910) (total and prediction interval) hedgehogs. A comparison of the total estimated hedgehog
abundance for the 46 km-squares studied in both study periods revealed a decline of 40.6% in the
25-year period.

The change in hedgehog abundance per km2 varied between study plots and study periods. At the
same time, some areas seem to have experienced a more pronounced decline in relative hedgehog
abundance than other areas. When plotting the change in abundance for each km2 grid, the changes
between the recent and past become apparent (Figure 3). Very few areas have seen a relative increase
in hedgehog abundance, while most study areas have fewer hedgehogs now than they used to. For the
study area plot in Wipkingen, the hedgehog density in 1992 was calculated to be 78.0 ± 26.0 hedgehogs
per km2, while, in 2017, it was only 7.0 ± 1.6 hedgehogs, which corresponds to a ten-fold decline.
In 1992, 76% of squares contained medium to high hedgehog abundances, while, in the recent period,
63% of squares contained low abundances, with only 10% containing high abundances (Figure 4).
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Figure 3. Changes in hedgehog abundance estimates between the past (1992) and recent (2016–2018)
study (% change in abundance/km2). The outline delineates the municipal border of the city of Zurich
with forest area (green) and water bodies (blue). Squares signify the study area divided into km2:
declining hedgehog abundance (red), increasing hedgehog abundance (green).

 

Figure 4. Proportion of km-squares per survey period (past in light blue; recent in dark blue) with low,
medium, and high hedgehog abundance per km2.

4. Discussion

Our results suggest that the distribution of hedgehogs in Zurich has reduced over the last 25 years
by 17.6%, while hedgehog numbers have declined by 40.6%. This alarming result is in sharp contrast
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to the expectation that green urban areas provide an ideal habitat refuge for hedgehogs. In 1992,
hedgehogs thrived in Swiss cities and occurred in all green areas of the city of Zurich [19,24,42].
The population size in the urban study area of Zurich (46 km2) was estimated to be 1477 ± 492
hedgehogs in 1992 or on average 32.1 ± 4.8 hedgehogs per km2, with varying hedgehog densities
between areas across the city. In the study area plot for Wipkingen, where a CMR study was conducted,
the hedgehog density was very high with 78 ± 26 hedgehogs per km2.

Today, the situation in Zurich has dramatically changed. Hedgehog abundance has declined to
an estimated 878 (844–910) hedgehogs for the same study area in Zurich, or 19.1 ± 5.0 hedgehogs
per km2. Hedgehogs can still be encountered in many parts of the city, and some areas harbor still
high densities of hedgehogs (e.g., the highest density estimate was Schwamendingen: 70.4 hedgehogs
per km2). This density estimate is still high compared to the recent estimate from the urban areas of
Sedan in France (36.5 ± 15.2 hedgehogs per km2 [18]) or compared to amenity grassland in England
(47.0 ± 9.0 [49]). However, overall abundance, densities and distribution in the city of Zurich are
much lower now than they were 25 years ago (Figure 4). In certain study area plots with formerly
high hedgehog densities, only very few hedgehogs were found today (e.g., Altstetten and Wipkingen).
These data indicate that hedgehog densities have not declined equally across the city in this period.
This spatially uneven decline suggests that factors which negatively affect hedgehog populations
are not evenly distributed across the city (see below). Alternatively, the temporal onset of factors
negatively affecting hedgehogs may be shifted between study area plots. However, this city-wide loss
in hedgehog distribution does not seem to follow a pattern easily explainable by the data we currently
have at hand.

Hedgehog populations have been declining across different habitats and geographical areas in the
last few decades, and different rates of decline in distribution and abundance have been found. Hof
and Bright (2016) calculated a hedgehog decline rate of 5.0 to 7.4% in occupied grid cells over a 40-year
period in England (1960–1975 and 2000–2015 [32]). Davey and Aebischer (2006) report decline rates of
9.1% (in Scotland) to 37.3% (in Wales) and 30.0% (in England) in abundance over a period of nine years
(1995–2004 [50]). Analyzing data sets from multiple studies in the UK, Roos et al. (2012) estimate the
average decline in occupancy to be around 40% over ten years [37]. All these estimates come from
studies in rural or larger geographical areas. The rate of decline in distribution found in the recent
study (which corresponds to a decline of 7.0% over 10 years assuming a linear decline) is higher than
the rates described by Hof and Bright (2016) in England, while certainly lower than Roos et al. 2012
rates for the UK. The rate of decline in abundance (which corresponds to a decline of 15% over 10 years
assuming a linear decline) is slightly higher than the rates proposed by Davey and Aebischer (2006) for
Scotland but lower than the rates of decline for Wales and England. Thus, these numbers from rural
areas, when combined with the numbers of decline from our urban study, suggest that hedgehogs
are declining in general. On the other hand, a recent study found high juvenile survival rates in a
suburban area, pointing towards healthy populations in this habitat [23]. Therefore, our observed
population decline might be caused by factors that are patchily distributed and which are not acting on
all populations. Nevertheless, our study indicates that even cities, which are suggested to be refuges
for hedgehogs, might be in danger of losing that status to some degree.

4.1. Potential Factors Negatively Affecting Hedgehog Populations

The reasons for the observed hedgehog decline are currently unknown and could even be
multifactorial. Here, we will provide an overview of potential factors negatively affecting hedgehog
populations dividing them into six topics: habitat, food, poison, predation, disease, and parasites.
This list is not exhaustive; however, we discuss their relative importance, a possible contribution of an
extinction debt, and suggest the major avenues of future research.
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4.1.1. Habitat

Hedgehog habitat can become uninhabitable through either the loss of the habitat or its
deterioration. Habitat may be lost by being rendered inaccessible via fragmentation or by the
complete removal of the habitat itself, e.g., by sealing green spaces. Fragmentation can be
caused by barriers [51,52], such as roads, train tracks, fences, or walls that cannot be overcome
by hedgehogs [31,53–55]. The loss of dispersal structures (e.g., removal of hedges [56]) can contribute
to the isolating effect of fragmentation on the populations. The major force bringing about such changes
in urban areas is densification [50,57]. Densification of urban spaces is a process occurring around the
globe to deal with growing urban populations while reducing urban sprawl. During the study period,
the city of Zurich’s population grew by 17.1% from 361,000 to 423,000 people, which is accompanied
by an intensive densification process resulting in a loss of urban green space in Switzerland [58,59].
This might be one factor that contributed to the decrease of hedgehog populations in Zurich.

Besides the loss of habitat itself, the loss of habitat quality might be threatening hedgehog
populations. The intense maintenance of “tidy” gardens and public green (e.g., dense hedges and
lack of dead plant material, such as heaps of branches and leaves) leads to the loss of nesting
opportunities [38], hiding spots, and shelter for hedgehogs in urban spaces. Additional habitat
threats include garden hazards (e.g., pools without exit possibility, uncovered light shafts, electrical
fencing, and automatic mowers), where hedgehogs can fall, get stuck, be hurt, or even be killed.
Automobile traffic is also a known mortality factor for hedgehog populations, which might be of
particular importance to urban and suburban hedgehog populations [54,60]. However, the moderate
increase in vehicle numbers and the widespread introduction of zones with reduced driving speed in
Zurich do not point towards a recently growing problem [61], but rather a constant risk and a source of
background mortality for hedgehogs. Last but not least, changing summer and winter temperatures
due to global climate change might limit the hedgehog’s food and water availability in summer and
disrupt its hibernating behavior in winter [23,38]. A detailed analysis of habitat characteristics and
changes thereof through time are beyond the scope of this paper. However, analyses on temporal
changes of the habitat quality in the study area are under way and will help to shed further light on
the reasons behind the observed population decline of hedgehogs in the city of Zurich.

4.1.2. Food

The quality of the food and its availability are linked to the quality of the available habitat.
Hedgehogs prey on a wide variety of arthropods and mollusks [62]. Therefore, the currently described
global decline in insect biomass is likely to have an impact on insectivorous animals, such as the
hedgehog [43,63,64].

In the urban habitat mosaic, we expect hedgehog food sources to be patchily distributed. Gardens
and parks with local plant species provide valuable habitat elements for hedgehogs. Compost heaps,
being humid and warm, contain a variety of insects and were often visited by hedgehogs in 1992.
Although no systematic assessment has been conducted, the numbers of compost heaps in Zurich seem
to have declined since the study in 1992 (pers. obs.). Since 2013, organic waste has been collected by
the city government to produce biogas, and, since then, many people seem to have given up personal
compost heaps in their gardens. This depletion of potential food sources might have contributed to the
observed decline of hedgehog populations in Zurich and could also explain a spatially patchy pattern.
Furthermore, some garden owners might provide artificial food sources for hedgehogs, which has
been shown to increase activity levels during the winter when hedgehogs should be hibernating [65].
The importance of supplementary feeding, however, has not been investigated in detail.

4.1.3. Poison

As an insectivorous animal, the hedgehog undoubtedly suffers from the use of pesticides
by a reduction in food availability. Further, as opportunistic feeders [62,66], hedgehogs might
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be exposed to pesticides either directly by ingesting poisoned bait or indirectly by ingesting
poisoned prey. Even though the route is largely unknown, studies found residues of anticoagulant
rodenticides (warfarin, coumetetralyl, difenacoum, bromadiolone, brodifacoum, flocoumafen) [67] and
organochlorine compounds [68] in hedgehogs, even up to 9 months after the use of such in the study
area [69]. Hedgehogs are believed to suffer the same exposure and potential effects of anticoagulant
rodenticides as other non-target mammals and predatory birds [67]. A study looking at the casualties
of the use of banned pesticides in the Canary Islands (Spain) found hedgehogs among the fatalities [70].
However, the illegal use of banned pesticides might just be a fraction of the problem regarding the
potential effects of the use of legal pesticides. Previous studies on the effect of pesticides on hedgehogs
were inconclusive [71]. Further research is needed to assess the effects of the ingestion (direct or
indirect) of pesticides and environmental toxins by hedgehogs. Indirect effects of poisoning or heavy
metal accumulation, such as reduced fecundity, reduced lifespan, impaired disease resistance, or poor
growth, are likely hard to measure [72,73]. In Switzerland, the amount of herbicides sold decreased
over the last ten years, while the amount of fungicide, bactericide, insecticide, akaricide, molluscicide,
and growth regulators remained unchanged, even though many pesticides’ effectiveness has increased
in the same time period [74]. In Swiss urban areas, we would expect a generally smaller amount of
pesticide used compared to rural areas, particularly less use of insecticide and fungicides. On the other
hand, a higher rate of rodenticide use, probably the poison most likely to affect hedgehogs, is expected
in more densely populated areas due to a higher abundance of rodents, such as rats (but this might not
be a global pattern; also see Reference [75]).

4.1.4. Predation

With their spiny defenses, healthy adult hedgehogs are largely safe from most predators, although
a few species can occasionally attack hedgehogs. Domestic dogs and cats, both of which might be
encountered in higher densities in urban areas compared to rural ones, are known to be able to predate
on young or injured hedgehogs [76]. The effect of such potential predation on hedgehog populations
needs to be further explored. Predation of hedgehogs by badgers Meles meles, however, is often argued
as being an important factor controlling hedgehog populations [21,43,77]. Indeed, badgers are not
just predators but also food competitors of hedgehogs, and increasing badger numbers, as has been
reported in the UK [78] and in Switzerland [61], could potentially cause hedgehog numbers to decline.
These issues become even more relevant as badgers in Switzerland were found to increasingly venture
into the urban landscape, areas that have so far been considered safe refuge for hedgehogs [20,61,79].
Hedgehogs were found to behave as in a landscape of fear [80]: they avoid areas with high badger
densities [22,41,77,79,81,82], keep closer to hiding structures in areas with badgers [20,43], and increase
in density after the removal of badgers [83]. On the other hand, there are areas where hedgehogs
and badgers are sympatric and are both thriving, whereas there are suitable habitats with neither
hedgehogs nor badgers recorded [22]. Therefore, increasing badger numbers and intraguild predation
and competition by badgers is unlikely to be the sole explanation for the observed decline of hedgehog
populations. However, increasing competition through increasing badger density in combination with
a reduction in prey biomass might lead to an intensification of competition between hedgehogs and
badgers [43]. In Zurich, badgers have been sighted across almost the entire city, although observations
are less common in the city center for both badgers and hedgehogs (data from the StadtWildTiere
platform). There are areas with both badger and hedgehog observations, but there are also areas where
hedgehog numbers declined in this study without any badger sightings. We therefore conclude that,
if badgers are contributing to hedgehog decline, it is not the single factor driving this pattern.

4.1.5. Diseases and Parasites

If diseases are on the rise or a new parasite is spreading this may negatively impact hedgehog
populations, especially if animals are already weakened by high stress levels imposed by other
factors [84]. With higher population densities in urban areas compared to rural areas [18–21], diseases
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and parasites are likely to spread more quickly within urban populations, especially at crowded feeding
stations. Furthermore, high levels of parasitism in hedgehogs (e.g., Ixodes hexagonus, Ixodes ricinus,
Crenosoma striatum, Capillaria spp.) in general [85], as well as documented increases in the abundance
of some wildlife parasites relevant to hedgehogs, such as ticks [86,87] and gastropod-transmitted
lungworms [88,89], support the idea of parasitism as contributing factor to population declines in this
species. A recent study revealed high and fluctuating prevalence rates of Capillaria aerophila in the
course of the last three decades ranging between 42.8% and 75% in foxes [88]. In the same period, foxes
established in high densities in the middle of urban areas [90,91]. Therefore, an increased infection
pressure with the infective stage of this parasite, which frequently also infests hedgehogs and can cause
weight loss, bronchitis, and pulmonary damage, is likely [92]. At this point, however, no research has
yet uncovered such a factor in the hedgehogs’ distribution range, and the regional rescue center for
hedgehogs has not recorded any apparent increase in the number or proportion of ill or heavily parasite
affected individuals (Annekäthi Frei, pers. comm.). Furthermore, zoonoses originating from hedgehogs
merit further research and monitoring, for example, surveying the prevalence of methicillin-resistent
Staphylococcus aureus, due to its potential to cause severe infections in humans [93–95].

4.1.6. Extinction Debt

In addition to all the factors mentioned above, a potential extinction debt might further complicate
the topic. An extinction debt describes emerging ecological cost from former habitat destruction [96].
Habitat fragmentation and isolation do not cause the extinction of species immediately, but produce
smaller and potentially inbred subpopulations in smaller habitat islands, which may no longer be well
adapted to the current conditions and suffer from inbreeding depression [97]. A study examining
the spatial genetic structure of hedgehogs found three relative distinct sub-populations in the city
of Zurich [52]. If these populations become increasingly isolated due to fragmentation and were to
become inbred, they would be less able to adapt to (even small) environmental changes. A study on
the extinction rate of urban plants showed that legacies of landscape transformations by agrarian and
urban development can last for hundreds of years, and cities might carry a large extinction debt [98].
Therefore, the patterns of decline seen in current hedgehog populations might have been caused
decades ago by habitat fragmentation. This could also explain why we see such patchy distribution and
density patterns in cities. On the other hand, the relative high reproduction rate of hedgehogs coupled
with a high potential in spatial exploration, might help hedgehogs to adjust their distribution to
harmful factors more quickly compared to more stationary and slowly reproducing species. In general,
it could prove valuable to take evolutionary principles into account when evaluating the causes of
extinction [99].

Further research is necessary in order to study which habitat structures in urban areas support
healthy hedgehog populations and enable co-occurrence of badgers and hedgehogs. It is crucial to
know how hedgehogs navigate the patchy urban food mosaic and what influence individual gardens
and supplemental food sources have. Monitoring efforts will have to be implemented to keep track of
current and future levels of disease and parasites in urban hedgehog populations.

4.2. Comparability of the Studies

There are relatively few systematic studies of wild hedgehogs due to their nocturnal and secretive
lifestyle. This is even more the case for systematic surveys on the distribution and density of hedgehogs.
Therefore, there is very little data to investigate hedgehog population changes over time, and any such
data is extremely valuable, especially regarding the current biodiversity crisis and already reported
alarming hedgehog population declines in other parts of Europe. In Zurich, we were lucky to have
such a longitudinal dataset. The data in both time periods were not collected with the exact same
methodology. In 1992, observations of hedgehogs were elicited through systematic mailings and
abundance was estimated through a CMR study in a small study area, delimited by large roads
and measuring 0.24 km2. In 2016–2018, when a postal questionnaire would no longer have worked,
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the people of Zurich were asked to send in observations in various ways (through flyers, media releases,
and handouts). Additionally, we conducted a systematic study with footprint tunnels in an urban area
of 46 km2. Furthermore, CMR studies were conducted in four study plots (each 0.5 km2). These study
plots were purposefully chosen, as they were all areas that had high hedgehog abundances in 1992
(two with still high relative densities and two with low relative densities in the footprint tunnels in
2016). In both time periods, a high but similar motivation of people to report hedgehog sightings
was assumed (similar target groups of nature lovers) and, to minimize the potential effect of differing
observation effort, observations were analyzed as presence and absence data only. Therefore, we think
that potential caveats by slightly different study designs are addressed sufficiently in order to render
the different datasets comparable.

The abundance estimates for both years were extrapolated using relative return rates (in 1992)
and footprint tunnel levels (in 2016–2018). This allowed us to get more accurate estimates rather than
simply extrapolating the estimates from the CMR studies to all study areas. We used three years of
data to construct the distribution map in the recent period, so that we could match the amount of
observations in 1992 and make sure that with increasing numbers of observations the distribution
was not increasing. In fact, the use of multiple years of observations should, if anything, lead to
an overestimation of current hedgehog distribution. Even by using these conservative estimates,
the pattern of decline in abundance and distribution was clearly confirmed.

5. Conclusions

This study is the first to quantify the decline rate of urban hedgehogs in a European city over time.
In the light of continental-wide reports of declining hedgehog numbers in rural areas, urban areas
have been seen to be the hedgehogs’ refuge from habitat destruction, intensification of agriculture, and,
in some places, the recent increase of badger populations. Our results, however, extend the alarming
pattern of hedgehogs under pressure to urban areas.

After an evaluation of possible causes of the decline in urban habitat, the major reasons remain
unclear. Further research is necessary to investigate the role of habitat deterioration, connectivity,
and food supply, as well as the negative effects of predation, diseases and parasites, and pesticide use
as potential causes. The patchy pattern of the decline suggests the influence of a single or combination
of spatially unequally distributed factors. This evaluation of the causes of the decline is critical, given
the alarming decline of this species in the urban area. Based on such further evaluations, conservation
measures can be planned and implemented.

Citizen science proved to be a suitable method to investigate urban wildlife and is a promising
tool to further investigate the causes of the decline, as well as an aid to implement measures to remedy
this loss of urban wildlife. Particularly charismatic animals, such as hedgehogs, are well suited to such
work, as they provide the perfect focus to engage a wide public and to raise awareness for conservation.
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Appendix A

 

Figure A1. Footprint tunnel with removable plate in front, showing hedgehog footprints on them.
Two paper sheets and two brushes of ink are applied to it. A spoon of bait is placed in the brown plate.
© Thomas Massie/stadtwildtiere.ch.

Figure A2. Linear regression between the abundance measures from the capture-mark-recapture (CMR)
study (whiskers indicate confidence intervals of the CMR estimates) as the independent variable and
the hedgehog levels from the footprint tunnel study (ranging from 1–10) in the respective area as the
dependent variable. Regression line in black with confidence (dashed line) and prediction interval
(dotted line).
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Figure A3. Estimation of the decrease in median distribution area (in percent (± 95% confidence
interval), revealed through subsampling. With increasing size of the subsample, the estimate becomes
more accurate, on the other side the degrees of freedom become more restricted (because overall
sample size = 987 for 1992 and 1096 for 2016–2018). Our estimate resulted by averaging the values for
subsample sizes 500 through 900.

Table A1. Data sheet of all hedgehog captured during the 2017 capture-mark-recapture (CMR) study.

Study Area Plot Individual Sex Weight (Range in g) Health Status Number of Captures

Altstetten A_A female 1430 good 1

Altstetten A_B unknown 1460 good 1

Altstetten A_C unknown 1230 good 1

Altstetten A_D female 1000 good 1

Schwamendingen S_A female 580–1150 good 3

Schwamendingen S_B female 1030–1220 good 4

Schwamendingen S_C unknown 860–1010 good 2

Schwamendingen S_D unknown 1020 good 1

Schwamendingen S_E female 640 good 1

Schwamendingen S_F female 710–1120 good 4

Schwamendingen S_G female 820–1040 good 5

Schwamendingen S_H female 870–950 good 2

Schwamendingen S_I female 890–1050 good 3

Schwamendingen S_J male 840 good 1

Schwamendingen S_K male 790–820 good 2

Schwamendingen S_L female 1010–1040 good 2

Schwamendingen S_M female 910–980 good 4

Schwamendingen S_N unknown 1060 good 1

Schwamendingen S_O male 400–830 good 3

Schwamendingen S_P female 1130–1260 good 2

Schwamendingen S_Q female 1240–1340 good 4

Schwamendingen S_R unknown 700–900 good 4

Schwamendingen S_S female 1000 good 1
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Table A1. Cont.

Study Area Plot Individual Sex Weight (Range in g) Health Status Number of Captures

Schwamendingen S_T male 1050 good 2

Schwamendingen S_U male 920–1080 good 3

Schwamendingen S_V male 880–980 good 2

Schwamendingen S_W female 1040 good 1

Schwamendingen S_X female 470–500 good 2

Schwamendingen S_Y male 920 good 1

Schwamendingen S_Z female 840 good 1

Schwamendingen S_AA female 930 good 1

Schwamendingen S_AB female 1210 good 2

Schwamendingen S_AC male 1000–1120 good 2

Schwamendingen S_AD male 1070 good 1

Enge E_1 female 1225–1125 good 5

Enge E_2 male 1275–1375 good 6

Enge E_3 female 825–875 good 4

Enge E_4 male 875–1025 good 3

Enge E_5 female 1225 good 1

Enge E_6 female 875–925 good 3

Enge E_7 female 1125 good 1

Enge E_8 female 1275–1325 good 3

Enge E_9 female 1275–1325 good 2

Enge E_10 male 925–1025 good 3

Enge E_11 unknown 825–875 good 2

Enge E_12 unknown 975–1075 good 2

Enge E_13 unknown 675 good 2

Enge E_14 unknown 1025 good 1

Enge E_15 female 925–1075 good, medium 2

Enge E_16 unknown 1125 good 1

Enge E_17 female 1175 good 1

Enge E_18 male 1350 many flees 1

Enge E_19 female 1125 good 1

Wipkingen W_A male 1275 good 1

Wipkingen W_B female 750 good 2

Wipkingen W_C male 1100 good 1

Table A2. Population size estimates for the study area plots resulting from the capture-mark-recapture
(CMR) data (hedgehogs/ 12 km2).

Study Area Estimate Standard Error Unconditional Standard Error

Enge 22.72 3.28 3.63

Schwamendingen 35.19 3.78 3.87

Wipkingen 3.52 0.79 NA

Altstetten 4.69 0.92 NA
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Simple Summary: The hedgehog is a species known to many in society. What is perhaps less
known, is that the hedgehog has been declining across large parts of Europe, including the United
Kingdom. Effective hedgehog conservation requires a sound understanding of the causes of the
decline. A potential cause is the badger, whose population has been recovering in recent years.
The badger is an intraguild predator of the hedgehog, meaning that not only do the two species
share the same food, like snails and earthworms, but badgers also predate on hedgehogs. Our study
investigates how the presence of hedgehogs is related to the presence of badgers, along with other
landscape features. Using information from two nationwide citizen science surveys, we first determine
where both species can be found and then identify which factors best explain hedgehog presence. We
found that the badger was indeed important, and hedgehogs were less likely to be found in areas
where badgers were likely to be found. Interestingly, hedgehogs were also likely to be found in arable
land, a habitat not directly thought to be favourable for hedgehogs. Badgers may, therefore, be an
important consideration when designing hedgehog conservation plans, and further research of these
impacts is needed.

Abstract: Biodiversity is declining globally, which calls for effective conservation measures. It is,
therefore, important to investigate the drivers behind species presence at large spatial scales.
The Western European hedgehog (Erinaceus europaeus) is one of the species facing declines in parts of
its range. Yet, drivers of Western European hedgehog distribution at large spatial scales remain largely
unknown. At local scales, the Eurasian badger (Meles meles), an intraguild predator of the Western
European hedgehog, can affect both the abundance and the distribution of the latter. However,
the Western European hedgehog and the Eurasian badger have shown to be able to co-exist at a
landscape scale. We investigated whether the Eurasian badger may play a role in the likelihood
of the presence of the Western European hedgehog throughout England by using two nationwide
citizen science surveys. Although habitat-related factors explained more variation in the likelihood of
Western European hedgehog presence, our results suggest that Eurasian badger presence negatively
impacts the likelihood of Western European hedgehog presence. Intraguild predation may, therefore,
be influencing the nationwide distribution of hedgehogs in England, and further research is needed
about how changes in badger densities and intensifying agricultural practices that remove shelters
like hedgerows may influence hedgehog presence.

Keywords: citizen science; conservation; displacement; predator-prey interaction; spatial use
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1. Introduction

In a time of ongoing anthropogenic pressures on nature, a growing number of species throughout
the world are facing population declines [1]. One of these species is the Western European hedgehog
(Erinaceus europaeus). Albeit being classified as least concern on the International Union for Conservation
of Nature (IUCN) red list of threatened species, hedgehog numbers appear to have fallen in several
countries in Europe in the last couple of decades, such as in Belgium and the Netherlands [2,3],
Sweden [4], and in the United Kingdom [5–10]. Reasons behind this decline are, however, currently
unclear and several potential causes have been suggested. The network of roads throughout Europe
has been increasing extensively over the past few decades [11], which may play a large role since
hedgehogs often fall victim to traffic [2,3,12] and large roads may act as barriers [13]. Increasing
demands for housing development may coincide with the loss of greenspaces in built-up areas that offer
(sub)urban-dwelling species like hedgehog habitat and refuge [14,15]. Agricultural intensification may
lead to decreasing habitat suitability and also reduce resource availability of macro-invertebrates [16–18].
Furthermore, agricultural intensification may lead to reduced landscape complexity, for example,
the removal of hedgerows and coppices [19], which provide hedgehogs with shelter from predators
and nesting habitats [14,20]. In addition, Eurasian badgers (Meles meles) may influence hedgehog
populations at local scales [14,21], but largescale studies investigating the impact of such factors are
currently lacking.

The role of the Eurasian badger as a potential driver for the nationwide decline of hedgehogs
requires further research as it has been suggested as a potential driving factor of declining hedgehog
populations following increased predation pressure [14]. Hedgehogs and badgers are in a guild
of generalist predators of macro-invertebrate prey [20,22], but badgers may also be an intraguild
predator of hedgehogs. Although many studies have not reported hedgehog remains in badger diet
analyses [23–25], and incidences of badgers preying on hedgehogs are not thought to be common, there
are several studies throughout Europe that do report hedgehog remains in the faeces or stomachs of
badgers. Hedgehog occurrence in the diet of badgers varied from as much as four hedgehog remains in
the stomach of one single adult badger found in England [26], to an 11.2% occurrence in badger scats in
one of three study sites in Poland [27], 2.9% occurrence in badgers scats in Italy [28], and an unknown
percentage of occurrence in an extensive review of dietary studies in the former Soviet Union [29].

Predation, both intraguild and interguild, is known to be important in shaping the local dynamics
of predator–prey communities [30,31]. In fact, several fine-scale studies show that badgers can have
large negative effects on local hedgehog populations [32–35]. Experimental evidence of the Randomised
Badger Culling Trial in 100 km2 large trial areas in England, set up to assess impacts of culling on the
incidence of bovine tuberculosis, provided evidence that hedgehog numbers more than doubled over a
five year period in areas with preferred habitat [36]. Furthermore, badgers appear to drive small scale
movement patterns of hedgehogs [32,37,38]. Doncaster [21] showed, using an experimental setup in
which a low-density hedgehog population was artificially increased, and a high-density population
was artificially decreased, that predation by badgers can affect both hedgehog abundance and their
distribution at a local scale. However, both species have shown to be able to coexist on a landscape
scale in the recent past [34]. Yet, the number of badgers has been increasing in the past couple of
decades; Judge et al. [39] estimated that there had been an 88% increase in badger numbers across
England and Wales from the 1985–1988 to the 2011–2013 survey periods. The balance of co-existence
between badgers and hedgehogs may, therefore, have been tipped. A study by Williams et al. [9], which
investigated correlates of hedgehog presence in rural England and Wales using footprint tracking
tunnels at 261 sites, found a strong negative relationship between hedgehog occupancy and badger
sett density, but simultaneously that hedgehogs were absent from 71% of surveyed sites that had
no badger setts. Consequently, factors driving the distribution of hedgehogs at large spatial scales,
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i.e., throughout the United Kingdom, remain uncertain. There is no indication that other potential
predators of hedgehogs in the United Kingdom, such as the red fox (Vulpes vulpes), can regulate
hedgehog presence [15,21,34].

As the abundance and distribution of species has a propensity to be linked, where widespread
species tend to be more abundant, a thorough understanding of the drivers behind large scale, e.g.,
nationwide scale, distributions of species is highly valuable in complementing knowledge obtained
from small scale studies and designing and implementing conservation measures at large scales [40].
The objective of our study was, therefore, to investigate the factors driving the distribution of hedgehogs
on a large scale—the whole of England—and to investigate whether the presence of badgers and other
landscape features explain some variation in the nationwide distribution of hedgehogs. We used
two nationwide citizen science surveys and land cover data to investigate the impact of badgers and
landscape features on the distribution of hedgehogs, which may provide valuable knowledge for the
nationwide conservation of hedgehogs.

2. Materials and Methods

The current distribution of hedgehogs in England was obtained by a nationwide citizen science
survey called ‘HogWatch’. The survey was mainly designed by the British Hedgehog Preservation
Society (BHPS, https://www.britishhedgehogs.org.uk/) and the People’s Trust for Endangered Species
(PTES, https://ptes.org/) in conjunction with Royal Holloway, University of London. It was both
post and web based. Publicity was sought by means of (local) media, personal communication,
and using existing member databases of the BHPS and the PTES. The survey, ‘HogWatch’ is no
longer active but PTES collect annual hedgehog records through surveys like Mammals on Roads
(https://ptes.org/get-involved/surveys/road/) and ‘Living with Mammals’ (https://ptes.org/get-involved/
surveys/garden/living-with-mammals). PTES and BHPS also collect records of hedgehogs through their
Big Hedgehog Map (https://bighedgehogmap.org/). A total of 19,184 people provided 25,911 presence
and absence reports of hedgehogs that were distributed throughout England. The hedgehog distribution
was based on 25,911 grid-referenced sightings and lack of sightings of living hedgehogs from 2005 (when
the survey started) and 2006. Data on badger presence in England were derived from another survey
called ‘Living with Mammals’ (https://ptes.org/get-involved/surveys/garden/living-with-mammals),
which is open to every interested member of the public and was originally designed by the Mammals
Trust UK in conjunction with Royal Holloway, University of London. Surveyors recorded badger
presence throughout 13 consecutive weeks from the start of April, and they stated the approximate
observation length during dawn, daytime, dusk, and night-time. The badger distribution was based
on 2,703 sightings of living badgers recorded in 247 grid-referenced sites and the lack of sightings
of living badgers recorded in 1464 sites throughout England in the years 2003–2006. We included
badger data from 2003 (the first year the survey was held) and 2004 in our analyses as well since it
allowed us to include a greater sample size and have a smaller discrepancy with the substantially
larger ‘HogWatch’ dataset. In addition, we felt that the distribution of badgers would not rapidly
change to a large extent from the years 2003–2004 to 2005–2006. Although respondents were asked to
state the date, time, and approximate length of the observation, to get an estimate of effort, this effort
was not considered, as such data were not collected for the ‘HogWatch’ dataset. We assumed that
the relative density of hedgehogs/badgers is proportional to the actual density and that the rate of
proportionality is constant [41].

As the surveys used to obtain data about hedgehog and badger presence/absence did not overlap
with each other at a fine scale, since they were not especially designed for this study, we used ordinary
kriging [42] to estimate the likelihood of the presence of hedgehogs and badgers throughout England
at a 10 km2 scale using ArcMap 10.5 (Environmental Systems Research Institute [ESRI], Redlands, CA,
USA). We chose a 10 km2 scale to obtain a reasonable number of species observations per cell, while
still retaining some level of detail. Kriging is a geostatistical interpolation method that is based on
linear regressions, and produces maps from irregular spatial data to visualize suggested trends and
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spatial differences in the likelihood of presence. The method is frequently used in spatial prediction
applications in ecology [42–45] to, amongst others, predict species numbers in regions where data are
not available [46–49]. Interpretations based on results derived from kriging must, however, be made
with care. The proportion of respondents to the surveys that reported seeing hedgehogs/badgers per
10 km2 were used as input for the kriging (Figures 1 and 2). To account for spatial autocorrelation,
a semivariogram, which is a function describing the degree of spatial dependence of the data and
characterizes the spatial continuity or roughness of data sets, was integrated in the kriging method,
as is recommended [50,51]. An exponential model was used with 8 lags for the hedgehog (Figure 3)
and a Gaussian model with 5 lags for the badger (Figure 4), and nuggets were enabled. The type
of model and the amount of lags were chosen based on the smallest standard errors showing the
uncertainty related to the predicted values. Maps, showing the likelihood of the presence of badgers
and hedgehogs in each 10 km2 grid-cell in England were produced in ArcMap10.5 (Environmental
Systems Research Institute [ESRI], Redlands, CA, USA). The methodology allowed us to obtain maps
depicting differences in the likelihood of the presence of the hedgehog and of the badger at a 10 km2

scale for the entirety of England. Since the red fox does not appear to be able to regulate hedgehog
presence [15,21,34], we did not include the likelihood of the presence of red foxes in our study.

Figure 1. Proportion of positive hedgehog sightings according to the ‘HogWatch’ survey of 2005–2006.

Figure 2. Proportion of positive badger sightings according to the ‘Living with Mammals’ survey
of 2003–2006.
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Figure 3. The exponential semivariogram model with 8 lags used for kriging the hedgehog data.

Figure 4. The Gaussian semivariogram model with 5 lags used for kriging the badger data.

Landscape features that may also be important in shaping the distribution of hedgehogs throughout
England were obtained from various sources. In addition to the likelihood of the presence of badgers
as described above, these variables included habitat-related variables and the density of built-up areas,
which were obtained from the Land Cover Map 2000 (https://www.ceh.ac.uk/services/land-cover-map-
2000) and the Land Cover Map 2007 (https://www.ceh.ac.uk/services/land-cover-map-2007) from the
Centre for Ecology & Hydrology (https://www.ceh.ac.uk/), data on the human footprint obtained from
the Socioeconomic Data and Applications Center (SEDAC, https://sedac.ciesin.columbia.edu/data/
set/wildareas-v2-human-footprint-geographic) [52], and soil-related variables, which were obtained
from the National Soil Resource Institute (NSRI, https://www.cranfield.ac.uk/centres/soil-and-agrifood-
institute/research-groups/national-soil-resources-institute). The land cover data from the land cover
maps are classifications of spectral data recorded by satellites and refined using external datasets.
For more information about the methodology used to create the land cover maps, please refer to the
final reports of the surveys [53,54]. Data were unfortunately not available for the exact timeframe
when the hedgehog and badger data were collected (2003–2006), but only for 2000 and 2007. However,
changes in landscape features between both timeframes were expected to be minor. We considered both
the target (more detailed classification) and aggregate (less detailed classification) classes. The data
were available at a scale of 1 km2 and were converted to 10 km2 by taking the mean and median of the
values (if continuous) for each 10 km2. In the case of soil data, presence (1) or absence (0) of a soil type
was used. All variables used are shown in Table 1.
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Table 1. Explanation of the response variables used (LCM: Land Cover Map 2000 and 2007, NSRI:
National Soil Resource Institute, LWM: Living with Mammals survey, SEDAC: Socioeconomic Data and
Applications Center [see text for explanation]) to study their impact on the relative hedgehog abundance
throughout England in 2005–2006. Some land classes from the LCM were not included because they
were extremely rare (absent from >90% of grid cells) or were not suitable, such as “Mountain, heath,
bog”, “Saltwater”, “Freshwater”, and “Coastal”.

Variable Explanation Source

Arable land Proportion of arable and horticultural area LCM
Badger presence Index of relative badger abundance 2003–2006 LWM
Broadleaf woodland Proportion of broadleaved woodland LCM

Built-up Proportion of built-up area (includes target classes of
urban and sub-urban) LCM

Coniferous woodland Proportion of coniferous woodland LCM
Human footprint Human Influence Index normalized by biome and realm SEDAC
Improved grassland Proportion of improved grassland LCM

Semi-natural grassland
Proportion of semi-natural grassland (includes target
classes of rough, neutral, calcareous, acid grassland, and
fen, marsh and swamp)

LCM

Soil type

The soil types of England 1: soils with a clay texture, 2:
soils with a peaty texture, 3: soils with a sandy texture, 4:
soils with a loamy texture and rich in lime, 5: soils with a
loamy texture and a low fertility, 6: soils with a loamy
texture and a moderate to high fertility

NSRI

We used generalised linear modelling (GLM) to determine how the likelihood of hedgehog presence
(non-kriged values, i.e., the proportion of respondents reporting a hedgehog sighting) was related to the
(kriged) likelihood of badger presence and landscape features (Table 1). All explanatory variables were
simultaneously tested for correlation and visualised using a correlation matrix. Any highly correlated
(r > 0.7, [55]) variables were either excluded from the model or were not included simultaneously in
the same model. We also checked the collinearity of explanatory variables in the final models using
variation inflation factors (VIFs), where a VIF > 4 indicates collinearity and a VIF > 10 indicates severe
collinearity [56]. An initial model was built that included all explanatory variables, and the most
parsimonious model was obtained by stepwise backward selection, removing the least significant
variable in each step. The Akaike Information Criterion (AIC) was compared to also determine whether
the model-fit significantly changed (i.e., ΔAIC > 2; [57]). The final model would thus contain significant
variables only.

We also considered a multi-model selection approach that compares all possible model
combinations. Due to the large number of potential explanatory variables, we aimed to identify the
most parsimonious model to avoid model overfitting. Models were ranked according to the Bayesian
Information Criterion (BIC), which has a larger penalty for additional parameters compared with
AIC and AICc [57]. Models with ΔBIC < 2 have substantial support, whilst models with a ΔBIC > 4
have considerably less support [57]. Therefore, we considered top models to be those within ΔBIC
< 2. However, when considering variables that may be important for explaining the likelihood of
hedgehog presence, we considered all variables included in models with ΔBIC < 4. The analysis was
performed using the dredge function in the MuMIn package in R 3.5.1 [58,59]. We used hierarchical
partitioning, which calculates the explained variation (R2) for all combinations of the supplied variables
in a regression hierarchy, to identify the individual contribution of each variable to the explained
variation [60,61].

3. Results

We found that the likelihood of badger presence was highest in the southern and western parts of
England (Figure 5). Simultaneously, there was a division in the likelihood of the presence of hedgehogs
between the eastern and the southern and western parts of England, with a higher probability of
hedgehog presence in eastern England.
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Figure 5. Maps showing an index (low: 0, high: 1) of the likelihood of the presence of (a) hedgehogs
and (b) badgers throughout England.

We present our results using median values for the land cover maps of 2007, but results were
comparable when using either median or mean for both 2000 and 2007 land cover maps (Appendix A,
Tables S1–S3). Both stepwise backwards selection and the multi-model selection approach included the
same variables in the top model, meaning these variables explained most of the variation in hedgehog
presence and that all variables were significant (Tables 2 and 3). Arable land had a positive relationship
with hedgehog presence, whilst broadleaved woodland, improved grassland, built-up areas, and
badger presence were negatively associated with hedgehog presence (Table 2). The multi-model
selection confirmed the importance of badgers in explaining hedgehog presence, which was included
in the top two models (Table 3). Human footprint and peaty soils were also amongst the top models
with a ΔBIC < 4. Hierarchical partitioning of the seven variables included within models of ΔBIC
< 4 (Table 3) indicated that arable land, built-up area, and improved grasslands explained the most
variation, each with an independent contribution of more than 20% towards the explained variation
(Total R2 = 0.258; Figure 6). Amongst the other variables, broadleaved woodlands were the most
important (13.4%) followed by badgers (7.8%), human footprint (4.9%), and peaty soils (1.6%; Figure 6).

Table 2. Model results of generalised linear modelling (GLM) explaining the likelihood of the presence
of hedgehogs. Significant variables were determined using backwards stepwise selection. SE= standard
error and p = p-value. The independent contribution of each variable towards the explained variation
(R2; total = 0.242) was measured using hierarchical partitioning and VIF is the variance inflation factor.

Variable Coefficient SE p R2 VIF

Intercept 0.834 0.029 <0.001 - -
Badger presence −0.078 0.030 0.010 0.021 1.047

Arable land 0.090 0.036 0.012 0.073 1.671
Built-up −0.238 0.056 <0.001 0.045 1.367

Improved grassland −0.245 0.053 <0.001 0.068 1.422
Broadleaved woodland −0.419 0.141 0.003 0.035 1.151
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Table 3. Top-performing models with ΔBIC < 4 from a multi-model selection consisting of all possible
explanatory variables. Shaded areas indicate that the variable was included in the model. All model
variables had VIFs < 2. LogL is the log-likelihood, Arable is Arable Horticulture, Badgers is the
likelihood of badger presence, BLwood is broadleaved woodland, ImprG is improved grasslands, HFI
is human footprint index, and Peat is soils with a peaty texture.

ΔBIC LogL Arable Badgers BLwood Built-Up ImprGr HFI Peat

0.00 1 223.05
0.46 219.85
0.76 219.70
0.87 216.68
1.20 225.42
1.81 222.15
2.46 224.79
2.96 218.60
2.99 221.56
3.22 221.44
3.40 218.39
3.84 221.13
3.98 227.00

1 BIC = −404.54.

Figure 6. Results of hierarchical partitioning showing the individual contribution of each variable
towards the total explained variation (R2) of the model (R2 = 0.258).

4. Discussion

Our results show that the nationwide distribution of hedgehogs was negatively related to that
of its intraguild-predator, the badger. Arable land and the density of improved grassland were the
strongest predictors of the likelihood of the presence of hedgehogs throughout England, followed by
the amount of built-up area. The likelihood of hedgehog presence was negatively correlated with the
density of improved grassland and the amount of built-up area but positively correlated with arable
land. The likelihood of hedgehog presence was, thus, higher in the arable dominated landscapes of
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eastern England than in other parts of England, which agrees with previous findings [15,62]. Although
badger presence was not the most important variable for explaining nationwide hedgehog presence,
badger presence was, nonetheless, amongst the most important variables. When one considers that
the likelihood of hedgehog presence was higher in areas that are supposedly less accommodating
to their needs, i.e., areas dominated by arable land [20,63], it begs the question whether the lack of
badger presence may lead to proportionally higher hedgehog numbers in less accommodating areas.
Badgers were more likely to be present in the south-west, which is largely in agreement with previous
findings [38,64] and correlates with the lower likelihood of the presence of hedgehogs in these regions.
One of the reasons that badgers are likely to be present at higher densities in the south than in the
east of England might be partly due to the higher density of broadleaved woodland and hillier and
undulating habitat, environmental features favoured by badgers [65,66].

The negative relationship between hedgehog presence and the density of improved grassland and
built-up areas was expected based on previous studies [20,63,67], but the positive relationship with
arable land was unexpected given that radio-tracking studies indicate that hedgehogs often avoid these
habitats [20,63]. The positive relationship with arable land was also contrary to general expectations
based upon studies that investigated habitat preferences of hedgehogs at home range and landscape
scales [20,68–70]. Which aspects of arable land were particularly related to hedgehog presence remains
unclear due to the limited detail of the land cover data. Small scale, less intensively farmed areas with,
for example, hedgerows, may be more attractive to hedgehogs than large scale intensively farmed areas
with single crops. Unfortunately, detailed data about land-use intensity is lacking, and although we
included human footprint, this also had a positive relationship with hedgehog presence, which is likely
due to hedgehog’s association with agricultural landscapes. Furthermore, detailed data about the
presence of hedgerows throughout the country were not available and may further clarify the trends
we observed. Further research at finer spatial studies may clarify which factors drive the positive
relationship between arable land and hedgehog presence. A study by Hof et al. [37], however, indicates
that the small-scale utilization of arable land can especially depend on the presence of badgers.

It is not known whether the geographical distribution of the hedgehog has changed in the recent
past, or whether the likelihood of the presence of the hedgehog has been higher in the arable dominated
areas in England for a long time already. However, whilst the numbers of hedgehogs seem to be falling
in spite of protection [5–10], the number of badgers has been steadily increasing in recent decades
following their protection [39,71]. This might have tipped the balance of co-existence between badgers
and hedgehogs in favour of badgers and initiated a change in the likelihood of the presence of the
hedgehog in England. That this may indeed be so is corroborated by research from Micol et al. [34],
who predicted that apart from some isolated pockets, hedgehogs will be absent from most sites in the
United Kingdom with badger sett densities above 0.23 per km2. A recent study by Judge et al. [39]
actually estimated that current badger sett densities were 0.49 per km2 in England between 2011 and
2013, thus substantially larger than the 0.23 limit suggested by Micol et al. [34]. However, it cannot be
ruled out that differences in survey protocols (partly) explain this difference in sett density as well.
Furthermore, badger numbers are poorly predicted by sett characteristics [72].

Another line of explanation of the geographical distribution pattern of hedgehogs in England is
offered by the hypothesis that the presence of an intraguild-prey species is partly dependent on the
availability of alternative food sources for the intraguild-predator [73]. Generally, most studies have
found that vertebrate prey, and especially mammalian prey, make up a small component of the badger’s
diet, which is generally dominated by cereals, fruits, and invertebrates [23,74,75]. Nonetheless, prey
composition varies spatially, and our results may, therefore, suggest that western England currently
offers a low abundance of alternative prey sources (e.g., macro-invertebrates). Low availability of
prey sources would, thus, not only increase competition between badgers and hedgehogs but may
also increase predation rates of the badger on hedgehogs. The low abundance of prey sources may
possibly be an effect of intensified farming [76]. Detailed data on the England wide abundance of
macro-invertebrates were, however, not available to include in this study. Yet, overwhelming evidence
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indicates that invertebrates are declining in agricultural landscapes across the globe [77,78], it can thus
not be ruled out that declining invertebrate numbers did not only play a role in declining hedgehog
numbers, but also in shaping their distribution. Other factors that may need investigation include
possible impacts of disease, pesticides, and of potential predators other than the badger, such as
feral/stray dogs and foxes. There are a large range of diseases and parasites that can negatively
affect hedgehogs [20], but it thus far remains uncertain if they play a significant role in population
declines [79]. We found no published evidence of disease transmission between badgers and hedgehogs.
Disease transmission between the two species may be low, considering the fact that a prevalent disease
in badgers, bovine tuberculosis, was not prevalent in wild hedgehogs in the United Kingdom [80]. It is
known that pesticides can accumulate in hedgehogs [81]; the extent of negative effects and impacts
on population declines, however, remain uncertain. There is currently no evidence that feral/stray
dogs and foxes are able to regulate hedgehogs [15,21,34], they are, however, able to occasionally kill or
inflict injury upon hedgehogs [20]. The potential impacts of feral/stray dogs and foxes are therefore
expected to be more pronounced in small geographic scales rather than at large geographic scales.

Our study relies upon hedgehog sightings reported by citizen scientists through an initiative
called ‘HogWatch’. A benefit of using these is that we attained nationwide coverage with responses
received from almost every 10 km2 grid cell in England. Furthermore, nearly 26,000 responses were
received from approximately 20,000 respondents. This attains a much larger spatial scale compared to
field-based studies, such as the one recently conducted by Williams et al. [9]. However, citizen science
survey data also have associated challenges that should be taken into account. For example, we made
the assumption that a higher proportion of reports on hedgehog/badger presence per 10 km2 grid-cell
was positively related to the likelihood of presence. This assumption needs to be made with some care
because of recordings of possible false absences and dissimilarity in visibility caused by differences in
human habitation and environmental features. Furthermore, both species are nocturnal with higher
chances of activity at night when people are less likely to see them. However, the ‘HogWatch’ survey
was specifically designed for hedgehogs, and the respondents to the ‘Living with Mammals’ survey
also surveyed during nightly hours. Considering the large amount of data collected and the spread
of data throughout England in both surveys, it was assumed that the nocturnal activity pattern of
both species had little effect on the spatial distribution patterns of sightings. Furthermore, both
species are unmistakable with other mammals, so errors caused by misidentification are thought to be
negligible. In addition, with regards to the survey to obtain data on hedgehogs, there is a possibility
that possible trends may have emerged because of geographic differences in the eagerness of people to
respond to surveys, although the participants of the survey were spread throughout England (Figure 1).
Our analysis incorporates some of these challenges by, for example, only analysing the data at the
10 km2 scale [82] and correcting for spatial-autocorrelation in the kriging process to improve confidence
about the conclusions drawn from our study. All of these potential biases and challenges involved
with citizen science data should not be underestimated and results coming from studies using citizen
science data should be interpreted with caution. However, there are several benefits to such data as
well, not least the potential to use data often collected at large geographic scales and on private lands,
which can be difficult to obtain using more traditional survey approaches [83].

5. Conclusions

Whilst it was already known that badgers could regulate hedgehogs on smaller scales [33–37],
the role badgers play at the nationwide scale was less clear. The negative relationship between the
likelihood of hedgehog and badger presence observed in our study suggests that badgers may at least
partly explain the variation in the presence of hedgehogs throughout England. These findings mirror
findings by Williams et al. [9] who surveyed 261 sites in rural England and Wales using footprint tunnels
to determine site occupancy by hedgehogs and badger sett presence as a proxy for the relative density
of badgers. These combined results stress that it is imperative for the conservation of species to fully
understand community interactions. Neglecting important community interactions, such as predation,
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may prevent us from recognising drivers of dynamics in species abundance and distribution, which
may consequently lead to inappropriate conservation measures. In the case of the hedgehog, although
nationwide hedgehog presence was negatively correlated with that of badgers, other, habitat-related,
factors were stronger predictors. The potential role of declining macro-invertebrate abundance,
therefore, needs further investigation.
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Appendix A. Results Comparison Among Landcover Maps

The data collection of our study fell between two periods during which landcover maps were
produced for the UK. Consequently, we compared our results from the landcover maps for both 2000
and 2007. Furthermore, landcover metrics can be calculated in different ways, for example taking the
median percentage cover in a 10km2 grid cell or taking a mean. We present the results from median
landcover in 2007 and here in this Appendix we include mean landcover for 2007, and also median
and mean landcover for 2000.

The most important variables remained the same in all analyses, namely arable and horticulture,
improved grassland, built-up areas, broad-leaved woodlands and badger presence (Tables S1–S3).
Using a mean human footprint index explained more variation than a median human footprint index
(Tables S1–S3). When using mean landcover data for 2007, semi-natural grassland and loamy soils were
also included within models of ΔBIC < 4, both of which had a positive relationship with hedgehog
presence but had a low independent contribution towards the variation explained (Table S1).

The landcover map of 2000 included additional target classes for arable land, namely arable cereals,
arable horticulture and arable non-rotational, which were not available in the 2007 data. Therefore,
we determined whether these three separate variables performed better in explaining hedgehog
presence than the aggregated landcover variables of arable and horticulture (which combined all three
sub-classes). It was evident that arable non-rotational had a negative relationship with hedgehog
presence, but this was not significant and was not included within any of the models with ΔBIC < 4.
The sub-class of arable cereal and arable horticulture were included, and both had a positive relationship
with the likelihood of hedgehog presence, but only the sub-class of arable and horticulture was included
in the top model. Despite the separate contributions of the arable sub-classes, the aggregated variable
for arable and horticulture (includes all three arable types) provided a better model fit (BIC-400.93)
than the target class arable and horticulture alone (BIC -401.96).

Using a median landcover value per grid cell, the most important variables remained the same as
the main presented results (Table S2). An exception is that neutral grassland, coniferous forest and
loamy soils were included in models with ΔBIC < 4 and had a positive relationship with the likelihood
of hedgehog presence, but these had a minor overall contribution towards the explained variation
(Table S2).

The results of the models using a mean landcover value (Table S3), instead of a median (Table S2),
for the landcover map 2000 were very similar, and also to the main results presented in the article.
The only notable exception is that the variable improved grassland was excluded from the top models
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(Table S3). The effect of improved grassland remained negative however the contribution towards
model performance was reduced. This is somewhat evident in the results using a median value since
improved grassland explained less variance and was not significant (Table S2) in comparison with
the 2007 values (Table S1). This change may indicate that changes to grassland habitats, most notably
intensifying use, may have increased in the period between 2000 and 2007. The inclusion of the variable
neutral grasslands in top performing models using landcover maps from 2000 (Tables S2 and S3), and
exclusion of neutral grasslands in top performing models using landcover maps from 2007 (Tables S1
and S3) may support this.

References

1. WWF. Living Planet Report—2018: Aiming Higher; Grooten, M., Almond, R.E.A., Eds.; WWF: Gland,
Switzerland, 2018.

2. Holsbeek, L.; Rodts, J.; Muyldermans, S. Hedgehog and other animal traffic victims in Belgium: Results of a
countrywide survey. Lutra 1999, 42, 111–119.

3. Huijser, M.P.; Bergers, P.J.M. The effect of roads and traffic on hedgehog (Erinaceus europaeus) populations.
Biol. Conserv. 2000, 95, 111–116. [CrossRef]

4. Krange, M. Change in the Occurrence of the West European Hedgehog (Erinaceus europaeus) in Western Sweden
during 1950–2010; Karlstad University: Karlstad, Sweden, 2015.

5. Battersby, J. UK mammals: Species status and population trends: First report by the tracking mammals partnership;
JNCC, Tracking Mammals Partnership: Peterborough, UK, 2005.

6. Hof, A.R.; Bright, P.W. Quantifying the long-term decline of the West European hedgehog in England by
subsampling citizen-science datasets. Eur. J. Wildl. Res. 2016, 62, 407–413. [CrossRef]

7. MTUK. Mammals on Roads Survey—An Outline of 2004’s Results; Mammals Trust UK: London, UK, 2005.
8. Davey, P.A.; Aebischer, N.J. Participation of the National Gamebag Census in the Mammal Surveillance Network;

JNCC: Peterborough, UK, 2006.
9. Williams, B.M.; Baker, P.J.; Thomas, E.; Wilson, G.; Judge, J.; Yarnell, R.W. Reduced occupancy of hedgehogs

(Erinaceus europaeus) in rural England and Wales: The influence of habitat and an asymmetric intra-guild
predator. Sci. Rep. 2018, 8, 17–20. [CrossRef] [PubMed]

10. Roos, S.; Johnston, A.; Noble, D. UK Hedgehog Datasets and Their Potential for Long-Term Monitoring.
BTO Research Report, 598; The British Trust for Ornithology: Thetford, UK, 2012.

11. EU Open data Portal. Available online: https://data.europa.eu/euodp/en/data/publisher/estat (accessed on 27
September 2019).

12. Haigh, A.; O’Riordan, R.M.; Butler, F. Hedgehog Erinaceus europaeus mortality on Irish roads. Wildl. Biol.
2014, 20, 155–160. [CrossRef]

13. Rondinini, C.; Doncaster, C.P. Roads as barriers to movement for hedgehogs. Funct. Ecol. 2002, 16, 504–509.
[CrossRef]

14. Hof, A.R. A Study of the Current Status of the Hedgehog (Erinaceus europaeus), and its Decline in Great
Britain since 1960. Ph.D. Thesis, Roywal Holloway University of London, Egham, UK, 2009; pp. 1–192.

15. Hof, A.R.; Bright, P.W. The value of green-spaces in built-up areas for western hedgehogs. Lutra 2009, 52,
69–82.

16. Hof, A.R.; Bright, P.W. The impact of grassy field margins on macro-invertebrate abundance in adjacent
arable fields. Agric. Ecosyst. Environ. 2010, 139, 280–283. [CrossRef]

17. Burel, F.; Butet, A.; Delettre, Y.R.; de La Peña, N.M. Differential response of selected taxa to landscape context
and agricultural intensification. Landsc. Urban Plan. 2004, 67, 195–204. [CrossRef]

18. Fusser, M.S.; Pfister, S.C.; Entling, M.H.; Schirmel, J. Effects of landscape composition on carabids and slugs
in herbaceous and woody field margins. Agric. Ecosyst. Environ. 2016, 226, 79–87. [CrossRef]

19. Burel, F. Hedgerows and their role in agricultural landscapes. CRC. Crit. Rev. Plant Sci. 1996, 15, 169–190.
[CrossRef]

20. Reeve, N.J. Hedgehogs; T and A D Poyser Ltd.: London, UK, 1994.
21. Doncaster, C.P. Factors Regulating Local Variations in Abundance: Field Tests on Hedgehogs, Erinaceus

europaeus. Oikos 1994, 69, 182–192. [CrossRef]
22. Neal, E.; Cheeseman, C.L. Badgers; T and A D Poyser Ltd.: London, UK, 1996.

39



Animals 2019, 9, 759

23. Lüps, P.; Roper, T.J.; Stocker, G. Stomach contents of badgers (Meles meles L.) in central Switzerland. Mammalia
1987, 51, 559–570. [CrossRef]

24. Asprea, A.; de Marinis, A.M. The diet of the badger Meles meles (Mustelidae, Carnivora) on the Apennines
(Central Italy). Mammalia 2005, 69, 89–95. [CrossRef]

25. Balestrieri, A.; Remonti, L.; Prigioni, C. Diet of the Eurasian badger (Meles meles) in an agricultural riverine
habitat (NW Italy). Hystrix Ital. J. Mammal. 2005, 15, 3–12.

26. Middleton, A.D. The Food of a Badger (Meles meles). J. Anim. Ecol. 1935, 4, 291. [CrossRef]
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Simple Summary: Populations of West European hedgehogs (Erinaceus europaeus) are decreasing
all over Europe, and we are urgently in need of more knowledge to understand the challenges they
face. In the Nordic countries, the winter nest locations are of crucial importance for hedgehogs
to survive the winter hibernation period. Using radio transmitters, we studied 9 adult hedgehogs
during the pre-hibernation period from August–November in a typical residential area in the city of
Kristiansand, Southern Norway. The hedgehogs had a highly variable home range size and displayed
a large variation in distance moved per hour, with no clear difference between sexes. There were
also large individual differences in the number of nest sites used and how often they changed nests.
Although hedgehogs had nesting places in a variety of gardens and in hedgerows along roads, such
places seemed to lack appropriate nesting materials, suggesting that this is not a habitat suitable
for winter hibernation. In September, as they prepared for hibernation, hedgehogs rather chose
permanent winter nests in natural forest patches within residential areas, often under tree roots. Our
research highlights the importance of maintaining and increasing the number of smaller forested
patches within urban regions to help conserve hedgehog populations.

Abstract: The West European hedgehog (Erinaceus europaeus) is in decline, and it is important to
identify its challenges. We used VHF-telemetry to monitor pre-hibernation space use, nest use, and
hibernation sites in a suburban area in Norway. Based on nine adult hedgehogs tracked between
August and November 2002, we found that home range size was not dependent on individual sex
or weight and that home ranges overlapped between individuals regardless of sex. The distance
moved was not dependent on individual sex, but there was a tendency for increased movement
before dawn. The number of nests used per individual (0–10) and the number of nest switches (0–14)
varied greatly and did not differ significantly between sexes. Out of 28 nest sites, 16 were linked
to buildings and 12 to vegetation, and nesting material was most often grass and leaves. Three
hedgehogs monitored until hibernation established winter nests under tree roots in natural forest
patches in September, and this suggests that establishing or maintaining forest patches in urban areas
is important to ensure suitable hibernation habitat for hedgehogs. Our study was limited by a low
sample size, and additional research is required to gain a deeper understanding of the challenges
hedgehogs face in urban environments.

Keywords: hedgehog conservation; human–wildlife; urban wildlife; radio telemetry; home range;
movements; nest use; hibernation nest
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1. Introduction

Urbanization is often referred to as the process of the increasing concentration of
people in cities and the transformation of natural environments into urban areas [1]. Urban
environments have been rapidly expanding globally as a result of high population growth
over the last decades [2]. The effect of urbanization can be complex and varied, but it
generally tends to have a negative impact on biodiversity both locally and globally, mainly
through habitat loss and fragmentation [3]. Several ecological studies on urban systems
show that urban centers often have low biodiversity, with a few resilient species in high
numbers [4]. Synanthropic species, species of wild animals that live in close proximity
to humans and in environments that humans create [5], often reach higher densities in
urban environments than in the wild [6]. A higher abundance of food, a lower abundance
of predators, or a combination of these can result in increased population densities [7].
Small to medium-sized animals seem best suited for urban environments [8], and one such
mammal that is common in urban environments in Europe is the West European hedgehog
(Erinaceus europaeus, from here on called hedgehog) [9].

Results from multiple monitoring programs show that hedgehog populations are
declining in many European countries [10–17]. According to the IUCN Red List assess-
ment, the hedgehog’s conservation status varies from “Near Threatened” in Sweden and
Norway to “Vulnerable” in the UK and “Endangered” in the Netherlands [18–20]. It has
previously been suggested that hedgehogs prefer to live in rural areas, but some studies
report a substantial population decline in such areas and that hedgehogs prefer residen-
tial areas [7,15,16,21,22]. This decline in rural areas appears to be primarily caused by
intensive agriculture and intraguild predators [16,23]. Hubert, Julliard, Biagianti, and
Poulle [7] found that factors such as access to anthropogenic food sources and favorable
micro-climatic conditions may be key indicators of the high hedgehog presence in urban
areas, and garbage and food put out for pets or other animals are often available food
sources for hedgehogs [9]. Hedgehogs living in urban environments tend to become active
post-midnight and avoid foraging near roads as a response to human-related dangers such
as pedestrians and vehicle traffic [24], and they are usually found in greenspaces such as
parks, road verges, and gardens [25]. These habitats are well suited for hedgehogs, but the
fragmentation between such habitats, caused by roads and fences, can pose a significant
challenge to the survival of these populations [26]. The most important habitat in urban
areas is private gardens [27], as these have a high structural complexity with different vege-
tation such as lawn, flowerbeds, hedges, and terraces, creating habitats for both nesting
and foraging [9]. On and around gardens and lawns, hedgehogs can find valuable food
such as insects, slugs, and snails [28]. However, gardens may pose a variety of threats to
individual hedgehogs as well. Use of garden pesticides such as insecticides, molluscicides,
and rodenticides will lead to a decrease in the availability of natural food sources and
can also result in secondary poising [24]. Although hedgehogs are capable of swimming,
garden ponds can pose a threat to them as they can drown if unable to find a way out onto
solid ground [29,30], and uncovered window wells, basement stairs, tennis nets, and nets
covering berry bushes can function as traps [14,31].

Hedgehogs are solitary mammals and are mostly active during the night, spending
much of the day sleeping in a nest [32]. They are not territorial animals, and the home
range of individuals of the same and opposite sexes can overlap (see, e.g., [32–39]). The
size of the home range is dependent on food availability, season, and sex, and while some
hedgehogs stay in the same area over several years, others may wander more erratically
around [29]. Hedgehogs that live in less productive environments will typically have a
larger home range in order to find enough food [38,40]. During spring, in the mating
season, males can have considerably larger home ranges than females, while in autumn the
differences get smaller, and females can even have larger home ranges than males [26,38].
This seasonal change in home range size is reflected in the travel distance, and while male
hedgehogs are found to travel considerably longer distances than female hedgehogs during
spring, distances are more similar in the post-mating season [36]. Doncaster, Rondinini,
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and Johnson [21] found that some hedgehogs can move up to 9.9 km in total during the
night, but during the summertime, hedgehogs often move only 2–3 km a night to forage
and build up fat storage for their hibernation through the winter [29].

Nests are important for the nocturnal and solitary hedgehog, both for hibernation,
protection, and breeding [41], and nests can be divided into three categories: breeding nests
for the females and their litter, day or summer nests that are used as shelter during the
days in the active season, and hibernation or winter nests where they spend up to several
months undergoing hibernation [32]. Winter nests in mixed woodland habitat in England
were often located at sites with structural support, such as under bramble bush or piles
of logs, and the nesting material often consisted of grass or leaves packed together up to
20 cm in thickness [42,43]. Rautio et al. [41] found that urban hedgehogs in Finland moved
to pine woods to establish winter nests and hibernate under the roots of large pine trees.
The hedgehog hibernation period varies greatly with the local climate and, thus, geography.
In Southern Europe, it only lasts for about two months, from January to February [33],
while in Fennoscandia, at the northern boundary of the geographical range, it can last more
than 200 days, starting as early as mid-September [41,44–46].

In coastal Southern Norway, the climate is mild relative to its latitude, but despite
this, the hedgehog population seems to be low [47]. The Natural History Museum and
Botanical Garden in Kristiansand is situated beside the campus of the University of Agder,
and this area is one of the main areas for hedgehogs in the city [48]. The hedgehog became
red-listed in Norway in 2021, and the aim of this study was to shed some light on the home
range size, movements, and nest site selection of hedgehogs in a typical urban residential
area in Kristiansand. By radio-tracking hedgehogs, we aimed to identify the challenges
they face and the habitats that are especially important for their existence. We performed
this study in late summer and autumn in order to identify where and when the hedgehogs
chose to hibernate.

2. Methods

2.1. Study Area

This study took place in the Gimle/Lund area in the city of Kristiansand in Southern
Norway (58.15◦ N, 8.00◦ E, Figure 1). Kristiansand has a population of 115,000 and covers
an area of almost 644 km2. There are approximately 53,000 residences, and the city has a
population density of 186 citizens/km2. Kristiansand is a coastal city that borders Skagerrak
with relatively mild winters, given the latitude. The residential areas where this study
took place are a mix of regular single-family homes with gardens, terraced houses, and
apartment blocks. The terraced house gardens often connect to a larger communal lawn
or park. Gardens are often divided by wooden fences, chain-link fences, and/or hedges,
and most houses have open driveways without gates. The campus of the University of
Agder Gimlemoen and the botanical garden, adjacent to the residential areas, have large,
open lawns together with flower beds and bushes. Along roads and outside scattered
office buildings, there are often beds of densely planted dense bush/hedge. In addition,
hedgehogs, the most common mammals observed in the area are the Eurasian red squirrel
(Sciurus vulgaris) and the brown rat (Rattus norvegicus). Badgers (Meles meles) are present
but rarely reported or observed.

2.2. Citizen Science Initiative

The hedgehog population in the city of Kristiansand was mapped in 2019 using reports
from the public [48]. This provided information that the Lund area, with the university
campus and botanical garden, was one of the main areas where hedgehogs were observed.
As preparations for the radio marking of hedgehogs from the 15 August 2022, we initiated
a new citizen science campaign in June 2022 to obtain detailed information on where
to find hedgehogs in this area, using radio stations, newspapers, Facebook groups, and
posters along the roads. We received 45 observations of hedgehogs from the public. Every
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citizen hedgehog observation reported from this campaign was registered in the Norwegian
Species Observation System [47].

Figure 1. Map showing the location of Kristiansand in Norway (red dot), the rural areas (green) the
densely populated areas (light grey) and a blue circle surrounding the Lund area with the University
of Agder and The Natural History Museum and Botanical Garden where the study was conducted.
(Map sources: © Google, 2023, and © NordNordWest/Wikimedia Commons/CC-BY-SA-3.0).

2.3. Radio-Marked Hedgehogs

The field work lasted from 15 August to 5 November 2022 (Table 1). The registrations
reported by citizens were used as a guideline when searching for hedgehogs with flashlights
in the evenings. When a hedgehog was spotted and hand-captured, we determined the sex
and weighted it by placing it inside a plastic box on a scale (max = 5000 g, d = 1 g). We had
in total six radio-transmitters (R1680 glue-on transmitter, Advanced Telemetry Systems
(ATS), Isanti, MN, USA) available, each weighing 3.6 g, including the 20 cm antenna, less
than 0.4% of the body weight of any adult hedgehog. To fit the transmitter in a way that
would not inhibit a hedgehog’s normal life, spikes in a concentrated area on the lower
back were clipped 1–2 cm using scissors and clippers (as in [23,38,49]). The transmitter
was carefully glued onto the clipped spikes and to the spikes next to them using epoxy
glue, making sure that no glue touched the skin of the animal, and was firmly held in
place for 10 min until the glue had cured properly. The transmitter was positioned with
the antenna sticking out the back, so that it trailed behind the animal when it moved. This
position enabled the animal to move freely without the transmitter effecting movement in
any way. Of the originally six radio tagged hedgehogs, one was soon hit by a car, and two
were killed by an unknown predator or died of other causes and scavenged after death.
The three salvaged transmitters were therefore placed on three new hedgehogs as soon
as they were located. Three of the six transmitters lost the signal after a while, probably
due to transmitter failure. Thus, in total, nine hedgehogs were tagged and tracked, but at
the end of the tracking period, only three hedgehogs were still equipped with a working
transmitter (Table 2).
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Table 1. Overview of the six field periods, with start and end dates in 2022, type of field activity
(M = marking individuals, T = radio tracking individuals), and the number of tracking sessions in
each period. In period 2, the time alternated between early and late night. The shading of the cells
with time indicates light conditions. Dark gray = nighttime, light gray = dusk, and white = daytime.

Period Start Date End Date Time of Day Field Activity No. Days

1 15 August 30 August 22.30–07.00 M + T 16
2 31 August 13 September 22.00–03.30/02.30–07.00 M + T 14
3 24 September 10 October 10.00–14.30 T 17
4 11 October 20 October 17.00–20.00 T 9
5 23 October 29 October 00.00–02.00 T 4
6 5 November 5 November 11.00–14.00 T 1

Table 2. Detailed information on each individual hedgehog tracked, including sex, body mass, start
and end of tracking, number of days tracked, and number of localizations (individual registrations)
during the period between 15 August and 5 November 2022.

ID nr. Sex
Body Mass
(g)

Date Tagged
(Start Tracking)

Last
Tracking

Cause
of End

Days
Tracked

Localization

1 Female 958 15 August 30 August Road killed 14 49

2 Female 1044 22 August 19 August Predation 2 4

3 Male 1361 16 August 5 November End of
campaign 27 124

4 Female 928 17 August 3 September Predation 17 62

5 Male 1244 17 August 9 September Lost signal 22 88

6 Male 970 18 August 20 August Lost signal 2 4

7 Male 1410 22 August 24 August Lost signal 3 9

8 Female 1099 27 August 5 November End of
campaign 16 84

9 Male 1374 4 September 5 November End of
campaign 9 58

2.4. Radio Tracking

We used a scanning receiver (R410, ATS, USA) in conjunction with a smaller direction-
based H-antenna (ATS, USA) and a much larger, five-element foldable Yagi Antenna (Model
17734, ATS, USA) to detect tagged hedgehogs. Tracking was carried out by car and by foot,
depending on terrain, and the coordinates of every localization (or fix) were registered using
a GPS. In the first period, from 15 to 30 August, the entirety of the night was spent looking
for hedgehogs for tagging. A night typically started around 22:30–23:00 and lasted until
06:00–07:00. During the second period between 30 August and 13 September, a three-night
rotation was performed, alternating between early half-night (22:00–23:00 to 03:00–03:30),
late half-night (from 02:30–03:00 to 06:00–07:00), or full night (22.00–23.00 to 06.00–07.00,
see Table 1). During all nighttime tracking, we rotated between all tagged individuals, and
it usually took 1–2 h between every localization of an individual, depending on the number
of hedgehogs marked at a given time.

After 13 September, a second phase of the project started to establish where and when
the hedgehogs went hibernating. Between 24 September and 29 October (Table 1, periods 3
and 4), the individuals were tracked during the daytime. Since no nest site switches were
observed after 29 September, we assumed hibernating was initiated, and to confirm this,
we tracked once every night between 23 and 29 of October (Table 1, period 5). As there was
no sign of hedgehog activity, neither day nor night, we ended the tracking on 5 November
(Table 1, period 6). When hedgehog nest sites were investigated during the day, we noted
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the nesting type by category: Building (garage, porch, terrace, stairs, building materials) or
Nature (vegetation, bush, forest). When the actual nest could be observed, we noted the
nest materials as well.

Permissions to capture and tag hedgehogs were provided by the Norwegian Food
Safety Authority (FOTS ID 27113) and the Norwegian Environment Agency (ref. 2022/7181),
and permission to operate VHF tags was given by the Norwegian Communications Au-
thority (PMR-no. 17808).

2.5. Data Analysis

All analyses were performed using R [50]. We estimated home-range size by both
Minimum Convex Polygon (MCP) and Kernel Utilization Distribution (KUD) estimators,
following Riber [51] using the sp [52] and adehabitatHR packages [53]. To examine to what
extent home range size estimates were sensitive to localization outliers, we performed an
incremental analysis by calculating MCP sizes based on 50 to 100 percent of localizations
(with 5 percent increments) from each individual and plotted the relationship between the
number of localizations and the estimated MCP area. We also calculated 95% and 50% of
the kernel utilization distribution (KUD) area, where the smoothing parameter was set to
46.2, based on the reference bandwidth method. The 95% KUD excludes 5% of the most
extreme localization outliers in order to better represent the “true home range”, while the
50% KUD is expected to represent the core of the home range [51]. As suggested by Seaman
et al. [54], we only included individuals with more than 30 localizations when calculating
home range sizes. We used a simple two-sided t-test to investigate if kernel home range
sizes were different between sexes and linear regression to see if kernel home range sizes
were affected by initial body size. We included (MCP) as this is used in many other relevant
studies and therefore is good for comparison [22,24,33,35,36,38,39,51], but also KUD since
there is a debate regarding which home range estimator is least biased [55,56].

All localizations of the six individuals between 22.00 and 07.00 were used to investigate
the distance moved at night as a function of time of night and sex. The time in hours and
the distance in meters between two successive localizations of the same individual on
the same night were calculated. The distance was calculated as the shortest distance
between the two localizations, ignoring physical structures like buildings, fences, etc., by
using the distHaversine function in the geosphere R-package [57]. The distance in meters,
divided by the time in hours, was used as the response variable. This variable was highly
right-skewed, with many values being equal to or close to zero but with some extreme
values, and therefore we applied a negative binomial mixed model, with individual ID as a
random intercept (to account for multiple observations of the same individual), using the
glmer.nb-function in the lme4-package [58]. We investigated the effect of the explanatory
variables sex, as a binomial variable, and time in hours, relative to 22.00 (the earliest time of
radio tracking at night), as a continuous variable. We started with the full model, including
sex, time, and their interaction, and fitted all nested simpler models, including the null
model. We used Akaike’s Information Criterion, corrected for small sample size (AICc) [59],
to compare the fit of the different models. We also calculated the minimum distance moved
per night per individual by adding all consecutive distances between pairs of localizations.
This variable was highly right-skewed, with many values being close to zero, and therefore
we applied a logistic regression with individual ID as a random intercept (to account for
multiple observations of the same individual), investigating the effect of sex as a binomial
variable on total meters moved per night. The model took into account that the number of
pairs of localizations varied between nights and individuals.

3. Results

3.1. Radio Tracking

Nine hedgehogs (4 females ♀, 5 males ♂) were tracked during the field campaign, for
a total of 482 localizations (see map in Figure 2 and Table 2). During this period, individ-
uals 1, 2, and 4 died (see methods), and individuals 6 and 7 lost their radio transmitters
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after a few days. The transmitters were all recovered and then reused to mark other indi-
viduals. This allowed us to track nine different hedgehogs in total, despite only having
six radio transmitters. However, due to being tracked only for a few days and thus not
being localized many enough times, individuals 2, 6, and 7 were removed from the spatial
analysis. At the time of tagging, the weights of the hedgehogs ranged from 928 g to
1410 g (Tabel 2), and the average weight of the females and males was 1007 g and
1271 g, respectively.

Figure 2. Map of Lund and Gimle in Kristiansand (Southern Norway) with 100% minimum convex
polygon (MCP) home ranges of six hedgehogs, displayed with color-codes for each individual (1, 4,
8 = females, and 3, 5, 9 = males). The home ranges overlap both within and between sexes.

3.2. Home Range

Pairs of hedgehogs had overlapping 100% MCP home ranges with either the same or
the opposite sex (Figure 2). In the middle of the area, two male home ranges overlapped
(Male 5 and Male 9). Male 7 was also found in this area, as were males 5 and 9, but its
transmitter fell off after only three days. In the south-eastern part of the area, two females
had overlapping home ranges (Female 1 and Female 8). The size difference in home range
between sexes was neither significant for 95% (t = 0.08, df = 4, p > 0.05) nor 50% (t = 0.5,
df = 4, p > 0.05) kernel sizes (Figure 3, Table 3). There was no significant relationship
between weight at capture and home range size at neither 95% (F (1,4) = 0.05, p > 0.05) nor
50% (F (1,4) = 0.9, p > 0.05).
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Figure 3. Approximately 95% (A) and 50% (B) Kernel Utilization Distribution (KUD) estimates, in
hectares, of three male (blue) and three female (red) adult hedgehogs in the pre-hibernation period.
Points represent individual estimates, and the horizontal line in the box represents the median.

Table 3. Approximately 50% and 95% kernel utilization density (KUD) home range estimates, as
well as 100% maximum convex polygon (MCP) home range estimate (in hectares), for each of the six
individuals, based on all localizations.

ID 95 KUD 50 KUD 100% MCP Sex

1 16.0 3.6 8.8 F

3 22.2 3.7 15.6 M

4 19.4 5.1 9.0 F

5 11.0 3.3 6.3 M

8 16.5 3.0 10.7 F

9 18.0 3.7 8.7 M

3.3. Movement

The distance moved was analyzed based on 196 pairs of localizations from the
six individuals. The number of pairs per individual per night varied between 1 and 7
(median = 3). The time between two localizations of the same individual varied between
0.29 and 3.54 h (median = 0.87) and the distance moved per hour varied between 0 and
420.5 m/h (median = 42.0). Even with such large overall variation in distance moved, this
variation was high within most individuals (Figure 4A), and only 21% and 7% of the varia-
tion were explained by individual differences in the full model and null model, respectively.
There were some differences in median distance moved between the six individuals, with
individual numbers 3 (a male) and 4 (a female) standing out as individuals showing a
low and high median distance moved, respectively (Figure 4A). However, there was no
clear tendency between the other four individuals for a systematic sex effect, and the AICc
value of the sex model (Table 4, model 4) was lower than that of the null model (model 3),
indicating low support for a systematic difference between sexes in distance moved per
hour. There were clearly more longer distances moved per hour during the last part of the
night, especially between 04:00 and 06:00, and these longer bursts were more common in
some individuals than others, but there were also many observations with no movement
between two successive localizations during the whole night (Figure 4B). The model with
only the time effect was the one with the lowest AICc value (Table 4, model 1), but this
model was not substantially better than the null model (deltaAICc = 1). All in all, the model
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selection shows that there is low support for any sex difference and some support for an
increase in movement per hour at the end of the night.

Figure 4. Distance moved (m/h) between successive relocations the same night, as a box plot with
each individual (A) and as a function of time at night for each individual (B). Time in (B) represents
the first of the two successive localizations. Lines are created by loess-smoothing.

Table 4. A list of negative binomial mixed effects models was used to investigate the effect of sex and
time of night and the two-way interaction (Time:Sex) on the distance moved by hedgehogs between
successive localizations. The inclusion of a term or model is indicated by an “x”. AICc represents
Akaike’s Information Criterion (a lower value indicates better model fit), and deltaAICc represents
the difference in AICc-value between the current model and the model with the lowest AICc-value
(model 1).

Model Time Sex Time:Sex Df AICc deltaAICc

1 x 4 1785.9 0

2 x x 5 1786.4 0.5

3 3 1786.9 1

4 x 4 1787.5 1.6

5 x x x 6 1787.8 1.9

The total distance moved during a single night for one individual varied between
0 and 667 m. Despite both females and males being localized on average an equal number
of times per night (mean pairs of localizations per night = 2.48 and 2.53 for females and
males, respectively), and the fact that the maximum distance moved was more or less
similar for both sexes (Female 4: 605 m and male 9: 667 m), female total movement per
night was overall higher than that of males (X2 = 4.65. df = 1, p = 0.03). The median number
of meters moved per night for females was 227, and the median for males was only 70, and
this difference was largely due to the fact that males often did not move, or moved very
little, between pairs of localizations. However, the variation within sexes was large, and
p-values from mixed logistic regression models must be interpreted with some caution [60].

3.4. Nest Use

The six hedgehogs used a total of 28 different nest sites (see Table 5); 18 of these nests
were used by males and 10 by females. The number of nest sites used per individual varied
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from one to 10, and the maximum of 10 nest sites was that of a male, and the second of
seven nest sites was that of a female. The individual hedgehogs switched nests from zero
to 14 times during the tracking periods; the maximum of 14 switches was both by a male
and a female. Three females did a total of 15 switches, and four males did 21 switches, so
the total number of nest switches was 36. No hedgehog used the nest of another hedgehog.
Approximately 16 of the 28 nests were under/inside a building (garage, porch, veranda),
and 12 were in natural habitat (hedge, bush, forest). Nest sites of six hedgehogs are shown
in Supplementary Figure S1.

Table 5. Nest use by the seven hedgehogs of which this was documented. The table shows the total
number of nests (Nests) and the number of nest switches (Nest switches), as well as the nest location
and nest material when this was possible to observe. Numbers in parenthesis in nest location and nest
material represent the number of nests observed per individual. A date of hibernation is provided
for those three individuals that were monitored until this happened. Explanation of abbreviations:
Nest location: B = Building, V = Vegetation. Nest material: P = Pine needles, T = Trash, L = Leaves,
G = Grass, M = Moss, Y = Yew needles, and N = No material.

Individual Nests Nest Switches Nest Location Nest Material Date Hibernation

F1 2 1 B (2) - -

M3 10 14 B (5), V (5) P (1), T (1), L (1),
G/L/M (2) 12 September

F4 1 0 V (1) L (1) -

M5 3 2 B (3) G/L (2) -

M7 1 0 B (1) G/L (1) -

F8 7 14 B (4), V (3) G (1), G/L (2) 29 September

M9 4 5 B (1), V (3) N (1), Y/T (1) 16 September

TOTAL 28 36

Only three individuals remained tagged with a radio transmitter until hibernation:
female nr 8; male nr 3; and male nr 9, and these individuals did not have overlapping
home ranges. Male nr 3 stayed in the area around the campus and botanical garden at the
University of Agder. The first observations were made in a residential area south of the
university campus, but later they moved to campus and went hibernating under the root of
a pine tree (Pinus sylvestris) in a small patch of natural wood with pine trees, scrub, heather,
and tall grass. The 15th of September was the last time the hedgehog switched nests, and
we suppose that he went hibernating. Female nr 8 moved back and forth between nest
sites under buildings by crossing a road that has high traffic during the daytime. The
29th of September was the last time this hedgehog switched nests, and it established itself
in a small patch of natural habitat with blackberries (Rubus sp.), under the root of a big
deciduous tree, next to a rock, and we assume that she went hibernating from this date.
Male nr 9 was moving between a nest in a private garage and a nest in a field of planted
bushes along a road. There was no nesting material under these bushes, apart from a few
small, dry leaves and a little trash. For hibernation, he found a patch of planted yew (Taxus
baccata) along a road where he made a burrow under the roots. The 16th of September was
the last time this hedgehog switched nests. All three hedgehogs chose hibernation sites
under tree roots in as many natural environments as they could possibly find.

3.5. Nesting Material

We observed the nesting material in 14 of the 28 nests, belonging to six of the individu-
als (Table 5). The nesting material was primarily sourced from locally available vegetation,
but two nests consisted completely or partially of plastic and paper trash, and at one nest
site, the hedgehog slept openly in a flowerbed. One nest consisted only of grass, two con-
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sisted of pine/yew needles mixed with trash, two consisted of leaves, and eight consisted
of a mix of grass, leaves, and/or moss. Two of the three hibernating hedgehogs found
sufficient nesting material in the surroundings in the chosen small patches of woodland,
but the last hedgehog (in a planted yew-bed) only found yew needles and some trash as
nesting material. We were worried that this would not be sufficient protection during the
winter, but fortunately this individual managed to dig down under the roots after a few
days, and we hope that this was enough for it to survive the winter.

4. Discussion

4.1. Home Range

To investigate hibernation nest sites, our data were collected in late summer and
autumn. We did not find a statistical difference in the home range size between the two
sexes in our study at this time of year. This lack of difference could be due to the low
sample size in our study, as the variation in estimates was great, especially among males.
In Italy, Bottani and Reggiani [33] did not find any significant sex difference in home range
size, but that home range sizes varied greatly (more than 10-fold), with the largest being
more than 100 ha. Although we did not detect home range sizes near this size, we also
found substantial variation in home range sizes for both sexes (Figure 3, Table 3). Reeve
and Morris [61] found that male hedgehogs on a golf course in England had larger home
ranges and faster and longer movements than females, and both Reeve and Morris [61]
and Bottani and Reggiani [33] report a mating season from May until September, which is
different from the seasonality in home range size between the genders that we find in the
Nordic countries.

Male and female home ranges of similar sizes late in the season, as we found in our
study, are also described elsewhere in Fennoscandia. Close to the northern boundary of the
species’ distribution, hedgehogs seem to terminate the mating season earlier, and there is a
seasonal change in home range sizes and movements, with males having the larger home
ranges and traveling the longest in spring/early summer and with less or no sex difference
in autumn [26,36,38]. The study area of our choice in Kristiansand, Norway (58◦ N) is
comparable to that of Rautio, Valtonen, Auttila, and Kunnasranta [38] and Rautio, Valtonen,
Auttila, and Kunnasranta [41] in Joensuu, Finland (63◦ N), though Joensuu is situated even
further north and east in Fennoscandia and thus probably has a somewhat colder climate.
Rautio, Valtonen, and Kunnasranta [38] found that, in the pre-hibernation period, adult
males and females had a home range of 17 and 29 ha, respectively, and our home range
estimates are of similar size (95% KUD ranges from 11 to 22.2 ha). Also, the body weight
of the hedgehogs in the pre-hibernation period was very similar in Finland and Norway,
with males being heavier than females. In Kristiansand, the male average weight was
1272 g (n = 5) and female 1007 g (n = 4), and in Finland, the male average weight was
1286 g (n = 5), females 958 g (n = 4) [38]. Food availability within the home range might
affect home range size, and the availability of food in urban and wild environments might
be quite different [28]. Uneven food availability within the study area might be the reason
for the individual differences in home range size that we have observed, but unfortunately,
we do not have data to test this.

The precision of home range size estimates is sensitive to the sample size [54]. In
Finland, Rautio, Valtonen, and Kunnasranta [38] showed that less than 30 localizations
from individual hedgehogs should be enough to provide unbiased home range sizes, and
Pettett, Moorhouse, Johnson, and Macdonald [22] found that 20 localizations were sufficient.
However, our incremental analysis indicates that we, with as many as 50+ localizations, do
not have a sufficient sample size to ensure unbiased estimates (Supplementary Figure S2).
Indeed, for some of our individuals, the localizations are quite uniformly distributed within
the home range, with no clear core areas (see individuals 4 and 5 in Figure 2), while others
have two core areas and/or MCP home ranges that are clearly affected by one or a few
outliers (see individuals 2 and 9 in Figure 2). We therefore expect our estimates to be
somewhat negatively biased.
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We found that our hedgehogs in Kristiansand of both the same and opposite sex had
overlapping home ranges, which support the findings in a large number of studies (see,
e.g., Campbell [34]; Parkes [37]; Reeve [39]; Bottani & Reggiani [33]; Kristiansson [36];
Riber [51]; Rautio et al. [38]). Studies in our neighboring countries, Finland and Denmark,
have shown that females tend to have fewer overlapping home ranges and core areas than
males during late summer and autumn, as mutual avoidance can ensure enough food
availability to increase fat deposits before winter [38,51]. In Ireland, Haigh et al. [62] found
that each hedgehog occupied a distinct area of the arable field and rarely crossed the path
of another. Cassini and Föger [63] found that hedgehogs showed mutual avoidance and
suggested that this imposes a limit on the number of animals in an area. We did not observe
any hedgehogs at the same spot as another hedgehog in our study, which might indicate
that they are solitary animals practicing mutual avoidance in time, despite having, at least
partially, overlapping home ranges.

Two of the marked hedgehogs were found dead and scavenged 3 and 16 days after
marking, respectively, and although we could not establish the cause of death, it is possible
that these two individuals were killed by a predator. Predators are generally very rare in
the study area. The presence of badgers, however, has been shown to restrict hedgehog
movement and foraging and lead to smaller home ranges [22,64]. Badgers have been
observed within our study area, but rare reports and the fact that we did not observe
any during this study suggest that direct or indirect interactions between badgers and
hedgehogs were uncommon. None the less, it is possible that some of the variation in space
use among the hedgehogs included in our study can be explained by the local presence of
one or more badgers.

4.2. Movement

We did not find any significant difference in the distance moved per hour between
the sexes. Both males and females moved as much as 300–400 m/h, but this was not
common, and we also observed individuals (mostly males) not moving at all between
successive localizations at any given time of night. We believe that the timing of our study,
the pre-hibernation period, August to September, is the explanation for this observed
pattern. Adult females may use longer time to feed and build up a fat layer before winter
after reproduction in summer and therefore need to move more actively around in the
pre-hibernation period in order to locate enough food, while males have had longer time to
feed since the mating period in the spring. This is partially supported by Kristiansson [36],
who found that males in Sweden traveled longer than females in the mating season but
that males and females traveled similar distances in the post-mating season.

Based on this, we would expect similar distances between males and females, but
in our study, both sexes moved considerably shorter than what has been reported from
Sweden [36]. This difference in distance moved between two otherwise quite similar
climatic regions may depend on both the nature of the habitat, food availability, and the
time interval and length of time of the registration points. The frequency of registrations
during the night was higher in the study of Kristiansson [36] with locations every 15 min,
while we usually had more than one hour between our registrations and sometimes several
hours. We expect that these longer intervals will lead to a higher degree of underestimation
since this method only registers the shortest distance between two localizations. In addition,
Kristiansson [36], did his study in a small town that could be considered rural. Further, it
has been suggested that there is higher food availability in urban environments compared
to rural environments [9], and this could lead to hedgehogs in our study not having to move
as much to find sufficient food. Hedgehogs spend most of the night in the post-mating
season to forage [29,35,36], and we therefore suppose that the shorter distance traveled
in our study is related to easier access to food. On the other hand, a study in an urban
environment in the UK [24] found much higher travel distances than in our study, but
gardens in our study were mostly open and easy to access, while urban gardens in the UK
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are usually smaller and harder to access [65], and this could result in the hedgehogs having
to travel longer distances to find sufficient food.

We detected no active hedgehogs before 22:00, and most individuals left the nest
around 23:00, when the neighborhood traffic, by car or foot, was strongly reduced. Almost
all anthropogenic disturbances in this area had ceased by midnight. Dowding, Harris,
Poulton, and Baker [24] found that hedgehogs were more active after midnight as a risk-
reducing behavior. Based on this, we suspect that the hedgehogs in our study may have
started their nightly movements as late as 23:00 to minimize exposure to human activity.
Most of our hedgehogs increased their average movements after 03:00, and this was the
portion of the nights with minimum disturbances. We did observe that the hedgehogs
consistently began moving towards their nests from around 03:00, and thus it seems that
this increased movement in the late part of the night is linked to the need to find shelter
before dawn when human activity increased.

4.3. Nests

We did not find any evidence of nest sharing in our study, and this might be the normal
pattern of nest use by hedgehogs. Nest-sharing simultaneously in wild-living hedgehogs is
rare, though non-simultaneous nest-sharing has been documented [32,41,51,61,62,66]. Nest
sharing can increase transmission of ectoparasites [41,61], and this could be the reason why
nest sharing is rarely observed among hedgehogs. Ectoparasite exposure might also explain
why hedgehogs alternate between several nests, as this can reduce parasite exposure (see,
e.g., Stanback and Dervan [67]; Bize et al. [68]). However, we never observed ectoparasites
in our study, suggesting that ectoparasite burdens overall were low.

In total, we found 28 different nest sites used by seven hedgehogs (the remaining two
individuals were never observed in a nest during the short period they were tracked), and
18 and 10 nests were used by males and females, respectively. Three males and three females
switched nests a total of 21 and 14 times, respectively. Bottani and Reggiani [33] in Italy
and Reeve and Morris [61] in England found that females used the same nest repeatedly
for periods significantly longer than the males, and that this was due to reproduction
or because the males, with larger home ranges, used several nests rather than having to
move long distances to reach the same one. In our study, there were no clear differences
between sexes, neither in the number of switches nor the number of nests used, but large
differences between individuals overall (Table 5), and this is in accordance with several
other studies [35,41,61,69].

The nest is a very significant feature in a hedgehog’s life, particularly during
hibernation [42], determining both its habitat choice and distribution. The nest location
habitat has been studied in several countries: the UK ([22,24,42,61,62], New Zealand [69],
Denmark [26,44,51], and Finland [41]. The most common nesting habitat is hedgerow or
forest [22,51,62,70,71] and forest is especially preferred for hibernation [44,70,72]. In Fin-
land, Rautio et al. [72] observed that the hedgehogs in urban environments still preferred to
hibernate under tree roots in forest patches, exactly as we observed for our three hedgehogs
in Kristiansand. Such habitats are usually limited in urban environments, and our result
indicates that maintenance of natural forest patches in urban areas where hedgehogs exist
may improve habitat suitability, and thus survival, and help mitigate the present decline in
hedgehog numbers. Hedges and hedgerows, often common in urban environments, are
known to be of special importance for hedgehogs during the active season since they offer
shelter, nest locations, and food [22,25,51,62,70,71,73]. We also observed that hedgehogs
were often found in hedges, both during their nightly movements and when sleeping
during the day. Manmade constructions, such as playhouses, sheds, porches, and terraces,
were also often used as nest locations.

Leaves or grass are known to be the two most important nesting materials for
hedgehogs [22,26,41,42,44,51,61,71,73], and we also found that leaves and grass were most
often used, but that hedgehogs used other material available close to the nest site, regardless
of source. Nest sites under dense hedgerows, which do provide protection from predators,

55



Animals 2024, 14, 130

did not necessarily offer sufficient nesting material for hibernation, and the hedgehogs
abandoned such habitats and rather utilized the more limited forest patches when prepar-
ing for hibernation. We worry that lack of proper nesting material and limited availability
of forest patches may increase winter mortality in urban environments, especially in more
northern regions where winter temperatures can be more challenging.

The hedgehogs in our study went hibernating in September, comparable to what
is described in Finland [41], but much earlier than what is common in other places in
Europe [33,62]. We do not know what initiated the start of hibernation in our study, but we
assume that a combination of sufficient energy storage and external zeitgebers triggered
this. The fact that hedgehogs in Finland, with comparable body weights, also initiated
hibernating in September suggests that this is the normal behavior of hedgehogs in the
extreme north of the species distribution in Europe.

5. Conclusions

This study offers new knowledge of hedgehog home range sizes, movements, and
nesting behavior in suburban areas close to this species’ northern boundary. Home range
size, distance moved, and the number of nests varied greatly between individuals, and no
sex effect was observed. Our results indicate that hedgehogs in urban environments prefer
forest patches and use natural nesting material when preparing for hibernation, and this
supports the findings from other studies in Fennoscandia. We therefore conclude that it
is important to maintain existing and establish new forest patches in urban environments
to ensure hedgehog winter survival in the north. It would also be beneficial to encourage
garden owners to contribute by providing shelters with ample natural nesting material in
their gardens.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ani14010130/s1, Figure S1: 100% MCP home ranges of all six individuals.
Open symbols represent localization where the animal was active (during night) and closed symbols
represent nest sites. Due to GPS-inaccuracy multiple nest sites positioned close together represent a
nest with several localization, but at exactly the same place. Figure S2: Home range asymptote figure,
with maximum convex polygon (MCP) area as a function of percentage of data used for each individual
hedgehog. The shape of the curves suggest that our home range estimates are underestimated, as the
asymptotes still rise at 100% MCPs.
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Simple Summary: Information on population characteristics of Paraechinus is valuable for ensuring
long term survival of populations, however, studies are currently lacking. Here we investigate the
population dynamics of Ethiopian hedgehogs based on a capture study in Qatar by fitting several
statistical models. Over the 19 months of the study, we estimate a mean population of 60 hedgehogs,
giving a density of 7 hedgehogs per km2 in our 8.5 km2 search area. The monthly abundance of
hedgehogs decreased over the study and although survival was constant over the study period,
with a mean monthly rate of 75%, there was a decline in the number of new entrants over time.
We also studied these parameters over one year, excluding winter, and found that monthly estimates
of juvenile and subadult survival decreased over time. We surmise that survival of juveniles may be a
factor in the decrease in abundance and there may be implications for the persistence of this population
in the future, with human influenced resources playing an important role. We caught between 91.3%
and 100% of the estimated population at this site, indicating that our capture methodology was
efficient. We conclude that the methodology used here is transferrable to other hedgehog species.

Abstract: Information on population characteristics of Paraechinus is valuable for ensuring long term
survival of populations, however, studies are currently lacking. Here we investigate the population
dynamics of Ethiopian hedgehogs based on a capture-mark-recapture study in Qatar by fitting
Jolly-Seber and Cormack-Jolly-Seber models. Over the 19 months of the study, we estimate a mean
population of 60 hedgehogs, giving a density of 7 hedgehogs per km2 in our 8.5 km2 search area.
The monthly abundance of hedgehogs decreased over the study and although survival was constant
over the study period, with a mean monthly rate of 75%, there was a decline in the number of new
entrants over time. We also studied these parameters over one year, excluding winter, and found that
monthly estimates of juvenile and subadult survival decreased over time. We surmise that survival
of juveniles may be a factor in the decrease in abundance and there may be implications for the
persistence of this population, with anthropogenic influenced resources playing an important role.
We caught between 91.3% and 100% of the estimated population at this site, indicating that our
capture methodology was efficient. We conclude that the methodology used here is transferrable to
other hedgehog species.
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1. Introduction

Hedgehogs are small terrestrial mammals with a spiny integument in the subfamily Erinaceinae,
of which 16 species in five genera are currently recognized [1,2]. Extensive research on the European
hedgehog (Erinaceus europaeus) has led to the common notion that hedgehogs are characteristic of
the moist temperate environments of the world. However, many hedgehog species occur in arid and
semi-arid environments, such as the “desert hedgehogs” of the genus Paraechinus, and yet, little is
known about their ecology and behavior in these arid environments [1–10]. More than 25 years
ago, in his monograph of hedgehogs, Reeve (1994) [1] expressed his frustration by stating “There is
a frustrating lack of further studies . . . in non-European hedgehogs . . . There is a clear need for
much more fundamental work on all these and other, as yet unstudied, hedgehog species”. Sadly,
although there has been some work on ecology, behavior, and physiology of non-European hedgehog
species in the past 25 years [3–13], basic information about their population characteristics is still
largely lacking.

The Ethiopian Hedgehog (Paraechinus aethiopicus, Ehrenberg, 1832), which is well-adapted to
arid environments, has a wide distribution across North Africa and the Middle East, including the
Arabian Peninsula [1,2], and is the only native hedgehog species in Qatar [14]. There has been some
recent study on the habitat use and home range of the species [6,13], as well as on the timing of
breeding [5,9], hibernation [3,8,9], and behavior in winter [11]. However, there are no previous studies
on the population density and dynamics of Paraechinus hedgehogs.

There are several sampling methods that are applicable to hedgehogs that have previously been
used to investigate local and national population density, mainly for Erinaceus species. These include
spotlight surveys [15–18], footprint tunnel surveys [19–22], citizen science surveys [23–25], game bag
surveys [26] and roadkill surveys [27]. These surveys are often used to assess occupancy rather than
population density and demography. There has been a sparsity of long term demographic studies
in all hedgehog species. There are some valuable capture-mark-recapture studies [28–30] that have
investigated population dynamics and density of E. europaeus, but there are no such studies for other
hedgehog species, including Paraechinus. Capture-mark-recapture methodology entails capturing
and marking individuals then releasing them to re-mix with the local population. Individuals are
then recaptured regularly over the study period, giving each individual a capture history. Two types
of models can be fitted to these capture histories in order to estimate population size. The first are
those for closed populations, where population size is assumed to be constant throughout the study
period and there is no emigration or immigration [31,32]. The second is open population models
such as Jolly-Seber and Cormack-Jolly-Seber models that can be used to estimate population size and
parameters for survival and capture probability in an open population [33–36].

In this paper, we report, for the first time, the population dynamics of a free-ranging Ethiopian
hedgehog population based on a capture-mark-recapture study in Qatar. We present data from a
two year study to estimate hedgehog population size, growth rate, capture rate and survivability,
in a discrete study area. The study of this population has not only resulted in population census
methodology that is transferable to other hedgehog species but also allows for comparison of population
density and dynamics with that of the better studied European hedgehog.
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2. Materials and Methods

2.1. Study Area and Animal Capture

The study area consisted of ~15 km2 of arid land around the Qatar University Farm (25◦48′ N,
51◦20′ E) in northern Qatar. The area included 11 active farms that were irrigated daily using
underground water extracted through deep wells. Except for those farms, the area was an arid plain
with a total annual precipitation of less than 100 mm, and the surface was predominantly covered by
desert pavement with exposed loose gravels. The ambient air temperature ranges between ~5 ◦C in
the early morning in winter and ~50 ◦C in the early afternoon in summer. There was little vegetation
except for isolated short acacia tress and ephemeral grass patches emerging after rains in cold months.
Various structures created by human activities, such as rubbish dumps, piles of abandoned building
materials, and soil mounds, were ubiquitously found across the study area. Fieldwork was carried out
between April 2010 and April 2012.

A consecutive four-night hedgehog capture survey was conducted, from dusk until dawn, once a
month in an area of ~8.5 km2 (regular survey area) by a field team of 1–3 individuals. Hedgehogs were
captured by hand, usually curling into a ball, and were processed at the capture sites without anesthesia
or sedation. Hedgehogs were individually marked by painting the spines with unique combinations
of nail polishes of different colors, and sexed before they were released. A hedgehog was classified as a
juvenile if an animal was less than six months old or if it was a new individual and weighed less than
200 g. Each hedgehog was only processed once during the four night survey. A substantial amount of
capturing efforts was made (1) around the “Rubbish Mound” (Figure 1, location 1�) where a higher
concentration of hedgehogs was found throughout the year probably due to year-round availability
of food resources (although the rubbish mound was partially cleared in March 2011, and a further
major cleaning operation started in March 2012); (2) “Municipal Farm” (Figure 1, location 2�) where
permanent grass fields seemed to produce rich invertebrate communities seasonally; (3) “Rawdat Al
Faras Farm” (Figure 1, location 3�); and (4) Qatar University Farm where the field station was located
(Figure 1, location 4�). In addition to captures at those sites, hedgehogs were captured wherever and
whenever they were found in the regular survey area. Searching was carried out as follows: firstly each
farm and the rubbish mound were searched because hedgehogs tended to nest in these areas and could
be captured as they emerged from their nests. Each farm was searched once and the rubbish mound
twice during this time, finishing around 22:00. The rest of the study area was then searched from
the north to the south, with the aim of randomly encountering hedgehogs. This area was completely
searched over the four days but the whole area was not covered every evening. We divided the year
into four hedgehog seasons as follows; Early Breeding Season; February–April, Late Breeding Season;
May–July, Autumn Season; August–October and Winter Season; November–January [5].

2.2. Data Analysis

The statistical analysis of the capture-recapture data was carried out in the R package “RCapture”
(R Core Team 2014), following the paper ‘Rcapture: Loglinear Models for Capture-Recapture in R′
by Baillargeon and Rivest [37]. This package cannot handle irregular capture intervals, and because
some months of captures were missed in early 2010, we decided to subset the data into two blocks;
all continuous months in the study (19 months from October 2010 to April 2012) and excluding the
Winter Season (nine months from February 2011 to October 2011). Analyzing the data excluding the
Winter Season allowed us to look at population demographics over one year of hedgehog activity,
where the capture rate is not affected by the change of behavior that this hedgehog species (and other
hedgehog species) exhibit over winter [3,6,11]. The analysis was also run separately for males and
females. We also ran separate analyses for hedgehogs that were juveniles at first capture versus those
deemed to be adults at first capture. The analyses on these different age cohorts were only performed
on one year of data excluding winter months (2011) because over more than one year those hedgehogs
deemed juveniles or at first capture would have become adults during the course of the study. However,
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the juvenile category does include those deemed a juvenile at first capture in 2010, i.e., by summer
2011 they would be subadults that have overwintered once. Therefore, in these analyses juveniles and
these subadults were combined into one group and are hereafter called juveniles.

The RCapture package fits both open (Jolly-Seber and Cormack-Jolly-Seber) and closed population
models to estimate N (the population size) along with parameters for capture probability at each
sampling occasion, and survival and the number of new entrants between sampling occasions [37].
The study area was not a closed population and therefore the open models are most likely suitable for
this data. However, we did some exploratory analysis using both closed and open models to confirm
which fit the data best. Model fit was judged on Akaike Information Criterion (AIC) values, the lowest
AIC being deemed as the best fitting model. Following Baillargeon and Rivest 2007 [37], we also
examined heterogeneity plots of the capture histories, plotted the Pearson residuals from each model,
and performed tests of model fit. If Pearson residuals were high or there appeared to be heterogeneity
in the data then models were adjusted in a number of ways, for example, the model was re-run with
capture histories with high residuals removed [37]. We also checked whether individuals captured at
all sampling occasions or at only one may have had a big influence on the model fit. The output from
the open population models in the Rcapture package includes a test for trap effect. The AIC value for
the model including the trap effect was compared with that for a homogenous trap effect to investigate
whether there was a difference in capture probability through time because of a behavioral response to
capture. Finally, we ran the same models with equal capture probabilities defined and compared their
fit to all of the models.

 
Figure 1. Map of the 15 km2 study site in Qatar where Ethiopian hedgehogs were captured by hand as
part of a monthly capture-recapture experiment from April 2010 to April 2012 (GoogleEarth Image
Copyright 2018 DigitalGlobe). The dashed line indicates an 8.5 km2 focal search area. Numbers indicate:
1�: The “Rubbish Mound” where a higher concentration of hedgehogs was found throughout the study

probably due to year-round availability of food resources; 2�: “Municipal Farm” where permanent
grass fields attracted hedgehogs; 3�: Rawdat Al-Faras Research Station where street lights across the
farm increased the chance of locating hedgehogs; 4�: Qatar University Farm where the field station
was located.
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After selecting the best fitting models for each subset of our data, we obtained the total population
estimate along with monthly population size, survival and capture rate for each block of data
analyzed. We then tested potential differences in these estimates between males and females and adults
and juveniles by constructing a series of linear models in R (R Core Team, Vienna, Austria, 2014).
We examined the residuals of these linear models for normality and transformed the dependent where
appropriate. Density was calculated based on the mean monthly N over the 8.5 km2 regular search
area. All means are presented as mean ± the standard error of the mean.

3. Results

We recorded 1190 captures between April 2010 and April 2012. Males were highly statistically
significantly more likely to be captured (744 times) in comparison to females (427 times) (binominal test:
p < 0.001), although the overall sex ratio of captured animals did not statistically significantly deviate
from 1:1 (87 males and 74 females, binominal test: p = 0.34). Based on monthly data larger numbers of
males were recorded than those of females throughout the study period. This bias towards male capture
was statistically significantly more obvious during the Winter Season (ANOVA, F3 = 6.6, p = 0.003)
whilst there was no significant difference amongst the other hedgehog seasons (ANOVA, F2 = 0.52,
p = 0.61). This seasonal difference might be related to a statistically significantly smaller average
number of female hedgehogs caught during the Winter Season (ANOVA, F3 = 5.3, p = 0.008), whilst
there was no such seasonality detected in males (ANOVA, F3 = 2.2, p = 0.12). The foregoing results may
suggest that the catchability of males was higher than females, and also female catchability decreased
in winter. Therefore, this finding supports our decision to include some population estimates of males
and females separately, in order to distinguish different patterns in male and female demography,
and also to perform a separate analysis with winter excluded.

3.1. Model Fit

As predicted, open population models fit the data better than closed population models. In some
cases exploratory plots of heterogeneity were u-shaped rather than linear; therefore showing that
heterogeneity in the capture probabilities may be an issue (e.g., Figure 2). We were able to improve
model fit by adjusting the models, for example removing those animals captured on every occasion to
reduce heterogeneity in the data. We also removed capture histories where plots of residuals revealed
very large residuals. The best-fitting models and the adjustments made to them are presented in
Table 1, alongside the models with no modifications. These adjustments did not dramatically alter
population estimates but did improve the standard error of the population estimates and the model
fit (Table 1). In all cases, the p-value of goodness of fit testing, based on the deviance of the models,
was >0.05, indicating that our models adequately fit our data.
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Figure 2. Exploratory heterogeneity graph showing descriptive data from the capture histories of
Ethiopian hedgehogs caught as part of a capture-mark-recapture study in Qatar over 19 months
(October 2010 to April 2012).

Table 1. Estimated population size of Ethiopian hedgehogs at a study site in Qatar from a series of
open population models constructed in the R package RCapture. Results are presented from the models
with no modifications and the best fitting models, determined by AIC values.

Subset Block No. in Model 1 Adjustments to Improve
Model Fit

AIC Ntot
2 SE N 3 SE

Density
(km−2) 4

All All 19
months 144 None 1180 149 2.7 55 2.4 6.5

All All 19
months 144

Excluding those captured all
19 times and including

residuals <10
439 151 0 60 2.9 7.0

Males All 19
months 75 None 787 77 1.6 32 1.1 3.8

Males All 19
months 75

Excluding those captured all
19 times and including

residuals <50
489 77 0 33 1.0 3.9

Females All 19
months 62 None 540 65 2.3 22 1.5 2.6

Females All 19
months 62 Capture constant on model

and including residuals <800 5 511 65 1.9 21 1.5 2.5

All Excluding
winter 112 None 346 115 2.3 52 3.8 6.1

All Excluding
winter 112 Excluding those captured all 9

times 327 117 1.9 54 3.7 6.3

Males Excluding
winter 59 None 244 60 1.2 30 1.9 3.5

Males Excluding
winter 59

Excluding those captured 8 or
9 times and including

residuals <6
177 61 0 30 1.7 3.5

Females Excluding
winter 47 None 180 47 1.1 19 1.9 2.2

Females Excluding
winter 47 Excluding those captured 8 or

9 times 142 47 0 19 1.9 2.2

Adults Excluding
winter 92 None 304 93 1.5 45 3.9 5.3

Adults Excluding
winter 92

Excluding those caught all 9
times and including residuals

<10
266 94 0 46 3.9 5.4

Juveniles Excluding
winter 21 None 100 26 5.1 7 1.8 0.8 6

1 The number of hedgehogs captured in this time period and included in the model—note, not all hedgehogs could
be aged and/or sexed hence males and females do not add up to the total number of hedgehogs captured. 2 The total
number of hedgehogs estimated to be on site during the period analyzed. 3 The mean monthly number of hedgehogs
estimated to be on the site during the period analyzed. 4 Density was calculated based on the mean monthly N over
the 8.5 km2 regular search area. 5 Note this model had some extremely high residuals but the lowest number at
which the model would converge was <800. 6 The null model was deemed the best fitting model for juveniles.
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3.2. Population Size

Our models resulted in a range of population estimates for our study site (Table 1). If we are to
include all 19 continuous months and hedgehogs caught during this period (144 hedgehogs) then we
estimate a mean monthly population of 60 ± 2.9 hedgehogs on our study site. If we exclude the Winter
Season (112 hedgehogs included), the number of hedgehogs is slightly smaller at 54 ± 3.7 hedgehogs.
There was no statistically significant difference between the monthly abundance estimates from these
two time periods (ANOVA, F1,22 = 1.67, p = 0.21). These estimates give a density of 7 hedgehogs
per km2 in our 8.5 km2 focal search area, or a density of 6.3 hedgehogs per km2 excluding winter.
As expected from observations on the ground, the estimated population size was larger for males than
females in all our models (Table 1).

Twenty-two percent of hedgehogs were caught on the very first sampling occasion. This figure
was higher for males (24%) than it was for females (21%). This pattern was followed when excluding
the Winter Season, with 63% of male hedgehogs captured in the study caught on the first occasion
compared with 53% of females. Only 4.8% of hedgehogs caught at the very first sampling occasion were
not captured again throughout the study. The figure was 12.8% for the analysis performed excluding
the Winter Season.

The monthly estimation of N at each sampling occasion decreased throughout both time periods
analyzed (all 19 months: ANOVA, F1,10 = 17.78, p = 0.0002, excluding the Winter Season: ANOVA,
F1,10 = 33.68, p = 0.0002), suggesting that the population size was decreasing at the study site (Figure 3).
Over the full 19 months, the monthly population estimate fell by 20%. The average monthly growth
rate was −0.86%. The abundance of males at each sampling occasion was significantly higher over
both analyzed time periods (all 19 months: ANOVA, F1,10 = 70.40, p < 0.0001, excluding the Winter
Season: ANOVA, F1,10 = 75.64, p < 0.0001). When all 19 months were included, there was a significant
interaction between sex and sampling period (ANOVA, F1,30 = 8.08, p = 0.008), with a steeper decline
in the estimated number of females each month over the course of the study (Figure 4). On average
there were estimated to be over seven times more adults (46.36 ± 3.87) than juveniles (7.33 ± 1.75)
when excluding the Winter Season, which was highly statistically significant (ANOVA, F1,10 = 179.67,
p < 0.0001, Figure 5). There was a statistically significant interaction between age and sampling occasion
(ANOVA, F1,10 = 6.60, p = 0.03). The estimated number of juveniles and subadults increased during
the first four sampling periods then leveled off, whereas the estimated number of adults decreased
(Figure 5).

Figure 3. The estimated abundance of Ethiopian hedgehogs in an 8.5 km2 search area in Qatar at each
monthly sampling occasion over a 19 month period (October 2010 to April 2012). Bars indicate the
standard error of each abundance estimate.
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Figure 4. The estimated abundance of male and female Ethiopian hedgehogs in an 8.5 km2 search
area in Qatar at each monthly sampling occasion over a 19 month period (October 2010 to April 2012).
Error bars shown are the standard error of the estimate. Linear regression lines are also displayed for
each sex.

Figure 5. The estimated abundance of adult and juvenile (including subadult) Ethiopian hedgehogs
in an 8.5 km2 search area in Qatar at each monthly sampling occasion over a nine-month period
(February 2011-October 2011). Linear regression lines are displayed for each group, error bars are the
standard error of the monthly abundance estimate.

3.3. Capture Probability

Mean capture probability was higher for males (0.70 ± 0.04) than females (0.60 ± 0.06) but this
difference was not statistically significant (ANOVA, F1,30 = 2.06, p = 0.16). Surprisingly, when excluding
the Winter Season, the mean capture probability from the best fitting models was higher for females
(0.81 ± 0.07) than males (0.63 ± 0.11), however, the difference was also not statistically significant
(ANOVA, F1,10 = 2.40, p = 0.15). Looking at the whole study, there was no effect of sampling period
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on the capture rate (ANOVA, F1,30 = 1.03, p = 0.32). However, it may be more appropriate to look
at this over the awake period for hedgehogs, indeed there was a near significant effect of sampling
period on capture probability when excluding the Winter Season (ANOVA, F1,10 = 4.02, p = 0.07).
Capture probability decreased through time (Figure 6). There was a higher probability of catching
juveniles (0.80 ± 0.097) than adults (0.70 ± 0.07), but this was not statistically significant (ANOVA,
F1,10 = 0.85, p = 0.38). Furthermore, there was a near statistically significant interaction between age
(adults versus juveniles) and sampling period over this awake period (ANOVA, F1,10 = 7.46, p = 0.066).
Capture probability of adults declined over the awake period, whereas juveniles increased. We also
tested to see if there was a trap effect over the course of the study. The AIC value for the models
including trap effect was higher than that for a homogenous trap effect in all our models, indicating that
any differences in capture probability through time were not down to a behavioral response to capture.

Figure 6. The estimated capture probability of Ethiopian hedgehogs sampled monthly from
February 2011 to October 2011 in an 8.5 km2 search area in Qatar. A linear regression line is displayed.

3.4. Survival

Mean survival between sampling occasions was similar for males (0.89 ± 0.02) and females
(0.88 ± 0.04). When the Winter Season was excluded, the mean survival between sampling periods
was higher for males (0.81 ± 0.05) than females (0.74 ± 0.06). However, this was not statistically
significant (ANOVA, F1,10 = 0.60, p = 0.46). There was also no difference in survival between sampling
periods both including and excluding the Winter Season (all 19 months: ANOVA, F1,30 = 2.14, p = 0.15,
excluding winter: ANOVA, F1,10 = 0.31, p = 0.59). Mean adult survival between monthly captures
(0.85 ± 0.04) was greater than mean juvenile survival (0.68± 0.10) but this was not statistically significant
(ANOVA, F1,10 = 0.77, p = 0.40). However, there was again a statistically significant interaction between
age and sampling period (ANOVA, F1,10 = 9.51, p = 0.01). Juvenile survival decreased over time
whereas adult survival increased (Figure 7), although note there is an outlier in the juvenile estimates
and the standard error bars are very large. There were only a few cases where we were able to
confidently identify causes of mortality during the study. The main causes were traffic accidents and
starvation/exhaustion.
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Figure 7. The estimated survival rate of Ethiopian hedgehogs between monthly samples from
February 2011 to October 2011 in an 8.5 km2 search area in Qatar, showing the survival of adults versus
juveniles (including subadults). Linear regression lines are shown for each group, error bars are the
standard error of the monthly survival estimate.

3.5. New Entrants

The number of new entrants decreased over time and this was statistically significant when
including all 19 sampling periods (ANOVA, F1,28 = 7.22, p = 0.01, Figure 8). This finding again supports
that the population size on the site was decreasing. The mean rate of new arrivals to the study site
between sampling occasions was higher for males (all 19 months: 3.92 ± 1.03, excluding the Winter
Season: 4.83 ± 0.99) than females (all 19 months: 2.35 ± 0.66, excluding the Winter Season: 3.38 ± 1.1)
over both sampling periods, but again this was not statistically significant (all 19 months: ANOVA,
F1,28 = 2.06, p = 0.16, excluding the Winter Season: ANOVA, F1,8 = 0.97, p = 0.35, Figure 8). The mean
number of new entrants between monthly sampling occasions was similar for adults (3.63 ± 0.43) and
juveniles (3.47± 1.98). However, note the high standard error for the mean rate of juvenile new entrants.

Figure 8. The estimated number of new entrants to a population of Ethiopian hedgehogs between
monthly samples from October 2010 to April 2012 in an 8.5 km2 search area in Qatar, showing the
estimates for females versus males with a linear regression line for each group.
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3.6. Evaluation of Methodology

When marking hedgehogs, we found that black, yellow, and non-metallic green nail polish tended
to disappear soon, whilst white, red, metallic green, and blue lasted for longer (some even lasted for
more than six months). We found that applying the nail polish along the entire length of the spines
was more successful because the colors tended to wear off towards the tip of the spines.

According to our population estimates, we captured between 91.3% and 100% of the local
hedgehog population at our study site (Table 2).

Table 2. Percentage of a hedgehog population estimated from Jolly-Seber modeling in the R package
Rcapture that was captured in the field.

Subset Block No. Hedgehogs 1 Ntot % of Population Captured

All All 19 months 144 151 95.36
Males All 19 months 75 77 97.40

Females All 19 months 62 65 95.38
All Excluding winter 112 117 95.73

Males Excluding winter 59 61 96.72
Females Excluding winter 47 47 100.00
Adults Excluding winter 92 94 97.87

Juveniles Excluding winter 21 23 91.30
1 The number of hedgehogs captured in this time period and included in the model—note, not all hedgehogs could
be aged and/or sexed hence males and females do not add up to the total number of hedgehogs captured.

4. Discussion

Our results indicate a mean population of 60 hedgehogs at the study site at one time over a
19 month period. The outputs from our models suggest that the monthly population estimate declined
over the study period. Survival appeared to be stable throughout the study, potentially a result of a lack
of predators of hedgehogs in Qatar [11] and plentiful food resources provided by the rubbish mound
and irrigated farms at the site. The rubbish mound was partially cleared in March 2011 (month six
of the study), and a further major cleaning operation started in March 2012, potentially resulting in
a reduction of resources. Indeed the large drop in abundance was during months seven to ten of
the study (Figure 3) and coincides with this change at the study site. However, it was still observed
to be the activity center of quite a few animals until it was totally cleared. There were many more
adults in the population than juveniles and juvenile survival slightly decreased over time, which could
indicate that juvenile survival could be a potential reason for the decrease in monthly abundance
estimates. However, there were large standard errors for the estimates of juvenile survival so this result
must be interpreted with caution. This decline in juvenile survival could also potentially be down to
individuals emigrating from the site as resources at the rubbish mound were reduced. The finding
of a population decline is also supported by a statistically significant decline in new entrants (births
and/or immigrants) to the population over the study period. The mean number of new entrants
between sampling occasions was similar for adults and juveniles. Over one year numbers of juveniles
increased initially and then levelled off, as would be expected after breeding activity first peaks in
March [5]. However, Ethiopian hedgehogs are thought to have two litters [5] so we would expect to
see a second peak in the abundance of juveniles later on in the season and we did not, suggesting
the success of the second breeding attempt could be an issue for population recruitment. Conversely,
the expected second peak is substantially smaller than the first one [5], and potentially this was not
picked up in our models.

Survival in E. europaeus has been shown to be impacted by a high predation rate [38],
road casualties [29,39], and poor survival over winter, particularly for juveniles [29,40]. There were
only a few cases where we were able to identify mortality and its cause during the study and these
included traffic accidents and starvation/exhaustion, which we suggest is a result of searching for
mates in males and rearing young in females. In all 19 months of our study (including two winters),
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the estimated survival between monthly sampling occasions ranged from 38.6% to 100% (mean 75%).
When excluding the Winter Season, the mean survival between sampling periods was higher ranging
from 66% to 100% (mean 84%). These results indicate mortality over winter, may be an important
factor in survival in the population studied here.

The reduction in new entrants over the study period could also be a result of a lack of immigration
to the population. Only 4.8% of hedgehogs caught at the very first sampling occasion were not captured
again throughout the study, indicating that there was not a high number of transients at the site
and therefore not much immigration and emigration. The area surrounding the study site consisted
of similar habitat with irrigated farms surrounded by arid desert. Released Ethiopian hedgehogs
have been shown to travel 131.4–426.7 m per evening and utilize more than one irrigated farm [41],
so dispersal between farms is likely and we would expect some immigration from outside of the study
area. However, we can assume that distances of greater than the 8.5 km2 search area would be much
less likely and although wild individuals of this species may have home ranges of up to 230 ha [6,13],
their home ranges have been shown to be smaller in resource-rich habitats, such as around irrigated
farms [13]. It may be that the species is reasonably site faithful where resources are plentiful and
radio-tracking studies at the same study site found that home ranges centered around the rubbish
dump and irrigated farms, and hedgehogs did not appear to leave the 15 km2 study site [6].

There was a higher abundance of males at the study site, which has been found for populations of
Erinaceus species e.g., References [1,38,42]. This finding could be down to the higher capture probability
of males because, like Erinaceous hedgehogs, they tend to range further distances than females [6].
This idea is supported by the sex ratio of 1:1 in raw captures. However, it could also be due to the
decline in estimated monthly abundance being steeper for females than males. There were not enough
juveniles in the dataset to investigate whether survival was lower for female juveniles than male
juveniles at the site.

Another potential factor in the population decline is that, when the Winter Season was excluded,
capture probability decreased throughout the year. This finding could be down to the reduction of
the population size but we must also consider that it somehow became harder to capture hedgehogs;
perhaps they began to avoid the site to evade being captured, or became ‘trap happy’. The AIC values
for the models including trap effect was higher than the AIC values for the same models with a
homogenous trap effect included, indicating that there was not a difference in capture probability
through time because of a behavioral response to capture. Another potential reason for this is that
hedgehog activity peaked in the early breeding season, resulting in less hedgehog movement later in
the season and thus fewer captures [5,6]. Capture probability of juveniles increased over one season,
likely because as the hedgehogs begin to breed after emergence from torpor, juveniles enter the
population and more will be captured as they come out of the nest(s) and start to move around the site.

Studies of hedgehog demography over longer periods have shown that big fluctuations in
population size are common. Kristiansson studied a population of E. europaeus in Sweden over eight
years and found the population was in decline for the first three years, increased for the next three
years and then declined again [29,43,44]. Akin to our study, a decreasing population was linked to
low numbers of juveniles. Again, one potential factor in the survival of juveniles indicated in the
study was survival over winter, especially with respect to colder winters. Although winters are not
particularly cold at our study site and some hedgehogs, particularly males, remain active to some
degree over winter [6], hedgehogs do enter torpor for short periods [3]. To ascertain whether the
population on our study site is in long term decline or this is merely a fluctuation in population size,
a much longer-term study is needed, including observations on causes of mortality in different age
classes, principally over winter.

4.1. Comparison with Other Hedgehog Species

Using the population estimate from all months of the study, the density of hedgehogs in the
regular search area was 7 hedgehogs per km2. Comparative estimates of European hedgehog density
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vary greatly with habitat type and methodology. For example, Hubert et al. 2011 [45] found that mean
hedgehog density, was 4.4 individuals per km2 in rural areas of France and 36.5 individuals per km2

in urban areas. Young et al. 2006 [46] found a mean density of nine individuals per km2 in a survey
of pasture fields in England, the same survey in amenity grassland found up to 154 hedgehogs per
km2. In their capture-mark-recapture study, Reeve 1981 found a population size of 82.5 hedgehogs
per km2 on a suburban golf course in England. Jackson et al. 2007 [18] studied the abundance of
introduced hedgehogs on the Scottish island of South Uist (where hedgehogs are thriving) and found
31.8 hedgehogs per km2 in sandy-soiled flat dune grassland habitat and 15.4 peaty-soiled pastureland.
It seems the density found in this study is fairly low compared to that of Erinaceus species in a
reasonably productive habitat, which may be expected given the nature of a less productive hyper-arid
environment at the study site. This idea is supported by the finding that Ethiopian hedgehogs in
Qatar have been shown to have a larger home range than their European counterparts, in spite of the
latter being substantially heavier, likely because of these dispersed resources [6]. The density estimate
presented here may also be inflated because of the artificial food sources at the site and it is likely in
areas of ‘natural desert’ in Qatar the hedgehog density is lower.

Survival rates also vary between studies of E. europaeus and we must be careful about drawing
conclusions from these comparisons as figures are presented from a range of habitats and methodologies.
Translocated and released hedgehogs have a survival rate of between 40% and 77% after several
weeks in the wild [47–50]. Survival of individuals in extant populations over short periods is higher,
for example nearly 95% during an eight week study in urban habitats in the UK [49]. Reeve 1981 [28]
found a survival rate of 62%, over one year including winter, however over two winters this was
reduced to 37%. Over the whole of our study, including two winters, the mean monthly survival
rate between sampling occasions was higher at 75%. Kristiansson 1990 [29] found an average annual
survival of 66% in juveniles and 55% in adults. Whereas we found a similar mean monthly survival
rate of 64% for juveniles and subadults over nine months, our figure for adults was much higher at 85%.
Rasmussen et al. 2019 [51] found a slightly higher juvenile survival rate of 70% over one year, with an
over winter survival rate of 89%, they attribute this high winter survival to the suburban habitat type.

4.2. Evaluation of Methodology

Our results suggest that we were able to capture most of the local population and therefore
we conclude that sampling at key habitats with spotlights for hedgehogs seems to be sufficient in
capturing most of the hedgehog population at a given site. Other capture-mark-recapture experiments
on E. europaeus have also found that they were also efficiently able to catch a high proportion
of the estimated population size [28,29]. Like the hedgehogs in this study that were attracted to
the ‘rubbish mound’, European hedgehogs may also be attracted to areas of abundant food e.g.,
urban habitats with plentiful pet food [42,45,52], and we conclude that sampling in these areas may
be sufficient to gain knowledge of the local hedgehog population. However, we must take note that
our density estimate cannot be extrapolated over the whole 15 km2 study site because we cannot
assume the rest of the habitat at the study area to be of the same quality as our focal search area, and
likewise we cannot assume all hedgehogs in the 15 km2 area were attracted to our key survey areas.
Further study could be conducted by carrying out a mark-recapture-study on the less utilized arid
areas of the study site. Additionally, it would be interesting for further study to compare the density
found here with areas of ‘natural’ desert in Qatar where anthropogenic intervention to the habitat
is minimal.

Jolly-Seber and Cormack-Jolly-Seber modelling may underestimate the population size at a study
site, especially in short-lived species [53]. However, hedgehogs were observed to live multiple years
during the study with some animals first encountered as adults in April 2010 still alive when the project
finished in April 2012, which may reduce the risk of us underestimating the population. However,
a future study could include performing a “robust design” analysis, whereby hedgehogs would be
processed multiple times during the four-day survey and two levels of modeling are carried out; closed
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population modeling between each consecutive night of the survey and open models between each
monthly visit [37,53,54]. Robust design methodology is less likely to underestimate the population
size [53] and would make an interesting comparison with the modeling presented here.

We were able to sufficiently identify the marked hedgehogs in the study using colored nail polish,
but this method requires re-application. We found that Since our study improved ways of marking
hedgehogs, such as using numbered plastic tubing, have been successfully tested and could be used to
increase confidence in animal identification in future studies [55].

5. Conclusions

We successfully used capture-mark-recapture methodology to come up with a range of population
estimates for the Ethiopian hedgehog. We found that the estimated monthly population at our study
site had decreased over the 19 months of our study and potential causes of this include poor juvenile
survival and a lack of immigration in to the study area. However, a longer term study is needed to
ascertain if this is a sustained population decline and to confirm the causes. As well as obtaining a
range of population estimates, our methodology allowed us to report a range of valuable demographic
parameters that give the first insight into the population dynamics of Ethiopian hedgehogs in Qatar.
The methods presented here are transferrable to other hedgehog species in a range of habitats.

Author Contributions: Conceived and designed the experiment: N.Y. Data collection: N.Y., A.A.-H. and H.A.-J.
Data analysis: C.P. Writing of the manuscript: C.P., N.Y. and D.W.M. Creation of figures for the paper: C.P., N.Y.
Review of the paper: N.Y. and D.W.M. All authors have read and agreed to the published version of the manuscript.

Funding: This report was made possible by an Undergraduate Research Experience Programme (UREP) grant
(UREP07-071-1-016) from the Qatar National Research Fund (a member of The Qatar Foundation), and Qatar
University Student Grants (QUST-CAS-BES-10/11-3 and QUST-CAS-BES-10/11-2). Qatar Natural History Group
kindly provided financial support for renting a 4 × 4 vehicle for the fieldwork.

Acknowledgments: We thank Hamda Al Naemi and Abubaker el Taeb for their constant and vital logistic support
for the project including allowing us to use the field station, Qatar University Farm. We thank the staff of the
farms in the study area to allow us to access their farms. We also thank Lissa Barrows, April Conkey, Rita Chan,
and John Tribuna for organizing teams of volunteers for helping our fieldwork.

Conflicts of Interest: The authors declare no conflict of interest.

Correction Statement: This article has been republished with a minor change. The change does not affect the
scientific content of the article and further details are available within the backmatter of the website version of this
article.

References

1. Reeve, N. Hedgehogs; Poyser: London, UK, 1994; ISBN 085661081X.
2. He, K.; Chen, J.-H.; Gould, G.C.; Yamaguchi, N.; Ai, H.-S.; Wang, Y.-X.; Zhang, Y.-P.; Jiang, X.-L. An Estimation

of Erinaceidae Phylogeny: A Combined Analysis Approach. PLoS ONE 2012, 7, e39304. [CrossRef] [PubMed]
3. Al-Musfir, H.M.; Yamaguchi, N. Timings of hibernation and breeding of Ethiopian Hedgehogs,

Paraechinus aethiopicus, in Qatar. Zool. Middle East 2008, 45, 3–10. [CrossRef]
4. Zapletal, M.; Sodnompil, B.; Atwood, J.; Murdoch, J.D.; Reading, R.P. Home range characteristics and habitat

selection by Daurian hedgehogs (Mesechinus dauuricus) in Ikh Nart Nature Reserve, Mongolia. Sciences 2012,
10, 41–50.

5. Yamaguchi, N.; Al-Hajri, A.; Al-Jabiri, H. Timing of breeding in free-ranging Ethiopian hedgehogs,
Paraechinus aethiopicus, from Qatar. J. Arid Environ. 2013, 99, 1–4. [CrossRef]

6. Pettett, C.E.; Al-Hajri, A.; Al-Jabiry, H.; Macdonald, D.W.; Yamaguchi, N. A comparison of the Ranging
behaviour and habitat use of the Ethiopian hedgehog (Paraechinus aethiopicus) in Qatar with hedgehog taxa
from temperate environments. Sci.Rep. 2018, 8, 1–10. [CrossRef]

7. Murdoch, J.D.; Buyandelger, S.; Kenny, D.; Reading, R.P. Ecology of the Daurian hedgehog
(Hemiechinus dauuricus) in Ikh Nart Nature Reserve, Mongolia: Preliminary findings. Mong. J. Biol. Sci.
2006, 4, 25–32.

73



Animals 2020, 10, 951

8. Boyles, J.G.; Bennett, N.C.; Mohammed, O.B.; Alagaili, A.N. Torpor patterns in Desert Hedgehogs
(Paraechinus aethiopicus) represent another new point along a thermoregulatory continuum. Physiol. Biochem. Zool.
2017, 90, 445–452. [CrossRef]

9. Alagaili, A.N.; Bennett, N.C.; Mohammed, O.B.; Hart, D.W. The reproductive biology of the Ethiopian
hedgehog, Paraechinus aethiopicus, from central Saudi Arabia: The role of rainfall and temperature.
J. Arid Environ. 2017, 145, 1–9. [CrossRef]

10. Alagaili, A.N.; Bennett, N.C.; Amor, N.M.; Hart, D.W. The locomotory activity patterns of the arid-dwelling
desert hedgehog, Paraechinus aethiopicus, from Saudi Arabia. J. Arid Environ. 2020, 177, 104141. [CrossRef]

11. Abu Baker, M.A.; Reeve, N.; Mohedano, I.; Conkey, A.A.T.; Macdonald, D.W.; Yamaguchi, N.
Caught basking in the winter sun: Preliminary data on winter thermoregulation in the Ethiopian hedgehog,
Paraechinus aethiopicus, in Qatar. J. Arid Environ. 2016, 125, 52–55. [CrossRef]

12. Zapletal, M.; Sodnompil, B.; Atwood, J.L.; Murdoch, J.D.; Reading, R.P. Fine-scale habitat use by Daurian
hedgehogs in the Gobi-steppe of Mongolia. J. Arid Environ. 2015, 114, 100–103. [CrossRef]

13. Abu Baker, M.A.; Reeve, N.; Conkey, A.A.T.; Macdonald, D.W.; Yamaguchi, N. Hedgehogs on the move:
Testing the effects of land use change on home range size and movement patterns of free-ranging Ethiopian
hedgehogs. PLoS ONE 2017, 12, e0180826. [CrossRef] [PubMed]

14. Harrison, D.L.; Bates, P.J.J. The mammals of Arabia; Harrison Zoological Museum: Sevenoaks, UK, 1991;
Volume 354.

15. Micol, T.; Doncaster, C.P.; Mackinlay, L.A. Correlates of local variation in the abundance of hedgehogs
Erinaceus europaeus. J. Anim. Ecol. 1994, 63, 851–860. [CrossRef]

16. Haigh, A.; Butler, F.; Riordan, R.M.O. An investigation into the techniques for detecting hedgehogs in a rural
landscape. J. Negat. Results Ecol. Evol. Biol. 2012, 9, 15–26.

17. Doncaster, C.P. Factors regulating local variations in abundance: Field tests on hedgehogs, Erinaceus europaeus.
Oikos 1994, 69, 182–192. [CrossRef]

18. Jackson, D.B. Factors affecting the abundance of introduced hedgehogs (Erinaceus europaeus) to the Hebridean
island of South Uist in the absence of natural predators and implications for nesting birds. J. Zool. 2007, 271,
210–217. [CrossRef]

19. Yarnell, R.W. Using occupancy analysis to validate the use of footprint tunnels as a method for monitoring
the hedgehog Erinaceus europaeus. Mamm. Rev. 2014, 44, 234–238. [CrossRef]

20. Huijser, M.P.; Bergers, P.J.M. The effect of roads and traffic on hedgehog (Erinaceus europaeus) populations.
Biol. Conserv. 2000, 95, 6–9. [CrossRef]

21. Williams, B.; Mann, N.; Neumann, J.L.; Yarnell, R.W.; Baker, P.J. A prickly problem: Developing a
volunteer-friendly tool for monitoring populations of a terrestrial urban mammal, the West European
hedgehog (Erinaceus europaeus). Urban Ecosyst. 2018, 21, 1075–1086. [CrossRef]

22. Williams, B.M.; Baker, P.J.; Thomas, E.; Wilson, G.; Judge, J.; Yarnell, R.W. Reduced occupancy of hedgehogs
(Erinaceus europaeus) in rural England and Wales: The influence of habitat and an asymmetric intra-guild
predator. Sci. Rep. 2018, 8, 1–10. [CrossRef]

23. Hof, A.R.; Bright, P.W. The value of green-spaces in built-up areas for western hedgehogs. Lutra 2009, 52,
69–82.

24. Van De Poel, J.L.; Dekker, J.; Van Langevelde, F. Dutch hedgehogs Erinaceus europaeus are nowadays mainly
found in urban areas, possibly due to the negative effects of badgers Meles meles. Wildl. Biol. 2015, 21, 51–55.
[CrossRef]

25. Hof, A.R.; Bright, P.W. Quantifying the long-term decline of the West European hedgehog in England by
subsampling citizen-science datasets. Eur. J. Wildl. Res. 2016, 62, 407–413. [CrossRef]

26. Aebischer, N.J.; Davey, P.D.; Kingdon, N.G. National Gamebag Census: Mammal Trends to 2009.
Available online: http://www.gwct.org.uk/ngcmammals (accessed on 23 April 2020).

27. Pettett, C.E.; Johnson, P.J.; Moorhouse, T.P.; Macdonald, D.W. National predictors of hedgehog
Erinaceus europaeus distribution and decline in Britain. Mamm. Rev. 2018, 48, 1–6. [CrossRef]

28. Reeve, N.J. A Field Study of the Hedgehog (Erinaceus europaeus) with Particular Referance to Movements
and Behaviour. Ph.D. Thesis, University of London, London, UK, 1981.

29. Kristiansson, H. Population variables and causes of mortality in a hedgehog (Erinaceous europaeus) population
in southern Sweden. J. Zool. 1990, 220, 391–404. [CrossRef]

74



Animals 2020, 10, 951

30. Jackson, D.B.; Green, R.E. The importance of the introduced hedgehog (Erinaceus europaeus) as a predator
of the eggs of waders (Charadrii) on machair in South Uist, Scotland. Biol. Conserv. 2000, 93, 333–348.
[CrossRef]

31. White, G.C. Capture-Recapture and Removal Methods for Sampling Closed Populations; Los Alamos National
Laboratory: Los Alamos, NM, USA, 1982.

32. Otis, D.L.; Burnham, K.P.; White, G.C.; Anderson, D.R. Statistical inference from capture data on closed
animal populations. Wildl. Monogr. 1978, 62, 3–135.

33. Cormack, R.M. Examples of the use of GLIM to analyse capture-recapture studies. In Statistics in Ornithology;
Springer: Berlin/Heidelberg, Germany, 1985; pp. 243–273.

34. Cormack, R.M. Log-linear models for capture-recapture. Biometrics 1989, 395–413. [CrossRef]
35. Rivest, L.; Daigle, G. Loglinear models for the robust design in mark–recapture experiments. Biometrics 2004,

60, 100–107. [CrossRef]
36. Seber, G.A.F. The Estimation of Animal Abundance and Related Parameters; Blackburn Press: Caldwell, NJ, USA,

1982; Volume 8.
37. Baillargeon, S.; Rivest, L.-P. Rcapture: Loglinear models for capture-recapture in R. J. Stat. Softw. 2007, 19,

1–31. [CrossRef]
38. Hof, A.R.; Bright, P.W. The value of agri-environment schemes for macro-invertebrate feeders: Hedgehogs on

arable farms in Britain. Anim. Conserv. 2010, 13, 467–473. [CrossRef]
39. Wembridge, D.E.; Newman, M.R.; Bright, P.W.; Morris, P.A. An estimate of the annual number of hedgehog

(Erinaceus europaeus) road casualties in Great Britain. Mammal Commun. 2016, 2, 8–14.
40. Walhovd, H. Records of young hedgehogs (Erinaceus europaeus L.) in a private garden. Z. Säugetierkd. 1990,

55, 289–297.
41. Baker, M.A.A.; Villamil, L.A.; Reeve, N.; Karanassos, C.; Mahtab, H.; Yamaguchi, N. Into the wild: Survival,

movement patterns, and weight changes in captive Ethiopian hedgehogs, Paraechinus aethiopicus following
their release. J. Arid Environ. 2018, 158, 43–46. [CrossRef]

42. Pettett, C.E.; Moorhouse, T.P.; Johnson, P.J.; Macdonald, D.W. Factors affecting hedgehog (Erinaceus europaeus)
attraction to rural villages in arable landscapes. Eur. J. Wildl. Res. 2017, 63, 54. [CrossRef]

43. Kristiansson, H. Ecology of a Hedgehog (Erinaceus europaeus) Population in Southern Sweden. Ph.D. Thesis,
Department of Animal Ecology, University of Lund, Lund, Sweden, 1984.

44. Kristiansson, H. Young Production of European Hedgehog in Sweden and Britain. Acta Theriol. 1981, 26,
504–507. [CrossRef]

45. Hubert, P.; Julliard, R.; Biagianti, S.; Poulle, M.L. Ecological factors driving the higher hedgehog
(Erinaceus europeaus) density in an urban area compared to the adjacent rural area. Landsc. Urban Plan. 2011,
103, 34–43. [CrossRef]

46. Young, R.P.; Davison, J.; Trewby, I.D.; Wilson, G.J.; Delahay, R.J.; Doncaster, C.P. Abundance of hedgehogs
(Erinaceus europaeus) in relation to the density and distribution of badgers (Meles meles). J. Zool. 2006, 269,
349–356. [CrossRef]

47. Warwick, H.; Morris, P.; Walker, D. Survival and weight changes of hedgehogs (Erinaceus europaeus)
translocated from the Hebrides to Mainland Scotland. Lutra 2006, 49, 89–102.

48. Morris, P.A.; Warwick, H. A study of rehabilitated juvenile hedgehogs after release into the wild. Anim. Welf.
1994, 3, 163–177.

49. Molony, S.E.; Dowding, C.V.; Baker, P.J.; Cuthill, I.C.; Harris, S. The effect of translocation and
temporary captivity on wildlife rehabilitation success: An experimental study using European hedgehogs
(Erinaceus europaeus). Biol. Conserv. 2006, 130, 530–537. [CrossRef]

50. Morris, P.A. Released, rehabilitated hedgehogs: A follow-up study in Jersey. Anim. Welf. 1997, 6, 317–327.
51. Rasmussen, S.L.; Berg, T.B.; Dabelsteen, T.; Jones, O.R. The ecology of suburban juvenile European hedgehogs

(Erinaceus europaeus) in Denmark. Ecol. Evol. 2019, 9, 13174–13187. [CrossRef] [PubMed]
52. Pettett, C.E. Factors Affecting Hedgehog Distribution and Habitat Selection in Rural Landscapes; University of

Oxford: Oxford, UK, 2016.
53. Amori, G.; De Silvestro, V.; Ciucci, P.; Luiselli, L. Quantifying whether different demographic models produce

incongruent results on population dynamics of two long-term studied rodent species. Eur. J. Ecol. 2017, 3,
18–26. [CrossRef]

75



Animals 2020, 10, 951

54. Casula, P.; Luiselli, L.; Amori, G. Which population density affects home ranges of co-occurring rodents?
Basic Appl. Ecol. 2019, 34, 46–54. [CrossRef]

55. Reeve, N.; Bowen, C.; Gurnell, J. An Improved Identification Marking Method for Hedgehogs; The Mammal Socity:
Southampton, UK, 2019.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

76



Citation: Ribeiro, Â.M.; Rodrigues,

M.; Brito, N.V.; Mateus, T.L. Prickly

Connections: Sociodemographic

Factors Shaping Attitudes,

Perception and Biological Knowledge

about the European Hedgehog.

Animals 2023, 13, 3610. https://

doi.org/10.3390/ani13233610

Academic Editors: Anne Berger,

Nigel Reeve and Sophie Lund

Rasmussen

Received: 11 October 2023

Revised: 10 November 2023

Accepted: 17 November 2023

Published: 22 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

animals

Article

Prickly Connections: Sociodemographic Factors Shaping
Attitudes, Perception and Biological Knowledge about the
European Hedgehog

Ângela M. Ribeiro 1,*, Micaela Rodrigues 2, Nuno V. Brito 1,3 and Teresa Letra Mateus 1,4,5,*

1 CISAS—Center for Research and Development in Agrifood Systems and Sustainability,
Polytechnic Institute of Viana do Castelo, NUTRIR (Technological Center for AgriFood Sustainability),
Monte de Prado, 4960-320 Melgaço, Portugal; nunobrito@esa.ipvc.pt

2 Escola Superior Agrária, Polytechnic Institute of Viana do Castelo, Rua Escola Industrial e Comercial de
Nun’Àlvares, 4900-347 Viana do Castelo, Portugal; mrmicarodrigues7@gmail.com

3 1H-TOXRUN—One Health Toxicology Research Unit, University Institute of Health Sciences,
Cooperativa de Ensino Superior Politécnico e Universitário, 4585-116 Gandra, Portugal

4 CECAV-Animal and Veterinary Research Centre, Associate Laboratory for Animal and Veterinary
Sciences (AL4AnimalS), University of Trás-os-Montes and Alto Douro, Quinta de Prados,
5000-801 Vila Real, Portugal

5 EpiUnit-Instituto de Saúde Pública da Universidade do Porto, Laboratório Para a Investigação Integrativa e
Translacional em Saúde Populacional (ITR), Universidade do Porto, Rua das Taipas, nº 135,
4050-091 Porto, Portugal

* Correspondence: angelaribeiro@ipvc.pt (Â.M.R.); tlmateus@esa.ipvc.pt (T.L.M.)

Simple Summary: The modern lifestyle, including indoor-centric living, urbanization and limited
exposure to nature, contributes to the estrangement of humans from nature and a rapid decline in
people’s natural history knowledge. Meanwhile, several wild species are adapting and thriving
in urban environments alongside humans. How should we see the rising human disconnect with
nature, even while urban wildlife increases and environmental education programmes are deployed?
How does this lack of connection affect perception and attitude towards wildlife? What is the role of
the sociodemographic context? To address these questions, we used a keystone species as a study
model—the European hedgehog. We collected data via online questionnaires that comprised four
main sections: (i) socio-demographic features; (ii) feelings, attitude and perception; (iii) natural history
knowledge about species; and (iv) self-evaluation about the extent of knowledge and past experience.
The data indicate generally positive feelings and attitudes towards hedgehogs. We found that
academic qualifications and past experience with the species shaped people’s attitudes and natural
history knowledge; however, the extent of knowledge, overall, was low and the study population
was self-aware of this. We discuss the relevance of citizen profiling and possible avenues to enhance
nature experience, improve knowledge, and increase public support for conservation measures.

Abstract: The modern lifestyle of humans is leading to a limited exposure to nature. While several
wild species are adapting and thriving in anthropic environments, natural history knowledge is
declining, and positive attitudes and behaviours towards nature are facing challenges. Because antici-
pating attitudes and engendering broad-based support for nature-related measures requires a good
grasp of social contexts, we set out to evaluate the sociodemographic factors driving the perception,
attitudes towards, and natural history knowledge of a keystone species—the European hedgehog.
In 2022, we conducted a questionnaire answered by 324 Portuguese adults. We found generally
positive feelings and attitudes towards this species. A higher degree of academic qualifications and
previous personal experience with the species seem to play a role in (i) people’s perception about
human impacts on hedgehogs and (ii) positive attitudes, especially during encounters where the
animals were in difficulty. Despite this, the extent of natural history knowledge was low overall, and
the study population was self-aware of this. Our insights underline the need to tailor educational
programmes if we are to encourage people to re-establish meaningful connections with nature, to
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foster social support for biodiversity stewardship, and to implement the One Health approach in a
way that resonates with distinct social groups.

Keywords: awareness; biodiversity stewardship; common knowledge; Erinaceus europaeus; human–
nature interactions; perception; Portugal; questionnaire

1. Introduction

“We are human in good part because of the particular way we affiliate with other
organisms”. E. O. Wilson. 1984. Biophilia—the human bond with other species,
page 139.

Our experience of nature is declining. Regular interactions with nature have been
progressively diminishing due to growing urbanization, indoor-centric living, sedentary
lifestyles, and technological distractions. The consequence of this is an extinction of
experience [1–3]. Despite the hardwired biophilic responses of humans to nature [4,5],
the recognition of the positive effects of human–nature interactions on human health and
wellbeing [6,7], and the fundamental role of these interactions for the future of ecosystems
and biodiversity [8,9], there is mounting evidence pointing to the diminishing connection
between people and nature [9].

As people become disconnected from the natural world, their familiarity with the
natural environment, as assessed through their level of natural history knowledge (fea-
tures of wildlife/ecosystems), declines. Therefore, there is a sense of detachment, little
appreciation of the natural world and, ultimately, a lessening of positive attitudes and
behaviours towards nature [3]. The consequences of experience extinction and the rapid
decline in people’s natural history knowledge might be particularly challenging for wildlife
conservation, as well as for the One Health framework. Traditionally, the approach to
negative attitudes and behaviours is reinforcing conservation and health strategies with
ecological knowledge. However, support has increased for the explicit incorporation of
social dimensions, namely factors such as age, gender, level of education, urban vs. rural
area of residence, and people’s perceptions [10,11]. Understanding stakeholders’ social
contexts and perceptions makes it possible to anticipate the attitudes and behaviour [12–14]
necessary for implementing design strategies that generate engagement and consequently
ensure conservation and the success of public health programmes [15–17].

While the gap between people and nature is widening mostly due to the urbanization
of human life, many wildlife species are colonizing and thriving in urban areas [18–20].
This is an unprecedented paradox: urban wildlife is increasing, efforts to raise awareness
through public outreach campaigns are on the rise, and yet humans have less direct contact
with nature than ever before. To explore this paradigm and its underlying drivers, we use
the European hedgehog (Erinaceus europaeus, hereafter hedgehog) as a model species. The
hedgehog, a ground-dwelling nocturnal mammal that is widespread across Europe in rural
and urban habitats [21], was selected due to conservation concerns and its synanthropic be-
haviour (propensity to live in anthropic environments). Although the International Union
for the Conservation of Nature (IUCN; [21]) and Red Book of Vertebrates of Portugal [22]
list the species status as “least concern”, recent trends indicate that populations are plum-
meting in rural areas, while high densities near urbanized/humanized areas are increasing
(e.g., [23–25]). Several factors contribute to these observations: exposure to pesticides and
rodenticides in agricultural areas [26]; traffic collisions and mortality affecting dispersion
and population dynamics [27]; and the decreased risk of predation in villages [28]. Regard-
ing synanthropic behaviour, compelling studies demonstrate that hedgehogs are ecosystem
sentinels for heavy metal(loid) pollution [29] and human health threats associated with
zoonotic diseases [30,31]. Both hedgehogs’ ecology and synanthropic behaviour make this
mammal a keystone species for agroecosystems and a sentinel for ecosystems and human
health (One Health framework).
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The concomitant evidence that estrangement from nature is increasing, interactions
with natural world are enhancing emotional ties and positive attitudes, and European
agroecosystems deserve conservation efforts [32] makes it timely and necessary to evaluate
perception and natural history knowledge of a sentinel and keystone species. For this
study, we set out to (i) assess citizens’ natural history knowledge about the hedgehog
and (ii) evaluate the sociodemographic factors driving citizens’ perception and attitudes
towards a common species whose populational trends have been affected, in some instances
severely, by anthropogenic disturbances.

2. Materials and Methods

2.1. Data Collection: Questionnaire Design and Survey

The questionnaire design was based on a two-step approach: first, based on a bib-
liographic review of the topic, we designed a draft questionnaire that was tested with
15 respondents. After tailoring the questions, the final survey occurred in summer 2022
(July–August) using Google Forms and was rolled out following a “snowball” approach [33].
The “virtual snowball” sampling survey was disseminated via email through the mailing
lists of researchers; these participants (primary respondents) were asked to disseminate
the questionnaire with at least one of their personal contacts to proceed with the snow-
ball and reach secondary respondents. All respondents were age > 18 and residents in
Portugal. A small portion of respondents (seniors) requested a verbal survey. The final
questionnaire included 35 questions organized into four main sections: the first block of
questions collected information about respondents’ sociodemographic features; the second
section gathered information on the respondents’ feelings, attitudes and perceptions to-
wards the study species; the third part targeted respondents’ natural history knowledge of
the hedgehog; and finally, in the fourth block, we assessed respondents’ self-evaluations
about the species’ biology and their past experience with the study mammal (see Table S1).
We adhered to Likert-type/scale questions, with a 6-point scale in which 1 is very nega-
tive/unimportant and 6 is very positive/important. The full questionnaire is provided as
Supplementary Materials.

While conducting the questionnaires, we adhered to ethical principles as follows:
(i) full disclosure—the respondents were fully informed about the scope and goal of the
research; (ii) prior informed voluntary consent—consent was verbally/tacitly obtained
from each respondent before conducting the questionnaire; and (iii) confidentiality—we
ensured anonymity and privacy of the respondents.

2.2. Feelings, Attitudes Towards, and Perceptions about Hedgehogs

First, participants were questioned about their feelings towards the species (negative
to positive on a scale from 1 to 6; Table S1). Next, we asked about their (i) attitudes towards
a potential encounter with a distressed hedgehog, (ii) perceptions relating to the human
impacts on the species mortality, (iii) perceptions of the need for management/conservation
measures, and (iv) perceptions regarding the species’ impact on agriculture.

2.3. Biological Knowledge about Hedgehogs

To summarize the correctness of citizen natural history knowledge about hedgehog
we used the information gathered in 19 questions to derive the Erinaceus Biological Knowl-
edge Index (EBKI). The index was estimated as EBKI (1-i) = n◦ of correct answers/total
n◦ of questions, where i is the total number of respondents; it is a continuous variable
ranging from 0 to 1, where 1 indicates that all questions had a correct answer and 0 reflects
completely incorrect answers.

2.4. Self-Evaluation and Past Experience with the Species

We asked the respondents to self-evaluate their knowledge about the species’ natural
history (from “very poor” to “very good”), and subsequently inquired about whether they
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have ever seen a hedgehog alive in the wild, in a zoo/wildlife rescue centre, or in the media
(Table S1).

2.5. Predictors of Attitudes, Perceptions, and Natural History Knowledge about Hedgehog

Sociodemographic features. We gathered sociodemographic information about the partic-
ipants, such as age, gender, academic qualification, and profession/occupation. Afterwards,
based on the professional activity/occupation reported (following the formal Portuguese
classification of professions), we defined three social groups according to the potential to
encounter/interact with/require information about hedgehogs in their professional/daily
activity: 1—farmers (n = 18), 2—veterinary assistants, nurses and doctors and biologists
(n = 31), and 3—others (n = 240).

Urban–rural classification. To characterize the level of urbanization of the participant’s
area of residence, we used the Portuguese classification of urban areas; each parish of
residence was assigned to one of three possible categories (Table S1).

2.6. Data Analysis

Descriptive statistics were used to summarize information about the study population.
We used non-parametric tests as the data did not comply with normality as assessed by
quantile–quantile plots and Tukey’s test. Kruskal–Wallis rank tests (χ2 value reported)
were used to evaluate whether sociodemographic features, the level of urbanization of
the residency area, and past experience impacted attitudes and perceptions. We tested
(Student’s t-test) the hypothesis that the observed mean EBKI is the same as expected
when assuming a normal distribution centred on 0.5 (sufficient knowledge). Next, because
we were interested in understanding the effect of participants’ occupation on the level of
EBKI, we performed a Kruskal–Wallis test followed by Dunn’s test for multiple pairwise
comparisons. Finally, to predict whether the level of natural history knowledge about
hedgehogs (EBKI) was explained by sociodemographic features and/or past experience of
respondents, we used a partitioning approach through a regression tree, as implemented in
rpart R package [34] and rpart.plot [35]. In brief, the tree was built by recursively identifying
variables that cluster the dataset into two groups (“branches”), while minimizing the
dissimilarity at the terminal nodes, according to the Gini criterion [36]. The partition ceases
when no additional variables achieve further reductions in node impurity, as per the Gini
criterion. To optimize the predictive performance, the trees were pruned to achieve minimal
expected error and a 10-fold cross validation was implemented. All statistical analyses were
performed using R (version 4.2.3) and R Studio (version 2022.02.3+492) with the packages
gghalves, ggplot2, and ggstatsplot; p-values < 0.05 were considered statistically significant.

3. Results

3.1. Socio-Demographic Features of Respondents

We had 324 participants in our survey aged between 18 and 93 years old (237 females,
86 males, and 1 non-binary participant) and living in 82 Portuguese municipalities (from
north to south). Most of the sample corresponded to young adults (66.7%; 18–44 years old)
and 14.5% were seniors (>65 years old). While 76.5% of the respondents lived in urban
areas, 3.4% resided in rural parishes. More than half of the sample (60.5%) reported having
higher academic qualifications (honours/licentiate, master’s or doctoral degrees) and a
reduced number (2.5%) were illiterate. The respondents more likely to deal with hedgehogs
due to their profession/occupation (i.e., farmers (n = 18), biologists (n = 5), veterinary
assistants/nurses/doctors (n = 26)) represented 23.8% of the sample. This differential
participation is noteworthy and thus discussed later.

3.2. Feeling, Attitude and Perception Regarding Hedgehogs

Many respondents revealed mostly positive feelings about the species (83.3%, scores
4, 5 and 6); only 16.7% reported mostly negative feelings (scores 1, 2 and 3). Attitudes
towards hedgehogs was, in general, positive. The most popular attitude towards a likely
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encounter with a hedgehog in difficulty was to “seek help” (74.4%), either by contacting
the authorities or a wildlife rescue centre; on the other side of the scale, 1.4% reported an
attitude of killing the animal. Ignoring the situation was the attitude supported by 12.8%
of the respondents.

Less than half of the participants (42.9%) perceive humans as a factor of high impact
on hedgehog mortality, whereas 6.6% agreed that human impacts are “very unimportant”
(Table S1). There was a general consensus for the need to protect the species (90.4%), but
some participants thought that it needed to be controlled (7.7%) or eliminated (1.9%). The
impact of the species on farming was unevenly appreciated: 36.1% of the participants were
worried about the negative impacts (scores 1, 2, and 3; Table S1), whereas 63.9% recognized
the benefits of hedgehogs in agriculture (scores 4, 5, and 6; Table S1).

3.3. Common Knowledge about Hedgehog Biology and Conservation

Only 289 respondents fully answered the 19 questions regarding the natural history of
the species, and 64.1% showed a low level of knowledge (EBKI < 0.5; Figure 1a). The knowl-
edge about hedgehogs’ natural history (mean EBKI = 0.43) was significantly lower than
expected if assuming a population with normal distribution cantered on 0.5 (t(288) = −7.46,
p < 0.001). A close inspection of the results revealed the following: most respondents
(91.7%) recognized hedgehogs as a rural dweller species; in several questions, participants
reported “do not know”, with the highest frequency for two questions inquiring about
breeding biology (for litter number per year and number of offspring, 68.8% and 46.6%
reported a lack of knowledge, respectively).

μ =

Figure 1. Assessment of common knowledge about hedgehog’s biology. (a) Distribution of citizen
knowledge correctness estimated as EBKI (ranges: 0–1). μ = observed mean value for the index
estimated based on 289 respondents. Student’s t-test revealed that EBKI was significantly lower
than the value expected, assuming a normal distribution centred around 0.5 (sufficient knowledge).
(b) Respondents’ knowledge self-evaluation. The scores provided in the questionnaire ranged from 1
to 6, yet category 6 “very good” had zero observations.

3.4. Self-Knowledge and Past Experience

In general, the respondents self-evaluated their knowledge about hedgehogs’ biology
as quite poor (scores 1 and 2 = 55.9%; Figure 1b). For 9.0% of the respondents, the hedgehog
has become a species primarily accessed through the filters of media (i.e., books, magazines,
TV, or online) and 7.6% had never had an encounter with the species; however, most
participants (83.4%) reported observations in the wild or in captive conditions (zoos or
rescue centres).
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3.5. Citizen Profile as a Driver of Attitudes, Perceptions and Common Knowledge

Our results show that attitude or perception is neither affected by gender nor the level
of urbanization in the parish of residency of participants (Table 1). In contrast, the academic
qualification of the respondents is related to the attitude and the three assessments of
perception (all χ2 tests of independence are significant; Table 1). Attitude and perception
are associated with occupation/profession, except for the perceived impact that hedgehogs
have on farming (Table 1). Upon closer examination, the results reveal that, generally,
the proportions inside each explanatory category of perception were not equal and thus
significant (see portions test in Figures S1–S5). For instance, the perceptions that humans
have no impact on hedgehog mortality, that the species needs culling, and that hedgehogs
have a negative impact on farming were mostly conveyed by participants with basic
levels of education (academic qualification: first cycle). Regarding past experiences and
encounters, i.e., type of previous observation of the species, it was also related to attitudes
towards a hedgehog in difficulty, the perception of hedgehogs’ impact on farming, and
the perception of the measures of conservation/management, but did not relate to the
perception that humans influence species mortality (Table 1).

Table 1. Summary of the Chi-square tests of independence for attitudes and perceptions from
sociodemographic factors. Dependent and explanatory variables are all categorial (details in Table S1).

Attitude Perception

Explanatory
Towards a Hedgehog in
Difficulties

Management/Conservation
Measures

Human Effect on
Mortality

Hedgehog Impact on
Farming

Gender
χ2 = 10.19
p = 0.25
VCramer = 0.06

χ2 = 0.49
p = 0.97
VCramer = 0.00

χ2 = 4.38
p = 0.93
VCramer = 0.00

χ2 = 6.85
p = 0.74
VCramer = 0.00

Level of urbanization
χ2 = 5.77
p = 0.67
VCramer = 0.00

χ2 = 2.26
p = 0.69
VCramer = 0.00

χ2 = 10.94
p = 0.36
VCramer = 0.04

χ2 = 6.51
p = 0.85
VCramer = 0.00

Academic qualification
χ2 = 171.56
p = 1.43 × 10−22

VCramer = 0.35

χ2 = 78.19
p = 6.12 × 10−11

VCramer = 0.33

χ2 = 153.08
p = 1.03 × 10−18

VCramer = 0.29

χ2 = 72.11
p = 2.23 × 10−4

VCramer = 0.16

Occupation
χ2 = 77.82
p = 1.34 × 10−13

VCramer = 0.35

χ2 = 41.95
p = 1.71 × 10−8

VCramer = 0.26

χ2 = 70.39
p = 3.72 × 10−11

VCramer = 0.32

χ2 = 14.47
p = 0.15
VCramer = 0.09

Past experience
χ2 = 43.20
p = 2.61 × 10−4

VCramer = 0.15

χ2 = 16.71
p = 0.03
VCramer = 0.12

χ2 = 25.40
p = 0.19
VCramer = 0.07

χ2 = 39.32
p = 6.08 × 10−3

VCramer = 0.13

VCramer [0.10–0.20] indicates a weak association; VCramer [0.20–0.40] indicates a moderate association.

Most participants knew that hedgehogs are solitary mammals (51.6%; 26.6% reported
no knowledge) that hibernate (72.3%; 21.1% indicated no knowledge) and were confident
that it is mostly a rural-dwelling species (91.7%). Some participants (5.0%) expressed
that keeping a hedgehog as a pet animal is a legal practice (21.5% reported an absence of
knowledge). The regression tree analysis for predicting the factors shaping EBKI included
five splits with six leaf nodes and three variables (Figure 2). The provided model included
the five explanatory variables (Table 1), but only three are needed to explain the variation
in the dataset. The first split in the decision tree is associated with academic qualification
and explains 21.5% of the variance in the data; the second split relates to past experience
and helps to explain another 4.8% of variance; and the fourth split accounts for the effect
of occupation. Higher levels of academic qualification, seeing the species live (either in
the wild or captive) and belonging to an occupation group other than “farmers” are the
predictors for largest EBKI (0.55). Further exploring the occupation/profession effect, we
found significant differences in EBKI among the three functional groups (Kruskal–Wallis
χ2 = 28.89, p < 0.001), with “farmers” presenting the lowest index of correctness (Figure 3).
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Figure 2. Decision tree to predict EBKI. Academic qualification (Ac. Qualif.) is self-explanatory
(see Table S1 for levels). Occupation/profession pertains the social functional group used as a proxy for
participants’ likelihood of encountering/interacting with hedgehogs in their professional or daily
activities: 1: farmers, 2: biologist and veterinary doctors/nurses/assistant, 3: others. Past experience
refers to the participants past observation of a hedgehog either in real life or through the media, or
never seen it. Reading the tree: the first split, at the root node, asked “at mean EBKI (0.43), is the
academic qualification of the participant in basic levels (illiterate + 1st cycle + 2nd cycle)”? Negative
or “no” responses branched to the right. If “no” (negative responses branch to the right), the second
question inquired whether “the respondent had never seen a hedgehog” or if “yes” (left branch) only
via media. In participants with higher levels of academic qualification who have seen the species
before, a third question followed: “does the respondent belong to the occupation group less likely
to encounter a hedgehog in their professional or occupational activities?”, if “no” participants were
classified as the ones with the largest EBKI (0.55; 10% of the sampled population).

Figure 3. Effect of occupation on EBKI. Testing the role of participant’s occupation on the correctness
of knowledge about species biology; the three groups were defined according to their likelihood of
encountering/interacting with a hedgehog during their professional/daily activities. Horizontal
lines connecting boxplots indicate pairwise comparisons (1–2; 1–3, 2–3) and *** indicates p < 0.001.
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4. Discussion

The Western European hedgehog is a cosmopolitan mammal found in the countryside,
as well as being common in suburban and urban areas. In Portugal, it is a popular animal,
which (i) evokes positive feelings, (ii) generally receives positive attitudes, (iii) prompts
positive perception regarding the needs for conservation, and (iv) leads to high levels of
awareness regarding the negative impact that humans have on the species. The general pos-
itive attitudes and feelings towards hedgehogs did not equate to natural history knowledge:
the lack of knowledge was evident by the mean EBKI = 0.43 and by the high frequency of
replies of “do not know”. The participants were self-aware about their limited knowledge
and surprisingly honest about it.

4.1. Citizen Profile

The social perception and natural history knowledge about hedgehogs are basic issues
related to education and occupation/profession. There is a discrepancy in both perception
and EBKI between participants with lower degrees of qualification (i.e., illiterate, first,
second) vs. people with high school or university qualifications. Respondents with lower
academic qualifications (all age > 65) perceive hedgehogs as detrimental for agriculture and
in need of culling, and they believe that their decreasing populational trend is not affected
by humans. Contrastingly, participants with higher academic qualifications mostly reported
positive attitudes and perceptions. This pattern may reflect (i) farmers’ general intolerance
and negative attitudes towards wildlife due to potential agricultural damages or simply
due to social/cultural norms, as noted by Jordan et al. [37], as well as (ii) the awareness
of wildlife conservation and environmental issues taught in high schools and universities.
The apparent generational shift may result from wider societal experiences or shifting
cultural norms. It is widely known that the way individuals observe, understand, interpret,
and evaluate a given object/experience/outcome (i.e., perception) and the culmination of
feelings or opinions regarding that same issue (i.e., attitude) is shaped by several personal
factors, as well as cultural norms and beliefs [10]. Considering the social context in a given
ecological system can provide insights to create opportunities to reconnect with nature,
design awareness-raising programmes, and avoid polarized opinions that perpetuate
human–wildlife conflicts.

4.2. Opportunities for Reconnecting with Nature—Education

Resolving the lack of experience of nature requires opportunities for meaningful in-
teractions with the natural world [2]. Although 76% of the citizens reported an encounter
with a wild hedgehog and nearly half of the participants reported positive feelings about
the species, the low level of natural history knowledge is striking and indicates the pressing
need to implement education programmes. For instance, in Portugal, a country where
hedgehogs are identified as reservoirs of zoonotic diseases [38,39], half of the respondents
(53%) reported no knowledge about this issue, and a quarter stated that hedgehogs do not
transmit any diseases, either to humans or other animals. Furthermore, the lack of knowl-
edge of simple biological facts, such as habitat preferences (cosmopolitan), social behaviour
(solitary mammal), seasonal dormancy (hibernation), and the illegality of keeping a captive
animal, call for urgent action.

The general public still perceives hedgehogs as a rural mammal, when several studies
have highlighted their increasing presence, sometimes reaching high densities, in human
environments [20,39]. Their synanthropy increases the likelihood and frequency of contact
with pathogens from domestic animals and humans, increasing the potential for zoonotic
transmission [25,31]. Given the above, we not only need to revert the alienation from
nature by providing opportunities to experience nature [14], but also need to deploy bold
educational policy changes that shift from “one fits all” paradigm. We require macro
(European) and meso (national) One Health and biodiversity conservation educational
and outreach programmes to be tailored to the micro scale, i.e., to meet the regional/local
community features (perception, attitudes, knowledge).
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4.3. Implications for Conservation Strategies and Eco-Schemes

The hedgehog is a key indicator of a healthy and sustainable farmland (arable land
and pastures), so its absence must be a serious concern for agriculture. In fact, along
with urban expansion and traffic accidents, farming intensification is pointed out as one
of the main factors threating hedgehog populations [24,26,39]. Notwithstanding, the EU
Common Agricultural Policy eco-schemes (designation under CAP 2023-2027; previously
agri-environment schemes) have no direct measures for targeting this keystone species. Our
results, which indicate a public perception that hedgehogs have positive impacts on farming
despite an evident lack of natural history knowledge, highlight the need for national and
regional authorities to implement CAP to incorporate farmland management measures that
benefit hedgehogs [39]. The negative perceptions and smaller EBKI of Portuguese farmers
should grant further research to assess farmers willingness to adopt eco-schemes dedicated
to hedgehogs, so the national authorities can tailor effective conservation strategies [40,41].
It is evident that only a good grasp of the local social context of human–nature interactions
will allow the implementation of widely accepted biodiversity conservation plans [9,10,42].

4.4. Study Caveats

The survey was distributed in two formats: online and face-to-face (for elderly and
mostly illiterate). We were aware of the bias it could introduce, hence we read the questions
to the participants very carefully, did not express any opinions ourselves, and ensured that
we had their verbal informed consent. Moreover, we contend that our survey strategy may
have caused some misrepresentation of groups, which might have partially affected the
conclusions. For instance, males were under-represented (females: 73.5% vs. males: 22.8%)
when considering the Portuguese population as reference (females: 52.4% vs. males: 47.6%);
however, this gender difference in response rates is not exclusive to our study; in fact, it is
well-known and widely discussed [43]. Additionally, there was a lower representation of
seniors (14.5%, age > 65) when the recent reference demographic parameter is 23.4% [44].
Therefore, we refrained from further considerations regarding gender and age. Despite an
apparent small sample size for farmers in the profession/occupational groups (6.2%), it
fits well the Portuguese population with full-time employment in agriculture (<5%) [45].
Notably, the farmer participants were mostly seniors and had the lowest academic qualifi-
cations in the sample (illiterate or first cycle). Hence, once again, we are cautious with the
interpretation of our results.

5. Conclusions

It is important to recognize that attitudes towards nature are not static and can be
influenced and shaped over time through targeted efforts. Although direct experiences with
nature foster a sense of appreciation and empathy and deem the natural world fundamental
to people’s lives, they may not be sufficient. In light of our findings, we advocate for the
creation of strategies to identify and engage with local and relevant stakeholders. For
instance, it is crucial that the sector with the largest power helps to reverse the current
declining trends of rural hedgehog populations, i.e., encourage the farming sector to get
involved with the development of integrated and sustainable management of the rural
landscape. We suggest addressing the gap between the growth of scientific knowledge
production and farming practices via the new eco-scheme policy instruments. Likewise, we
call for the inclusion of social groups’ perceptions when tailoring educational programmes
pertaining One Health topics, particularly with regard to wild species that are becoming
urban dwellers. Although synanthropy can bring benefits, such as increasing biodiversity
in urban areas and improving human physical and mental health, there is also a risk
of exposure to pathogens due to extensive lack of knowledge. We strongly believe that
studying citizen profiles and social groups is crucial for the development of strategies that
account for the diverse ways in which humans, animals, and the environment interact,
ultimately leading to improved health outcomes for all, as desired in a One Health approach.
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Raising awareness towards conservation needs and deploying interventions targeting
specific players are crucial for hedgehog conservation.
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and their attributes. Figure S1: Proportions test for gender in each category (defined in Table S1)
for three perception variables assessed; Figure S2: Proportions test for Academic Qualification in
each category (defined in Table S1) for three perception variables assessed; Figure S3: Proportions
test for Occupation in each category (defined in Table S1) for three perception variables assessed;
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Simple Summary: The environmental impacts of transport infrastructure are attracting substantial
research focus and road-induced mortality of wildlife is perhaps the most conspicuous impact of
roads. Hedgehogs are a common victim of traffic collisions in Europe and several hedgehog species
are showing marked population declines across their range. This review aims to consolidate current
knowledge on the impacts of road mortality on the viability of populations of the five hedgehog
species in Europe and identify research gaps. Previous studies have shown that roads are a major
source of mortality for hedgehogs and that individuals with greater net movement, generally males,
have the greatest likelihood of mortality. Road mortality also contributes to population isolation.
More research is needed into how different individuals perceive, use and cross roads, as well as the
efficacy of different mitigation measures (e.g., wildlife crossing structures) designed to reduce road
mortality and population isolation. Assessing whether local hedgehog populations are at risk of
extirpation or further declines due to road mortality is a prerequisite for effective conservation in
environments affected by continuously developing road networks.

Abstract: Transport infrastructure is a pervasive element in modern landscapes and continues to
expand to meet the demands of a growing human population and its associated resource consumption.
Road-induced mortality is often thought to be a major contributor to the marked declines of European
hedgehog populations. This review synthesizes available evidence on the population-level impacts of
road mortality and the threat to population viability for the five hedgehog species in Europe. Local and
national studies suggest that road mortality can cause significant depletions in population sizes,
predominantly removing adult males. Traffic collisions are a probable cause of fragmentation effects,
subsequently undermining ecological processes such as dispersal, as well as the genetic variance and
fitness of isolated populations. Further studies are necessary to improve population estimates and
explicitly examine the consequences of sex- and age-specific mortality rates. Hedgehogs have been
reported to use crossing structures, such as road tunnels, yet evaluations of mitigation measures for
population survival probability are largely absent. This highlights the need for robust studies that
consider population dynamics and genetics in response to mitigation. In light of ongoing declines
of hedgehog populations, it is paramount that applied research is prioritised and integrated into a
holistic spatial planning process.

Keywords: road mortality; collision; fragmentation; movement; demography; population viability;
mitigation; road ecology; hedgehogs
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1. Introduction

The last century has been characterised by intense modification of the natural landscape, and road
networks are now pervasive in most landscapes on Earth [1,2]. Interest in the ecological impacts of
roads has grown since the mid-20th century, with formal recognition of a new field, road ecology,
by Forman and Alexander in 1998 [3]. This branch of ecological research has revealed the extensive
role that roads play in direct and indirect habitat loss and alteration. Traffic noise, light pollution and
chemical pollution (salt, heavy metals, herbicides) are all identified as important correlates of habitat
modification, fragmentation and changes in animal movement in road-dominated environments [4].

Perhaps the most conspicuous impact of roads are wildlife–vehicle collisions (WVCs) that
result in the death of billions of animals worldwide every year [5]. Biological characteristics of the
animals themselves (e.g., age, sex and movement), biotic factors (e.g., time of day, season), traffic and
road characteristics (e.g., traffic volume, road width, tortuosity) and environmental characteristics
(e.g., topography, neighbouring habitat structure) all interact to form a species-specific spatiotemporal
distribution of WVCs [6]. The consequences of road mortality are typically two-fold: (1) direct
depletion of individuals from a population and/or (2) fragmentation of populations and reduced gene
flow [7–9]. Importantly, these consequences can alter meta-population structure and population fitness,
in turn increasing the risk of local extinction [10]. Roads are therefore considered responsible for the
nationwide decline of certain species and a limiting factor in the recovery of others [11,12]. The growing
literature on road ecology has been largely motivated by WVCs that are of legislative or conservation
concern and/or which give rise to economic or human safety issues, such as collisions with deer [6].
In comparison, fewer studies have examined smaller mammal species, such as hedgehogs.

There are five species of hedgehog with all or part of their range in Europe, although
hedgehog taxonomy has been debated due to contradictions between molecular and morphological
phylogenies [13]. The West European hedgehog (Erinaceus europaeus) is distributed over Ireland, Britain
and western mainland Europe. The Algerian hedgehog (Atelerix algirus) is present in North Africa and
was introduced to Spain and several Mediterranean islands [14]. Moreover, the northern white-breasted
hedgehog (Erinaceus roumanicus) is distributed throughout Central and Eastern Europe, whilst the
southern white-breasted hedgehog (Erinaceus concolor) is present in Eastern Europe and Southwestern
Asia [15]. The long-eared hedgehog (Helmiechinus auritus) maintains part of its predominately Middle
Eastern range in Cyprus and Ukraine [13].

Although hedgehog density has been reported to be up to 35% lower near roads [16], road-killed
hedgehogs are a very familiar sight across Europe and are frequently the main mammal roadkill
recorded in citizen science projects and expert multispecies roadkill surveys [17,18]. For example,
an estimated 113,000–340,000 E. europaeus individuals are killed on roads every year in the
UK [19] and The Netherlands [20], and 230,000–350,000 individuals every year in Belgium [21].
Comparisons between short-term studies are difficult as roadkill rates can fluctuate with changes in
hedgehog density, road conditions and traffic volume [22]. Alternatively, long-term roadkill data are
valuable to observe changes in temporal behaviour or monitor population trends [23]. For example,
Recihholf [24] and Müller [25] found hedgehog road mortality to have steadily decreased since the 1970s
in Germany, and Wilson and Wembridge [26] found similar patterns in the UK since 2001. It is claimed
that these changes reflect the marked declines over the past two decades of E. europaeus in several
countries across Europe [25,27]. A. algirus has also shown reduced abundance and local extinctions in
its introduced range in Europe [14]. However, sufficient hedgehog population data to identify declines
are currently limited to the UK [28,29], the Netherlands [30] and, to a lesser extent, Denmark [31] and
Germany [25]. Traffic-related mortality has been implicated as a significant component of hedgehog
population declines and also constitutes a welfare concern [8,19,24,32]. In recent times, the field has
used nationwide monitoring schemes such as “Project Splatter”, a citizen science study in the UK
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that collates such data [33]. Studies using nationwide data have demonstrated broad spatiotemporal
patterns; hedgehog roadkill hotspots are associated with suburban areas and grassland, as well as the
breeding season in late spring and early summer [22,32]. Records of hedgehog road mortality have
also been used to estimate annual road mortality [19–21], track epizootics [22] and have the potential
to estimate population abundance [34,35]. Substantial gaps in knowledge remain, however, about
whether roads affect long-term population persistence. Likewise, the use of appropriate techniques to
evaluate the complexity of the impact (e.g., population modelling using collected demographic data)
have received little attention [36].

Investigating the population-level impacts of road mortality is of both theoretical and applied
importance. It is likely that Europe is already the most fragmented continent due to transport
infrastructure [2,37] and road networks continue to expand rapidly. In the UK alone, an average of
70,000 km of new roads are built every year [38] and many existing roads are modernised or widened
throughout Europe [39]. Road development, however, is not consistent across European countries [37].
Coupled with the assertion that road mortality is the leading cause of human-induced vertebrate
mortality on land [3], road ecology is a critical frontier of applied scientific research. As several
European hedgehog species are declining and disproportionately represented in roadkill records [21],
understanding how important road mortality is for population trends is a necessary step for hedgehog
conservation. This review aims to consolidate the current knowledge on the consequences of road
mortality for the viability of hedgehog populations in Europe. We used online databases to search
for and appraise published, peer-reviewed articles on hedgehog road ecology, complemented by
government reports on road statistics. This review synthesises information on the possible direct role
that road mortality plays in population declines. It then discusses the individual-level risk of road
mortality and the contribution of hedgehog–vehicle collisions to much-discussed fragmentation effects
and associated genetic heterozygosity. Finally, this review identifies opportunities for road mitigation
for hedgehogs, current knowledge gaps and priorities for future research.

2. Does Road Mortality Really Reflect Population Persistence?

It is difficult to confirm or refute the impact of road mortality on population trends because
survival probabilities depend on a complex set of inter-related factors [40]. Several criteria exist to
evaluate the ecological effects of road mortality. For example, the total number of road-killed animals
must be considered in the context of population size [19], reproductive output, immigration and
emigration rates [41] and whether WVCs are compensatory or additive to other forms of mortality [5].
To date, research has only partially met these criteria. Recent year-round studies have evidenced an
average 0.001–3.65 hedgehog casualties/km/year for all European species across several European
countries (Table 1).
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Counts of the hedgehogs killed on roads indicate the extent of (lethal) collisions with vehicles and
can be used to quantify differences between species, countries and road types if the survey methodology
is clearly described. However, they do not indicate the relative importance of traffic-related deaths in
the context of populations as a whole [5], and there are issues of standardisation between studies due
to differences in study design, effort, frequency and duration. Notably, these issues include accurately
accounting for variable carcass persistence [51,52]. Examining the proportion of a population killed
on roads every year is more informative. Previous studies of E. europaeus have calculated that traffic
casualties amount to 9–26% of the total (nationwide) population size in The Netherlands [53] and
10–30% in the UK [19], assuming the population estimates are accurate [28]. At the local scale, previous
studies have used capture–mark–recapture methods to identify an annual loss of 3–22% of local
E. europaeus populations on roads in Sweden [54] and 24% in Poland [46]. Examining the proportional
loss at the local scale is instrumental for targeted conservation action. This is because the impact of
roads may be different between local populations due to regional variation in habitat type, quality,
population densities and road networks [55].

Another promising indication of the population-level effects of road mortality is to compare it
with mortality from other sources and identify its contribution to cumulative annual mortality. This can
be used to assess the impact of traffic collisions on the mortality–recruitment ratio [5]. E. europaeus is
the most studied hedgehog species worldwide and mortality of the species has been investigated using
radio-tracking methods [43], capture–mark–recapture methods [54] and data from rescue centres [56]
(Table 2). It should be noted that the small sample sizes in the reported studies in Table 2 and their
study design can skew the relative importance of a cause of death, and that there will naturally be local
variation in the occurrence of each mortality factor. Although the studies are an important first step in
refining an understanding on mortality, the results should be interpreted with caution. The studies
suggest that road traffic is consistently in the top three most common causes of death for hedgehogs,
alongside illness and natural predation, supporting the narrative that traffic mortality potentially
places substantial pressure on population dynamics. The magnitude of this effect will depend on the
ability of populations to compensate for additional mortality by increased survival and/or reproduction,
for example, with second litters [57]. Determining how plausible compensation is for hedgehogs is
hampered by a lack of data on female hedgehog fecundity, such as the proportion of females that breed
successfully, the mean number of litters per female annually and mean litter size, as well as juvenile
survival rates. However, the evidence for ongoing hedgehog declines suggests that compensation
might not be occurring [27]. It is likely that the declines of hedgehog populations across Europe
are a result of a combination of factors. For example, intensified agricultural practices, molluscicide
and rodenticide poisoning, badger predation and loss of habitat have also been raised as important
correlates of reduced population density and local extinction risk [24,28,58–60]. Disentangling the
relative impact of factors to population demography, which is likely to be area-specific, remains a
principal goal to improve hedgehog conservation.
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3. The Risk of Road Mortality Is Not Equal. Which Are the Risk-Prone Individuals?

The risk of road mortality over time varies spatially and between individuals in a population [67].
Differential risk is a function of risk per crossing, which largely depends on animal crossing speed,
traffic volume and road width, multiplied by the frequency of crossing. This is associated with
individual responses to roads and biological characteristics, such as reproductive strategy and
pre-hibernation foraging [68]. Individual-based movement patterns cause different exposure to traffic
in the environment [41], which has important repercussions for reproductive output [10]. For example,
for species such as hedgehogs that have a promiscuous mating system and maternal natal care, adult
females have a more important role in population growth than males [69]. Moreover, the frequency
distribution of age-at-death in a population is central to life history evolution and population
dynamics [10].

No studies have empirically examined the individual-based risk of road mortality over time for
hedgehogs, nor the potential variation in carcass detectability or persistence between different age
groups. Current knowledge relies on limited data on the sex ratio and age structure of casualties.
During a study of E. europaeus over 259.5 km of road in Ireland, Haigh et al. [42] revealed that
65% (67 out of 103) of those killed on roads were male. Moreover, Haigh et al. [70] tested several
techniques to age hedgehogs, such as dentary bone analysis, jaw and hind foot length. These produced
accurate age assessments and identified that the mean age of road-killed hedgehogs was 1.94 years.
These findings were similar to those of Goransson et al. [71], who found that 80% of E. europaeus traffic
casualties in Sweden were males who had survived one winter. To understand the significance of
sex- and age-specific road mortality to population dynamics, these figures should be considered in
the context of the number of individuals in that sex/age class in the wider population. Moreover, it is
possible that, due to their small size, juvenile hedgehogs are readily scavenged or not detected during
driving surveys.

The majority of hedgehogs are reproductively active in their second year (after one successful
hibernation) [54,70]. Although research into the road mortality of different sexes and age groups is
sparse, the majority of studies indicate that reproductively active males are most commonly killed
on roads. Male hedgehogs have larger home ranges and nightly movements than females [14,72],
particularly during the breeding season [73]. This would, all other conditions being equal, increase the
number of roads that males must cross each night. Conversely, females are most likely to be involved
in traffic collisions in autumn after intensive natal care as their net-movement increases to build fat
reserves for hibernation [42]. The removal of reproductively active individuals carries a greater threat to
hedgehog population viability because it can skew the age ratio and cause a decline in recruitment [74].
On the one hand, the disproportionate loss of adult males may not be as consequential for population
growth as adult female deaths [5]. On the other hand, males are more commonly killed before or during
breeding season, unlike females [42]. There is a possibility that fewer males successfully contribute to
the gene pool and the relatedness in a population increases over time. If severe enough, this may cause
a decrease in population fitness associated with inbreeding depression [75] (see Section 4), although
research on the topic remains limited.

4. The Role of Road Mortality in Fragmentation Effects

Habitat fragmentation by transport infrastructure and the associated development has become
one of the greatest threats to biodiversity [39]. The consequences of road-induced fragmentation for
the integrity of natural environments are well-researched [76,77]. Several different, yet not mutually
exclusive, mechanisms restrict animal dispersal across roads—lethal road collisions, the avoidance
of the road or roadside habitat and the inability to traverse the road or nearby area, such as due to a
central median or parallel drainage ditch [78]. Road mortality is likely to act as a filter to movement
for many species, rather than an absolute barrier, as animals may be able to make successful journeys
across the road, even across large roads and bridges [79]. For hedgehogs, road mortality is considered
a more severe restriction to dispersal on smaller roads. For example, E. roumanicus in Bulgaria [33] and
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E. concolor in Turkey [80] were shown to have greater casualty rates on quieter, regional roads than
highways. This may result from quieter roads allowing more crossing attempts [58], having fewer
physical barriers than major roads and/or their placement in areas with higher hedgehog densities.
In severe cases, increased road mortality could lead to death rates exceeding birth rates, which may
change a local population to a sink [81].

Road mortality has been shown to be the largest contributor to population fragmentation [81,82],
albeit not always [3]. It is possible that physical barriers such as roadside fencing and road avoidance
behaviour cause fragmentation via more stringent restrictions to movement. Both barriers and road
avoidance behaviour are particularly common on roads with higher traffic volumes and speeds [78].
Dowding et al. [58] reported avoidance of foraging near roads, but not of crossing quieter roads,
by E. europaeus. Moreover, Rondinini and Doncaster [83] compared observed E. europaeus movements in
Southampton, UK, with “random walks” and identified clear road avoidance behaviour that increased
with road width (and associated higher traffic). In corroboration with Rondinini and Doncaster [83],
a traffic volume of 3000 vehicles/day (common for busy urban roads) in New Zealand led to the
isolation of E. europaeus populations [22].

This combined effect of road mortality and avoidance for fragmentation is readily explained by
traffic flow theory, which postulates a positive and asymptotic relationship between traffic volume and
roadkill counts. Road mortality will increase with rising traffic volume until reaching an asymptote,
when the busy roads (with greater noise levels) form complete barriers and are avoided, or the
roads suppress population size and reduce the number of individuals crossing roads [84]. It is clear
that roads constitute semi-permeable barriers for hedgehogs and that the extent of fragmentation
is context-specific.

Biomolecular Insights into Fragmentation

Recent advances in genetic approaches have bridged the gap between molecular and road
ecology to address the chronic impacts of fragmentation [85]. Insights into the genetic effects of
hedgehog population fragmentation have grown since the development of eleven nuclear microsatellite
primers (genetic markers) for E. europaeus by Becher and Griffiths [86] and Henderson et al. [87].
The markers have been used to genotype several closely related hedgehog species and can identify
genetic similarities between individuals and, therefore, the level of inbreeding [15]. The variability of
genetic markers is particularly important for small mammals such as hedgehogs, where fragmentation
is likely to act at microspatial scales [88]. Braaker et al. [89] reported that two main rivers and major
transport infrastructure (a four-lane highway and railroads) separate three genetic clusters of the
E. europaeus population in Zurich. Moreover, combined movement models and microsatellite data
indicated that fragmentation and high resistance in the urban matrix of Zurich, predominately from
highways, footpaths, buildings and water bodies, contribute to the genetic structure of the hedgehog
population at the local level, i.e., within clusters [89]. The weak correlation between genetic structure
and geographical distance in several additional hedgehog studies indicates that linear infrastructure
restricts gene flow enough to affect genetic heterozygosity [88,90,91]. However, the hedgehog’s
promiscuous mating system and ability for heteropaternal superfecundity (a litter fertilised by different
males) may partly counteract the genetic effects of isolation [92]. Inbreeding coefficients would be
reduced as a litter can consist of several half-siblings. The reality of this, however, remains untested,
and Barthel [93] reported potentially early signs of inbreeding in E. europaeus subpopulations in Berlin.
A promising, relatively unused strategy for examining population isolation is genetic pedigree analysis,
which uses microsatellites to detect migration rates (e.g., across roads) and local geographies of closely
related individuals. This forms a quantitative tool to identify the likelihood of inbreeding and whether
the population is acting as a sink population [76,94].
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5. Potential Road Mitigation Measures for Hedgehog Populations

As road construction and traffic volumes continue to grow, accommodating the increase in
human activity without jeopardising the viability of wild populations remains a major challenge.
Approaches for sustainable infrastructure development should tackle both the local (mortality and
habitat degradation) and landscape (fragmentation and population viability) impacts of roads, yet
there is no simple solution or decision-making framework [11]. A growing number of legal imperatives,
such as Article 10 of the European Union’s Habitat Directive (92/43/EEC) and the National Environmental
Policy Act (1969), as well as international guidelines, such as the United Nations’ Sustainable
Development Goals, motivate transport planners to safeguard habitat connectivity and ecosystem
functioning. This means newer major roads, in particular those built in Central and Eastern Europe,
often have integrated wildlife crossings, such as underpasses or overpasses [39]. Minor roads, however,
receive less attention despite the majority of road networks consisting of these low-traffic roads [82].
The range of mitigation measures can be classified using four main criteria; road crossing structures,
traffic calming measures, habitat management and configuration of the road network [95].

5.1. Road Crossing Structures

Exclusionary fencing is a dominant strategy to impede an animal’s attempt to cross a road.
However, fencing was shown to cause a 30% reduction in E. europaeus population viability in
The Netherlands by intensifying population isolation [96]. Instead, combining fencing with road tunnels
or green bridges such as overpasses is widely advocated for many species [36,97,98]. This method strives
to reduce barrier effects by providing both a reduction in road mortality and conserving or increasing
landscape permeability [5]. Several studies have documented varied levels of crossing structure
use by E. concolor in Greece [99], E. europaeus in Spain [44,100], Portugal [101], the UK [102,103] and
Poland [104,105], and Erinaceinae sp. in Spain [106] (see review by De Vries [107]). This variation of use is
likely due, in part, to differences in tunnel design, location and surrounding habitat, suggesting that the
uptake of mitigation depends on optimality of species-specific features. For example, hedgehogs have
been shown to frequent tunnels with a greater openness ratio (short in length, high and wide) nearer
urban areas [101]. Moreover, previous studies demonstrate that hedgehogs avoid areas with predator
(badger Meles meles) odour, although the avoidance did not always persist [108,109]. Badgers are
known to utilise road tunnels [103], sometimes very regularly, and whether this negatively influences
hedgehog use of road mitigation structures remains unknown.

5.2. Traffic Calming Measures

Crossing structures are often concentrated at clusters of roadkill [110]. However, this hotspot
approach is contentious; several authors propose that a lack of road mortality may signal a previously
declined population or a population that exhibits high road avoidance behaviour [111,112]. If so,
the necessity for mitigation to assist in population recovery or protection is overlooked. Similarly,
the fencing associated with crossing structures could block locations of frequent successful crossings if
inappropriately placed. Instead, smaller-scale traffic calming measures that increase driver awareness
may be equally effective and substantially cheaper. These aim to enhance preferred crossing sites,
which do not necessarily correspond with roadkill hotspots, in order to dissuade the use of riskier
crossing locations [7,81]. Traffic calming measures adopted in the past include speed bumps, speed
restrictions and warning signs [95]. These initiatives may be particularly effective for hedgehogs given
that they frequently attempt to cross quieter roads [58]. Whilst a reduction in speed would be expected
to result in a substantial reduction in roadkill [113], the realised effect depends on whether drivers
adhere to the speed regulations, which can be difficult to govern [114], and whether, even at a slower
speed, a driver can see and avoid a small animal at night.
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5.3. Habitat Management

Additional mitigation possibilities include managing roadside habitats by increasing habitat
quality, local connectivity [95] and changing road verge management [115]. These improve the core
habitat and allow individuals to locate sufficient resources whilst crossing fewer roads. Several authors
recommend removing or reducing shrubbery in central medians to reduce road mortality [116,117]
(but see [118]). The use of central medians by fauna has not been well-studied and, if they are in
fact beneficial to animal movement across a road, their removal may exacerbate barrier effects [78].
Modifying hedgerows, which act as conduits of hedgehog movements, near roads is also likely to be an
important action. For example, Huijser [53] identified that, out of 942 traffic victims, 20–27% and 140%
more E. europaeus road casualties were found in areas where hedgerows and railroads, respectively,
were perpendicular to roads rather than parallel. Therefore, how roads and local landscape features
are orientated in relation to one another warrants consideration.

5.4. Road Configuration

In Western Europe, many major roads were built more than 40 years ago with little consideration
for wildlife [37]. Retrofitting crossing structures can be an expensive undertaking, and their construction
is often logistically challenging [119]. It is therefore essential to consider how landscape configuration
can be designed to meet the needs of human settlements, associated road systems and habitat
networks simultaneously [120]. Previous multispecies simulation studies have reported that road
mortality rates and population persistence were improved when traffic volume was concentrated
on fewer roads [121,122]. Surprisingly, van Strien and Grêt-Regamey [119] reported opposite results
for hedgehogs. These studies reinforce the significance of whole landscape planning; the high rates
of new road development in Central and Eastern Europe provide the opportunity to consider road
configuration and maintain suitable habitat matrices for E. roumanicus and E. concolor [17,49].

6. Current Knowledge Gaps and Future Directions

Major impediments to furthering knowledge on hedgehog road ecology are the high labour and
monetary costs linked to collecting relevant data for at least one population—that is, road casualty rates,
movement and population structure data (and optionally genetic information). Moreover, although
GPS devices are increasingly utilised for movement studies [10,123], including for hedgehogs [89,93],
the high initial costs often reduce sample sizes and lead to results with poor statistical inference (see [124]
for full review). Understanding the ramifications of hedgehog road mortality is further hindered by
the lack of basic biological and ecological knowledge on some species such as E. concolor, as well as
uncertain rigor of population and road casualty estimations for other species. Current population
estimates are from citizen science surveys and extrapolations of presence-only density estimates in
different habitat types [125,126]. The assumptions associated with these methods make estimates of
population size equivocal [19]. Improved population estimates are critical to validate existing findings
and could be achieved by large-scale collaborations or more standardised citizen science, such as using
camera traps and random encounter methods [127,128]. Moreover, roadkill estimates of many species
are likely to be underestimated due to scavengers removing carcasses and varying carcass detectability
due to factors such as carcass decay, the driver’s speed and the animal’s body size [81,129]. As a
result, raw carcass data must be corrected for carcass persistence and detection probability to obtain
accurate estimates of the number of animals killed on roads, as demonstrated by Péron et al. [130] and
Santos et al. [52]. Similarly, it is likely that a small proportion of hedgehog–vehicle collisions do not
result in instantaneous death and that a hedgehog’s delayed traffic-induced death off the road is not
counted. The possible role of wildlife hospitals in affecting estimates of mortality rates and genetic
fragmentation is also important to consider. Particularly common for E. europaeus in Western Europe,
wildlife rehabilitators care for and release injured hedgehogs that would otherwise die [64]. While this
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is undoubtedly valuable for the species’ conservation, future road ecology analyses must consider
confounding factors such as these.

Of particular significance is that studies seldom examine road mortality in the context of
a population’s intrinsic growth rate. Considering growth rates reveals less of a “snapshot” of
mortality and determines whether populations can sustain current and future road casualty rates.
Future research should explicitly model the sensitivity of population growth curves to sex- and
age-specific road mortality, using methods such as population viability models and elasticity
analysis [41]. Population modelling could be further used on existing data sets, such as from
nationwide citizen science projects, to accurately estimate yearly road mortality or, for populations
with both road mortality and density estimates, an estimate of local demographic compensation.
Another informed approach could incorporate population density, the sex and age of casualties and
other sources of mortality into the framework of compensation-additive mortality [131]. This explores
whether road mortality is compensatory and removes the already “doomed surplus” in a population
or is additive by increasing total mortality [55]. For example, if road-killed individuals have a poor
body condition (e.g., they are affected by parasites or other diseases), the severity of road mortality is
reduced as their likelihood of long-term survival is low regardless of traffic [43].

The efficacy of road mitigation measures for wildlife is rarely tested; this poses significant
constraints on justifying mitigation efforts and adapting strategies for maximum benefit. Many studies
are either too short or adopt study designs that cannot demonstrate causality to population viability,
such as gene flow or lasting reductions in road mortality [132]. In the future, studies should
employ long-term monitoring of mitigation measures and before-and-after-control-impact (BACI)
or control-impact experimental designs, where possible. These studies allow for changes in the
investigated population parameters, such as density, sex ratio or genetic diversity, to be soundly
attributed to the mitigation measures [133]. Future research should also present more holistic
mitigation recommendations by examining socioeconomic factors such as vehicle and pedestrian
travel efficiency [119] and the cost-effectiveness of strategies [98] (Table 3). The challenge of
accommodating both hedgehog and anthropogenic demands on the landscape highlights the crucial
role of interdisciplinary and collective thinking in road ecology [11].
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7. Conclusions

As hedgehogs remain a prominent victim of WVCs and road infrastructure continues to expand
in Europe [38,39], evaluating whether hedgehog populations are vulnerable to the long-term negative
impacts of roads is urgently needed. The literature presents several evaluative criteria for this
purpose, including proportional loss, differential risk between demographic groups and the fecundity
of the remaining population. Previous studies are in general agreement that adult males are more
prone to road mortality and that hedgehog–vehicle collisions can disrupt population dynamics,
for example, by fragmentation. However, barriers exist to understanding whether this translates to
population decline and to disentangling the relative impact of road mortality on population viability
compared to other factors. These difficulties remain the primary challenges for hedgehog conservation
throughout Europe. Future research should prioritise the inclusion of sex- and age-specific fecundity
and survival rates in population models and analyses. This review highlights the importance of
long-term monitoring and robust experimental design such as BACI for effective decision-making by
conservation practitioners and policy makers. Moreover, considerations of wildlife must be integrated
into the early planning stages of road construction to meet the goals of sustainable development.
Collaboration between ecologists, engineers and spatial planners is not only good practice, but likely
to be indispensable in achieving a reduction in the conflict for space that characterises the 21st century.
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Simple Summary: Plastic entanglement is well known for causing both conservation and welfare
issues for marine mammals, but little is known about the impacts on terrestrial species. Following
anecdotal reports in the media, we assessed the prevalence and consequences of plastic entanglement
for the European hedgehog (Erinaceus europaeus) in Great Britain. Based on data provided by rescue
centres and population modelling, we estimate that 4000–7000 hedgehog deaths occur annually
occur as a consequence of plastic entanglement, representing a significant welfare issue and placing
additional pressure on a declining species.

Abstract: A questionnaire to gather evidence on the plastic entanglement of the European hedgehog
(Erinaceus europaeus) was sent to 160 wildlife rehabilitation centres in Great Britain. Fifty-four
responses were received, and 184 individual admissions owing to plastic entanglement were reported.
Death was the outcome for 46% (n = 86) of these cases. A high proportion of Britain’s hedgehogs enter
rehabilitation centres annually (approximately 5% of the national population and potentially 10% of
the urban population), providing a robust basis for assessing the minimum impacts at a national level.
We estimate that 4000–7000 hedgehog deaths per year are attributable to plastic, with the true rate
likely being higher, since many entangled hedgehogs—in contrast to those involved in road traffic
accidents—will not be found. Population modelling indicates that this excess mortality is sufficient
to cause population declines. Although the scale of the impact is much lower than that attributable to
traffic, it is nevertheless an additional pressure on a species that is already in decline and presents a
significant welfare issue to a large number of individuals.

Keywords: wildlife; rehabilitation centres; plastic waste; population modelling

1. Introduction

Plastic production has increased significantly since the 1950s, resulting in a global
accumulation of plastic waste, which totalled 379.3 megatons (MT) in 2021 alone [1]. There
is now concern about the ecological impacts of this waste [2]. The size of the plastic waste
is important when considering what risks it poses; for example, macroplastics (defined
as pieces of plastic >10 mm) [3] pose entanglement and gut blockage risks, whereas other
risks may be presented by mesoplastics (size range 1 ≤ 10 mm) and microplastics (MPs;
<1 mm) [3]. There are also concerns about the leaching of plastic additives and plasticizers,
such as bisphenol A and phthalates, which are potential endocrine-disrupting chemicals
(EDCs), refs. [4–7] and the adsorption and accumulation of toxins, including EDCs and
heavy metals [8–11] on plastic particles. Recently, there has been substantial research on the
impacts of all these types of plastic waste within marine habitats [12–27]. A recent review
indicated, for example, that almost 40% of the 123 known marine mammals have been
reported as becoming entangled in mesoplastics [28]. A further study by Butterworth and
colleagues reports that entanglement has caused widespread suffering and death among
marine mammals and birds [17]. Our understanding of the scale and impact of plastic
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entanglement on terrestrial species is, by comparison, very limited. Most studies on this
topic have focused on birds [29–32], though entanglement is also reported in mammals such
as the black howler monkey (Alouatta caraya), white-tailed opossum (Didelphis albiventris),
fat mice (Thylamys sp.), polar bear (Ursus maritimus), and artic fox (Alopex lagopus) [19,33,34].
A study of a range of mammals and birds in Argentina found that 60% of the reported
entanglement cases resulted in death due to asphyxiation or starvation [33]. A further
study of both agricultural and urban crows indicated that 100% of nestlings that become
entangled (n = 11) were unable to fledge and, in most cases, had long-term injuries, mainly
to their toes [29]. The injuries and deaths reported in these terrestrial studies indicate that
plastic entanglement potentially poses a risk to terrestrial wildlife. However, the scale of
these risks relative to other factors, and the types of plastic involved, are poorly understood.

In Great Britain, there is growing concern about the impacts of plastic entanglement
on the European hedgehog (Erinaceus europaeus). Plastic poses risks to both populations
and individuals. Potentially even small increases in fatality rates could be important at
a national level in a species classed as vulnerable to extinction [35], and entanglement
also compromises individual welfare. This study, therefore, seeks to quantify the rate
and severity of plastic entanglement of the European hedgehog and to estimate the likely
impacts at the population level.

2. Materials and Methods

2.1. Questionnaire

An eight-question survey was created using Qualtrics software v. 2021 (Qualtrics,
Provo, UT, USA) to gather data on the number of annual admissions, plastic-related
admissions, and outcomes at British wildlife rehabilitation centres (Table A1). The survey
was sent via email to 160 centres identified from a British database (directory.helpwildlife.
co.uk accessed on 15 July 2019) and Google searches using the terms ‘hedgehog’ AND
‘hospital’ OR ‘rescue’. The survey covered the period from August 2019 to August 2020
and from October 2021 to October 2022, with the latter period targeting centres that had
not previously completed the questionnaire to increase the response rate. The centres were
asked to report on any cases they had seen in the previous 12 months. Incidents were
recorded as entanglement regardless of whether it was the primary or secondary reason for
admission. Furthermore, if an individual was known to have been released from plastic
prior to admission, this was also recorded as an entanglement case.

2.2. Statistical Analyses

Analyses were carried out in R Studio base package [36]. Chi-square tests were used to
assess the relationships between survival outcome and the predictor variables habitat type and
plastic type. Wilson’s 95% confidence intervals were calculated using the Wilson.ci function.

2.3. Habitat Type

The locations at which hedgehogs were reported were mapped using the Geographical
Information System Package QGIS (QGIS 3.28.3, 2019. The rescue centres (n = 52) were
asked to provide the location of the site at which the hedgehog was reported as entangled;
however, in some cases, this was not possible, and the site of the rescue centre was used
(n = 5 centres). These habitats were then classified into three types (urban, peri-urban, and
rural) using Google Earth (Google LLC, Google Earth version 7.3 2023). The peri-urban
locations were classified as areas with less than 30% built cover.

2.4. Mortality Model

A population dynamics model was developed to assess the likely impacts of plastic
entanglement-associated fatalities on population stability. We describe the dynamics of the
hedgehog population as a (Leslie) matrix population:
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Nt =

⎛
⎝

n1,t
n2,t
n3,t

⎞
⎠

with ni,t representing the number of hedgehogs in age class ‘i’, i.e., 1 for individuals aged
between 1 day to 15 weeks, 1 and 2 for those less than 2 years old, and 3 for adult and
sexually active individuals. We implicitly assume an age class 0 for individuals 0–15 weeks
old, which is not observed. The population number refers to the sizes 15 weeks after the
birth pulse.

We define the mortality for each age class ‘i’ as μi; female fecundity of sexually mature
females as f , and assume a 1:1 sex ratio. Therefore, we have:

Nt+1 = M Nt

with M =

⎡
⎢⎣

0 f (1−μ0)
2 (1 − μ2)

f (1−μ0)
2 (1 − μ3)

(1 − μ1) 0 0
0 (1 − μ2) (1 − μ3)

⎤
⎥⎦.

The dominant eigenvalue, λ, of M gives us the population growth rate (i.e., λ = Nt+1/Nt),

while the associated eigenvector, ν =

⎛
⎝

ν1
ν2
ν3

⎞
⎠, gives us the stable age distribution (e.g., the

proportion of individuals in each age class).
Hedgehog population dynamics in Great Britain are uncertain, but some key estimated

parameters relevant to us are highlighted in Table 1.

Table 1. Parameters used for the model.

Parameter Reference

Sexual maturity From 2 years old [37]
Average litter size—f 4–5 [38,39]

Mortality to 15 weeks μ0 0.5 [38,39]
Mortality to 1 year old—μ1 0.5 [39,40]
Exponential growth rate, −8% to 0% [41]

Mortality for individuals >1 year old, μ2 = μ3 To be estimated
Total population size, N 879,000 [42]

Deaths linked to Road Traffic Accidents DR

1.1% Low
[37,43,44]8.8% Medium

55% high

Using the population dynamics model, the combinations of estimated parameters
from Table 1, and the 2 estimated growth rates, we estimate the overall mortality of adults’
hedgehogs (i.e., μ2 = μ3), and the stable age distribution (ν) by numerically solving the
equation M ν = λ ν.

Then, we aim to attribute all deaths (DT) to 3 main causes: road traffic accidents (RTA)
(DR), plastic entanglement (DP), and other causes (DO).

It has recently been reported that 50% of hedgehogs in rescue centres are released [28],
implying that 50% die, so the number of deaths in our sample ( Drescue

t ) was 6273. This
all-cause fatality rate is similar to that reported by our respondents (53.2% total mortality).
Rescue centres provided estimates of plastic entanglement and other causes of death for
12,546 individual admissions. This revealed that plastic entanglement occurred in 184 hogs,
from which Drescue

P = 85 died. For RTAs, we took estimated figures from 3 studies, owing to
the absence of information from our dataset. This provides a low, medium and high range.

Assuming these figures reflect deaths in a natural environment, we estimate that
among hedgehogs not dying from RTA, a proportion

prescue
O =

Drescue
O

Drescue
O +Drescue

P
die from other causes.

110



Animals 2023, 13, 2448

Taken altogether, we have:

DP = DT − DR − DO

with

• The total number of deaths: DT = N ∑

⎛
⎝
⎡
⎣

0 0 0
(1 − μ1) 0 0

0 (1 − μ2) (1 − μ3)

⎤
⎦ν

⎞
⎠, with

N The total population size and μ1 from Table 2, and μ2 and ν (age class stable
distribution, i.e., eigenvector) estimated above;

• The total number of RTA (DR) informed by the literature (Table 2);
• The total number of deaths linked to other causes: DO = (DT − DR) prescue

O .

Table 2. Estimated adult mortality in Great Britain and cause of deaths in hedgehogs based on assump-
tions. f = average litter size, μ0 = mortality to 15 weeks, μ1 = mortality to 1 year old, log(λ) = Exponential
growth, N = Total population size, DR = Deaths linked to road traffic accidents, μ2 = μ3 = mortality for
individuals >1 year old, DT = Deaths associated with all causes, Dp = deaths associated with plastic and
Do deaths associated with other causes.

Assumed Estimated

f μ0 μ1 log(λ) N DR μ2 = μ3 DT DO DP

4 0.5 0.5 −0.08 879,000 9.67 × 103 0.401221 599,448.5 581,787.9 7991.592
7.73 × 104 0.401221 599,448.5 515,022 7074.478
4.38 × 105 0.401221 599,448.5 114,426.7 1571.795

0 879,000 9.67 × 103 0.333322 597,719.7 580,082.6 7968.167
7.73 × 104 0.333322 597,719.7 513,316.7 7051.053
4.38 × 105 0.333322 597,719.7 112,721.4 1548.37

4.5 0.5 0.5 −0.08 879,000 9.67 × 103 0.426385 594,704.7 577,108.4 7927.313
7.73 × 104 0.426385 594,704.7 510,342.5 7010.199
4.38 × 105 0.426385 594,704.7 109,747.2 1507.516

0 879,000 9.67 × 103 0.359991 592,813.7 575,243 7901.69
7.73 × 104 0.359991 592,813.7 508,477.1 6984.576
4.38 × 105 0.359991 592,813.7 107,881.8 1481.893

5 0.5 0.5 −0.08 879,000 9.67 × 103 0.449562 590,586.8 573,046.3 7871.515
7.73 × 104 0.449562 590,586.8 506,280.4 6954.402
4.38 × 105 0.449562 590,586.8 105,685.1 1451.719

0 879,000 9.67 × 103 0.384617 588,547.9 571,035 7843.887
7.73 × 104 0.384617 588,547.9 504,269.1 6926.773
4.38 × 105 0.384617 588,547.9 103,673.8 1424.09

3. Results

Of the 160 rescue centres contacted, responses were received from 52 (Figure 1). These
centres provided data on 12,546 hedgehog admissions. Ten centres reported zero admissions
of plastic-entangled hedgehogs, and all of these reported annual admissions of fewer than
200 individuals; however, there were also centres with similar admission rates which did
reported entanglement incidents. Data from the 44 centres with entanglement cases showed
184 admissions (1.4% of their total admissions) were a consequence of plastic entanglement.

More cases were recorded in urban than in other habitat types (Figure 2A). However,
habitat was not associated with survivorship (χ2 = 1.27, df = 2, p = 0.52). Figure 2A indicates
that although fewer cases were reported in rural locations, these tended to have a higher
mortality rate.

The main sources of plastics reported were netting, bags, fencing, and rings from
bottles. Survivorship varied between plastic types (χ2 = 14.47, df = 5, p = 0.01). Although
plastic netting was the most frequently recorded type of plastic (n = 114/184) (Figure 2B),
most individuals entangled in this way recovered (69/114). The highest mortality rates
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were associated with bands (hair bands and elastic bands) and yoghurt pots. The category
‘Other’ included a variety of sources that were generally associated with high fatality rates,
such as plastic fencing (2/5), bailer twine (2/2), and cables ties (2/5).

 

Figure 1. Map showing the proportion of admissions recording entanglement for each of the
52 rescue centres.

(A) 

Figure 2. Plot showing the fatality rate from plastic entanglement, (A) by habitat type, (B) by plastic
type. Error bars show 95% Wilson Confidence Intervals.
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Mortality Model

Using the population dynamics model, key parameter estimates from the literature,
and the survey of 52 rescue centres, we estimate that plastic entanglement in hedgehogs is
responsible for between 1400 and 7999 hedgehog deaths annually in Great Britain (Table 2).
This is an additional 1.4% compared with baseline estimated mortality.

The mortality can be attributed to three causes in proportions: Di/DT for cause ‘i’.
allowing us to predict the population dynamics (e.g., growth rate) if one cause was removed.

If the population suffers all causes of deaths, then λall causes is found as the dominant
eigenvector when μ2 takes the values found in Table 2. As expected, this leads us to
retrieve an exponential growth rate from −8% to 0%. If the population does not suffer
from RTAs, then λnoRTA is found as the dominant eigenvector when μs takes the values
μnoRTA

s = μs
DR+DO

DT
. Similarly, we can obtain λnoP and λnoRTA_P, or the growth rates when

no plastic entanglement occurs, or no RTAs nor plastic entanglement occur. Assuming the
baseline mid-points for f and DR (i.e., f = 4.5 and DR = 74, 000), and two scenarios of high
and low growth rate (solid vs. dashed lines in the figure for low and high growth rate), we can
predict the growth rate, population structure, and population dynamics for each of the four
mortality scenarios (baseline with all causes of mortality, and three counterfactual scenarios).

The predicted dynamics (Figure 3) indicate that if plastic entanglement deaths are
removed, the wild population of hedgehogs is likely to increase slightly, although this
increase is much smaller than would be observed with the cessation of road traffic accidents.

Figure 3. Predicted dynamics (population size over the 10 years) when growth rate is low or high., i.e.,
leading to a [0; −8%] growth rate when all mortality causes are accounted for (solid vs. dashed lines).
The predicted dynamics are shown when all mortality is present (black), as well as 3 counterfactual
scenarios, e.g., (1) if no RTAs occur (red), (2) if no plastic entanglement occurs (blue), (3) if no RTAs
nor plastic entanglement fatalities occur (green).

4. Discussion

This study demonstrates that plastic entanglement accounts for 1.4% of hedgehog ad-
missions to British wildlife rehabilitation centres annually, and 46% of these animals die.
Responses were received from one-third of the centres contacted—a good response rate for a
questionnaire survey—and even had the non-responding centres recorded zero cases, appre-
ciable numbers of hedgehogs would still be affected annually. The true rate of entanglement
will be higher than that reported here, since members of the public may assist without con-
tacting rescue centres, and entangled hedgehogs are less likely to be found than road traffic
casualties, which have been widely studied [45–47]. An estimated 879,000 hedgehogs are
present in Britain [42], and our models indicate that plastic entanglement is likely to have a
negative overall impact on the population. While the scale of the impact is much lower than
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that attributable to road traffic accidents, it is nevertheless an additional pressure on a species
that is considered vulnerable to extinction on the GB Mammal Red List [35].

Plastic netting often used in gardens, agriculture, and allotments was the most com-
mon cause of plastic entanglement, which is unsurprising as hedgehogs are likely to spend
significant time in these locations, and the netting is deployed low to the ground. As this
type of plastic is so often used by gardeners and farmers, this could suggest hedgehogs
entangled in this plastic are more frequently found, and therefore have a better survival
rate compared to those entangled in other plastics. Studies of marine mammals have also
identified netting as one of the most common causes of entanglement and one that is linked
with higher mortality rates [12,22,27,48]. Plastic bags and plastic rings from can holders
were found to cause most of the remaining entanglement cases, which is also comparable
with evidence of high rates of marine mammal entanglement in single-use plastics [17,48].
The plastics with the highest mortality rates, however, were bands, including elastic bands
and hair bands. These cases had an 85% fatality rate. This is comparable with the serious
and often life-threatening injuries reported in sea lions and seals because of entanglement
with bands [49,50]. It is possible that elastic bands are particularly problematic for two
reasons: first, it is difficult for wild animals to extricate themselves once the band is in
place; and second because the bands cause damage to tissues and nerves and can also
constrict the blood supply. Recent studies of pinnipeds have indicated that bands are often
the most common type of plastic for them to become entangled in [12,48]. These studies
have also found that juveniles are five times more likely to become entangled, whereas
pups and adults are the least likely [12,48]. Other studies investigating species including
crows, turtles, blue sharks and Antarctic fur seals also reported that juveniles are the most
common age class to be entangled in plastic [29,51–53].

Entangled hedgehogs were rescued less frequently in rural than urban areas, poten-
tially reflecting lower hedgehog population densities in rural areas and also the lower
probability of being found owing to the lower human population. This is similar to many
other studies that also report higher admission rates from urban than rural locations [54–56].
The prognosis was slightly poorer for animals in rural areas, possibly because there is likely
to be, on average, a longer interval between entanglement and being found. The precise
geographical location of the casualty was unknown for five individuals, so the habitat
type with a 15 km radius of the centre (the maximum distance from which casualties were
accepted) was used as a proxy. Given the small numbers of individuals involved, it is
unlikely that this would materially affect the results.

This study is the first to indicate that plastic entanglement is causing serious welfare
issues for the European hedgehog and results in high mortality rates. Therefore, we suggest
that a national database is established to enable rescue centres and members of the public to
record all incidents of plastic entanglement, allowing for future assessments to be made on
a wider geographical scale. The database could also collate information on the sex and age
profiles of casualties, together with more detailed information on the type of plastic involved,
to enable more comprehensive assessments to be made of the risks of plastic entanglement.

5. Conclusions

This study indicates that, although understudied within terrestrial environments,
plastic entanglement poses a welfare issue for an estimated 1400–7999 hedgehogs in Great
Britain alone, and poses a conservation threat to populations already at risk. The devel-
opment and use of the national database would facilitate better understanding of the true
rates of plastic entanglement in wild populations.
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Appendix A

Table A1. Questionnaire provided to the rescue centres to record entanglement cases.

Number Question

1 Name of centre
2 Approximate number of admissions per year
3 Have you had animals admitted in the last 12 months with an injury or illness linked with plastics?

4 If yes, tell us abut the cases in the table below. An example would be species, hedgehog, entanglement, head
trapped in plastic can holder which resulted in neck lacerations, outcome recovered and released

5
If you deal with large numbers of plastic related casualties and do not have time to tell us about each case,
please summarise the data for each species e.g., hedgehogs 4 gut blockages, 2 died, 2 released, 2 foxes,
2 entanglement, lacerations, 2 released

6 If you have photographs of the incidents you are happy to share, we would be very grateful to receive them.
7 If you are happy to do so, please give a contact email address

8 Please tick the box to confirm that you are willing for anonymised information provided in this questionnaire
to be analysed and published

Table A2. Responses from the 52 rescue centres that completed the questionnaire.

Rescue Centre
Number of
Hedgehog

Admissions

No. of Admissions of
Plastic-Entangled

Hedgehogs

Number of
Survivors (and Rereleased

Animals)

1 100 0 0
2 50 0 0
3 150 0 0
4 70 0 0
5 50 0 0
6 200 0 0
7 150 0 0
8 100 0 0
9 150 0 0

10 100 0 0
11 92 1 1
12 500 1 1
13 300 18 14
14 150 1 0
15 100 4 1
16 200 11 7
17 150 7 3
18 300 1 0
19 700 11 4
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Table A2. Cont.

Rescue Centre
Number of
Hedgehog

Admissions

No. of Admissions of
Plastic-Entangled

Hedgehogs

Number of
Survivors (and Rereleased

Animals)

20 140 16 11
21 160 1 0
22 225 1 1
23 100 3 2
24 300 4 1
25 500 3 2
26 100 2 2
27 300 5 4
28 300 2 1
29 100 1 1
30 180 1 1
31 100 3 1
32 100 2 1
33 120 2 1
34 300 7 6
35 30 1 1
36 250 2 1
37 350 1 0
38 1000 4 1
39 100 2 0
40 100 7 6
41 250 3 2
42 200 2 1
43 300 4 3
44 125 3 1
45 150 5 2
46 250 10 4
47 250 5 2
48 850 5 3
49 259 1 0
50 375 3 1
51 250 2 1
52 520 8 3

Figure A1. Cont.
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Figure A1. Images of some of the entanglement cases with credit to Hedgehog Bottom, Micklefield
Hedgehog Rescue and Wildlife Aid.
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Simple Summary: As populations of European hedgehogs are declining, it is vital that we monitor
and understand the population dynamics of this species to optimise conservation initiatives to protect
the hedgehogs in the wild. We determined the age of 388 dead European hedgehogs, collected by
volunteers from all over Denmark, by counting periosteal growth lines, a method similar to counting
year rings in trees. The overall mean age was 1.8 years (1.6 years for females and 2.1 years for males),
and the range was between 0 and 16 years. We found the oldest scientifically confirmed hedgehogs in
Europe among our samples (11, 13, and 16 years), with previous research recording a maximum age
of 9 years. We constructed life tables showing life expectancies at 2.1 years for females and 2.6 years
for males. We found that male hedgehogs were more likely to have died in traffic than females and
that traffic-related deaths peaked in July for both sexes. For non-traffic deaths, most males died in
July, and most females died in September. Most of the road-killed individuals in the study died in
rural habitats. The degree of inbreeding did not influence longevity. These new insights may be used
to improve future conservation strategies protecting the European hedgehog.

Abstract: The European hedgehog is in decline, triggering a need to monitor population dynamics to
optimise conservation initiatives directed at this species. By counting periosteal growth lines, we
determined the age of 388 dead European hedgehogs collected through citizen science in Denmark.
The overall mean age was 1.8 years (1.6 years for females and 2.1 years for males), ranging between
0 and 16 years. We constructed life tables showing life expectancies at 2.1 years for females and
2.6 years for males. We discovered that male hedgehogs were more likely to have died in traffic
than females, but traffic-related deaths peaked in July for both sexes. A sex difference was detected
for non-traffic deaths, as most males died in July, and most females died in September. We created
empirical survivorship curves and hazard curves showing that the risk of death for male hedgehogs
remains approximately constant with age. In contrast, the risk of death for females increases with
age. Most of the collected road-killed individuals died in rural habitats. The degree of inbreeding did
not influence longevity. These new insights are important for preparing conservation strategies for
the European hedgehog.

Keywords: sex-biased longevity; age structure; wildlife conservation; age; matrix models; life tables;
sex-biased mortality; European hedgehogs; periosteal growth lines; urban and rural
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1. Introduction

The life history strategy of a species—the age- or stage-specific patterns of events
in a life cycle—is shaped by evolution to maximise fitness [1]. Variation across species
and environments and the trade-off between reproduction and survival have led to a
striking diversity in life history strategy (and its component traits) across the tree of life. For
example, short-lived species such as small rodents tend to be precocious and prodigious
breeders, while large-bodied mammals such as elephants and whales grow and reproduce
slowly [2]. Similar patterns are also apparent within species: variation in the risk of
predation, which alters the survival–reproduction trade-off, may result in shifts towards a
“fast” strategy with a shorter generation time, higher reproduction, and shorter life span [3].
Understanding the life history strategy of a species is beneficial for developing robust
species-specific conservation practices.

Population models are important tools in species conservation that are particularly rel-
evant when a species appears to be in decline, as in the example of the European hedgehog
(Erinaceus europaeus). Ecological population modelling can be used to quantify the relative
importance of different parts of the life cycle for population growth to predict changes
in parameters such as population size and age distribution and understand the impact
of exogenous drivers [4]. Population modelling approaches have been widely applied in
tackling the conservation of countless species, such as the Pacific fisher (Pekania pennanti) [5]
and California spotted owl (Strix occidentalis occidentalis) [6], leading to increased political
priority and conservation efforts [7,8]. These modelling efforts require parameter estimates
of key factors such as survival probability and reproductive output at different life cycle
stages or ages. For the European hedgehog, a species of growing conservation concern,
there is still considerable uncertainty about these key traits. This lack of knowledge has so
far hampered the construction of robust population models to explore the dynamics and
conservation status of this species.

The European hedgehog is a widely distributed species that can survive across diverse
habitat types in rural as well as urban landscapes [9,10]. However, recent research on
national and local scales has documented a decline or indicated concerns for a decline in
their populations in several western European countries [11–21]. The suspected reasons
for the decline include the following: habitat loss; habitat fragmentation; inbreeding;
intensified agricultural practices; road traffic accidents; a reduction in suitable nest sites
in residential gardens, as well as biodiversity, and hence food items; accidents caused by
garden tools, netting, and other anthropogenic sources in residential gardens; molluscicide
and rodenticide poisoning; and, in some areas, badger predation [12,22–35].

Hedgehogs hibernate to conserve energy during colder periods during which food
availability is low [36]. In Denmark, they usually hibernate from late September (male
adults), late October (female adults), or mid-November (juveniles) to around mid-April
or mid-May [33,37,38]. However, juveniles may extend their activity period until mid-
December if the weather conditions are mild, leaving food items such as slugs, snails, and
insects available [33]. The period of winter inactivity is reduced for European hedgehogs
residing in milder climates, such as Southern Europe and New Zealand. In New Zealand,
hedgehogs may even stay active throughout the year [36]. Hibernating hedgehogs experi-
ence periodic arousals every 7–11 days on average, and during these periodic arousals they
may remain active for a few days, leaving the nest to forage, or simply change nests [10].
Up to eight nest changes during a Danish winter have been recorded [33].

During hibernation, when the calcium metabolism in the hedgehog is modified, bone
growth is reduced markedly or even stopped. This causes densification of the bone resulting
in periosteal growth lines, or lines of arrested growth (LAGs), which are formed in the
periosteum of the bones. The periosteal growth lines appear to be caused by the arrest
of cartilage growth, leading to the infusion of the cartilage plate with apatite (calcium
phosphate) [39]. In general, growth lines are developed in vertebrates as the metabolism
and growth are inhibited by seasonal cycles in the environment [40]. They are comparable
to tree annual growth rings and become visible in stained sections of bones such as the
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mandible, the lower jaw [41,42]. This phenomenon allows researchers to count the number
of hibernations a hedgehog has survived. However, bone growth or bone deposition in
the periosteum may also become reduced during periods of stress, potentially forming
accessory lines in the bone, which may complicate the interpretation of growth lines for
age determination [41]. Previous studies on growth lines in mammals, or LAGs, from
known-age individuals indicate that the number of LAGs in bones positively correlates
with age [43–45], though the evidence base is larger for herpetofauna [46].

Data on age-specific survival and reproduction aid the parameterisation of matrix
models providing insight into the population dynamics of hedgehogs. For hedgehogs,
one approach to accommodate the demand for such age-related data is to conduct age
determination studies on deceased individuals. Previous research into the age structure of
European hedgehogs is based on four different methods: capture–mark–recapture, counting
of periosteal growth lines in the mandible of the hedgehog, measuring the extent of tooth
wear (tooth abrasions), and estimating the number of growth lines in the teeth, typically in
the molar cement of the M1 [41,42,47–64]. As an alternative method for determining the
life expectancy of hedgehogs, Parkes [65] used a formula by Petrides [66] to calculate an
average life expectancy of 1.97 years based on a sample of 144 individuals divided into
adults and juveniles (N = 73). Morris [67] also developed a method for age determination
in hedgehogs by using X-rays to measure epiphyseal fusion in the forefoot, as the presence
of epiphyseal cartilage in the metacarpal bones is a juvenile characteristic. This method
classifies juvenile hedgehogs into four age categories and distinguishes juvenile hedgehogs
from adults. Table 1 provides an overview of the data from the present and previous age
determination studies on hedgehogs [36,41,42,47–56,58–65,68].

Our aim with this study was to add to this information by collecting and analysing a
substantial dataset, including data on inbreeding, which have hitherto not been included
in previous age structure studies on European hedgehogs, providing the opportunity
to study a combination of longevity, inbreeding, and cause and timing of death in the
Danish hedgehog population. We obtained our data from a large sample of deceased
Danish hedgehogs collected via a citizen science study. Specifically, we investigated the
ages of deceased individuals collected from the Danish hedgehog population by counting
periosteal growth lines in transverse sections of the mandibles and creating life tables
based on these data. We also explored the timing and cause of death in our sample to
understand whether sex, season, or habitat type (urban/rural) influenced the cause and
frequency of death. Finally, we aspired to understand whether the degree of inbreeding
influenced longevity in European hedgehogs. The research was performed to achieve a
deeper understanding of the population structure and specific factors influencing hedgehog
ecology and to provide data that improve the conservation initiatives directed at this
declining species.
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2. Materials and Methods

We obtained samples of dead hedgehogs from the Danish public as part of the citizen
science project “The Danish Hedgehog Project”, which aimed to use dead hedgehogs to
assess the general health of the Danish hedgehog population. The public outreach was
primarily based on >200 features in the national and local media from April to December
2016. With approximately 400 volunteers from throughout Denmark collecting 697 dead
hedgehogs, during May to December 2016, there was an excellent geographical representa-
tion of the entire country’s population. The hedgehogs were primarily road kills, but the
sample set also included individuals dying in care and individuals dying from other causes
in the wild.

For each specimen, we collected geolocation (latitude and longitude), sex, cause of
death, and date of death. We also took tissue samples (skin, fat, and muscle) for genetic
analysis to quantify inbreeding. The individuals were in different stages of preservation,
and many of the road-killed individuals were not intact. However, heads, front legs, and
any organs present were extracted for future research. Out of the 697 dead individuals,
388 were adequately intact to have mandibles of a sufficient quality to use for age-at-death
determination.

To determine the age-at-death of the hedgehogs, we counted periosteal growth lines
in transverse sections of the mandibles, with each growth line indicating one hibernation
season, as described by Morris [41]. To do this, we first macerated the bones to obtain clean
skeletal remains. This was achieved by placing the hedgehog heads and legs in gauze with
knots between the body parts and on the ends and placing the gauze packs in a bucket of
water with a constant temperature of 40 ◦C for 10 days in a heating cabinet. After 10 days,
the water was changed three times at 2–3 h intervals. Then the gauze packs were boiled
for 10 min at 90–95 ◦C in clean water, followed by a drying period of 5 days. After drying,
the remaining fat on the jawbones was removed with a cotton bud. Some samples were
placed in clean water supplemented with 1:100 H2O2 for 30 min after boiling, after which
the water was changed again. After 24 h in the water, the samples were then removed and
left to dry before the bones were ready for decalcification.

To decalcify the mandibles, the samples were first placed in 2 cl glasses and covered
in 10% formalin for 24 h. Afterward, the jaws were rinsed in running water and put in
2 cl glasses with water for 24 h. Finally, the mandibles were rinsed in running water and
stored in 2 cl glasses with Rapid Decalcifier (diluted 2:1, with two parts distilled water and
one part decalcifier) added. The mandibles were removed from the decalcifier whenever
they were bendable and cuttable with scalpel knives. The jawbones were checked regularly
with 30 min intervals. Smaller mandibles from juveniles were only left in the decalcifier for
2 h; the larger ones were left for up to 9 h. On average, 4–5 h was sufficient, with a room
temperature of 15 ◦C, even though previous studies describe a mean time of 6 h using the
same product [50]. When the bones were sufficiently decalcified, they were rinsed in water,
stored in plastic cups with screw lids, and covered in formalin ready for slide preparation.

We prepared the slides by taking an approximately 10 mm transverse section of the
jawbone near the last molar with a scalpel knife and mounting it on a cutting plate with
a drop of Optimal Cutting Temperature (O.C.T.) Compound (polyvinyl alcohol <11%,
Carbovax <5%, nonreactive agents >85%), with the weakest part of the bone pointing
upwards. The section was placed in the cryostat microtome (Leica CM3050 S) to be
sufficiently frozen before cutting, making it as hard as possible, lasting approximately
3–3.5 min. The jawbone sections were then sectioned in the cryostat microtome at a
temperature of −20 ◦C with a thickness of 50 μm.

The 50 μm jawbone sections were placed on SuperFrost Plus slides, and distilled water
(Milli-Q) drops were added on top of the sections to keep them from drying out.

The water was then removed with an automatic pipette, and the sections were stained
with crystal violet (0.005%) for 5 min, after which excess dye was removed with an au-
tomatic pipette. Distilled water (Milli-Q) drops were then added to rinse away the dye;
afterward, the water was removed with an automatic pipette. Subsequently, the slide was
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coated with the mounting agent Aquatex to preserve the sample, and a cover slip was
added on top of the slide. Compared to previous studies using the mounting agent Euparal,
our samples did not require suction, but could be placed under the microscope immediately,
and were completely dry and ready for age determination within 24 h.

To estimate the age-at-death, we analysed the prepared and mounted sections under a
microscope at 20× objective giving a 200 times enlargement (Leica DM 5000B Fluorescence
Microscope). A Canon EOS 1200 D Camera was connected to the microscope and was used
for image recordings. Scientific Focus Acquisition Software 1 was used to view and edit
the pictures. Contrast adjustments were carried out to improve the clarity of images. Final
image processing and cropping and mounting of the images were performed with Adobe
Photoshop CS5 and Illustrator CS5. We were then able to estimate age by counting the
periosteal growth lines in the prepared transverse section of the lower jaw. At least two
biologists evaluated each sample, counting the periosteal growth lines, and the results were
compared. In the few cases of disagreement, the slides were reviewed and discussed, and a
third observer was involved when needed. Discontinued and imperceptible lines were not
included in the counts. After applying these methods, we had a full representation of the
age structure in our sample of the Danish hedgehog population.

We analysed the age-at-death records, alongside covariates of habitat type, timing
and cause of death, and sex. Our analyses of the timing of death and cause of death were
restricted to individuals of known sex. We divided cause of death into two categories: traffic-
and non-traffic-related deaths. Our analyses and figure preparations were performed in
R [69].

To allow us to explore the influence of habitat on mortality, we classified each hedgehog
sample into “urban” or “rural” habitat types. We did this for each geolocated sample based
on land use types within a 500 m radius around the spot where the hedgehog was found.
This area is roughly equivalent to a large hedgehog home range [10]. We obtained the land
use data from the EU CORINE land cover dataset, which has a 100 × 100 m resolution
(CLC 2012, Version 18.5.1), which resulted in 81 squares for each hedgehog. The CORINE
data use satellite imagery and post-processing to assign habitat types as artificial surfaces,
industry, agricultural areas, forest and semi-natural areas, wetlands, and water bodies.
We then analysed the data using the raster package [70] in R [69] and reclassified the
habitat types as “urban”, “rural”, or “other”, following the method of Rasmussen, et al. [71]
(S1). We categorised individual hedgehogs as “urban” or “rural” based on the percentage
representation of the two categories among 81 squares per individual. Combined with the
information on the sex of the individuals killed in traffic, we investigated whether habitat
type (urban or rural) or sex influenced the likelihood of being killed in traffic.

In a previous publication, we estimated inbreeding as the degree of individual het-
erozygosity (iHO) for a subsample of 151 aged individuals (78 males, 50 females, 23 of
unknown sex) [31]. We tested whether inbreeding was associated with age-at-death using
GLMs with quasi-Poisson error structure. We included the integer estimated age-at-death
as the response variable and the inbreeding coefficient as the explanatory variable. We did
this for both sexes combined, and for each sex independently.

We used quasi-Poisson GLMs to explore the association between age-at-death and
inbreeding (degree of individual heterozygosity (iHO)), cause of death (traffic/non-traffic),
and the interaction between them.

Lastly, to assess how the mortality risk (probability of death) changed with age, we
constructed empirical actuarial life tables using the age-at-death information obtained from
the dental analysis described above. We did this for males and females separately and
excluded data from individuals of unknown sex. We used standard life table approaches
and nomenclature [72,73]. Using these methods, we calculated empirical survivorship and
hazard trajectories for both sexes.
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3. Results

We determined the age-at-death of 388 hedgehogs by counting the periosteal growth
lines in prepared transverse sections of the lower jaws (Table 2). The sample set consisted
of 109 females, 177 males, and 102 of unknown sex. The mean age-at-death was 1.8 years
(22 months) ± 95% CI [1.62, 2.04], distributed between the ages of 0 and 16 years (Table 2).
The mean age-at-death was 1.6 years ± 95% CI [1.32, 1.93] for females and 2.1 years ± 95%
CI [1.73, 2.47] for males. Dividing the individuals into categories based on the cause of
death (traffic, dying from other causes in the wild, in-care), the mean age-at-death was
2.1 years ± 95% CI [1.80, 2.32], 2.0 years ± 95% CI [1.51, 2.54], and 1.3 years ± 95% CI [0.75,
1.83], respectively.

Although the samples collected had a wide geographic coverage across Denmark, they
were not evenly distributed (Figure 1).

Figure 1. The distribution of the 369 geolocated samples collected during the study. Each point
represents a single sample. Points are opaque and thus multiple samples from the same or nearby
locations result in darker points.

Figure 2 presents illustrated examples of the twelve age classes determined in the
present study.
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Table 2. Overview of age estimation data showing the number of individuals at each age, in years,
out of a total sample of 388 hedgehogs. Age was estimated by counting the periosteal growth lines in
transverse sections of the lower jaws. Rows are omitted where no individuals of that age were found.

Age in Years Number of Individuals Sex Distribution by Sex

0 109
Male 43

Female 39
Unknown 27

1 115
Male 54

Female 21
Unknown 40

2 54
Male 23

Female 15
Unknown 16

3 53
Male 29

Female 18
Unknown 6

4 22
Male 6

Female 9
Unknown 7

5 15
Male 7

Female 6
Unknown 2

6 11
Male 8

Female 1
Unknown 2

9 2
Male 2

Female 0
Unknown 0

10 4
Male 2

Female 0
Unknown 2

11 1
Male 1

Female 0
Unknown 0

13 1
Male 1

Female 0
Unknown 0

16 1
Male 1

Female 0
Unknown 0

Total individuals 388
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Figure 2. Illustrated examples of the 12 age categories observed in prepared transverse sections of
the lower jaws of European hedgehogs from Denmark. Each white dot shows a growth line, and the
small numbers next to each point indicate the numbers of growth lines, and their order, counted in
each section. The age categories ranged from 0 years (dying before first hibernation), labeled A, to
16 years, labeled L.

3.1. Timing and Cause of Death

Males accounted for 45.6% (177) of the samples, and females accounted for 28.1% (109).
The remaining 26.3% (102) of the samples could not be sexed. Out of the 388 individuals,
55.7% (216) were road kills, 22.2% (86) died in care, 21.6% (84) died of natural causes in
the wild, and 0.5% (2) could not be categorised due to unknown causes of death. The time
distribution of samples through the year showed a clear modal distribution. The timing of
the peak in deaths in general varied between the sexes, with the deaths of males being most
prevalent in July and the deaths of females being most prevalent in September (Figure 3A).
We divided causes of death into two categories: road traffic death and non-traffic-related
death. There was a clear sex difference in this cause of death, with male samples being
more likely to have died in traffic than females (Figure 3B). A sex difference was detected
in the timing of the “peak death” month for non-traffic-related deaths (Figure 3C). For
non-traffic-related deaths, males peaked earlier (July) than females (September), but for
traffic deaths, the peaks were synchronous (July).

3.2. The Influence of Habitat Type (Urban/Rural) and Sex on the Amount of Road-Killed
Individuals

Of the 369 dead individuals with precise geolocation information, 49.6% (183) were
found in urban habitats and 50.4% (186) were found in in rural habitats, with a further
relatively even distribution of individuals dying in urban or rural habitats when cate-
gorised into males and females (Figure 4). Of the 206 road-killed individuals with known
geolocations, 37.5% (78) died in urban habitats and 62.5% (130) died in rural habitats, with
approximately the same pattern showing when looking at the sexes separately.
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Figure 3. Proportion of deaths across the months of the year, disaggregated by sex (A): red colour
represents females and blue colour represents males. Cause of death disaggregated by sex (B): orange
colour is for traffic deaths and green colour is for non-traffic deaths (in-care, dying of other causes in
the wild). Deaths disaggregated by both month and sex (C): red colour represents females and blue
colour represents males.

Figure 4. An overview of the dataset showing whether the 369 hedgehogs with geolocations died
in rural (barn symbol) or urban (high-rise buildings symbol) habitats, divided into categories of
all sexes, including the individuals of unknown sexes (hedgehog symbol), and each separate sex,
respectively, including percentage representation of the 208 geolocated traffic-related deaths for each
sex and habitat type (urban/rural).

3.3. The Effects of Genetic Heterozygosity on Age-at-Death

The mean inbreeding score, observed individual heterozygosity (iHO), was 0.240
(SD = 0.074), which indicates a moderate degree of inbreeding. There was no significant as-
sociation between inbreeding and age-at-death (all animals: quasi-Poisson GLM, t = −0.344,
residual d.f. = 149, p = 0.798; males only: quasi-Poisson GLM, t = 0.272, residual d.f. = 76,
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p = 0.785; females only: quasi-Poisson GLM, t = −0.271, residual d.f. = 48, p = 0.786)
(Figure 5).

Figure 5. The relationship between individual heterozygosity (iHO) and age-at-death of the hedge-
hogs studied (N = 151) is not statistically significant. The red points represent females, the blue points
males, and the grey points unknown sex. The line and ribbon represent the fitted model without sex
included (sex does not influence the fit).

3.4. Exploring the Association between Age-at-Death and Degree of Inbreeding, Cause of Death
(Traffic/Non-Traffic), and the Interaction between Them

The results showed no significant interaction between the cause of death and the
degree of inbreeding (quasi-Poisson GLM: t = −0.321, d.f. = 147, p = 0.749), indicating that
the effect of inbreeding was independent of the cause of death. Although the age-at-death
tends to be a little higher in hedgehogs killed in traffic (1.972 years; 95% CI [1.667–2.277])
compared to those dying by other causes (1.645 years; 95% CI [1.333–1.957]), it is not
significantly so (quasi-Poisson GLM: t = 1.481, d.f. = 386, p = 0.139).

3.5. Life Table Analyses

The life table calculations for males (Table 3) and females (Table 4) showed that life
expectancy at age 0 (ex) was 2.6 years for males and 2.1 years for females, indicating that
newborn male hedgehogs can expect a 24% longer life than females.

The empirical survivorship and hazard trajectories (also known as mortality rate or
death rate curve) showed a classic Type II survivorship for males and a Type I survivorship
curve for females (Figure 6A). Type II survivorship is indicative of a constant risk of death
with age while Type I is indicative of an increasing risk of death with age (Figure 6B),
indicating that the risk of death in males is approximately constant despite increasing age
and the risk of death in females increases with age.
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Table 3. An empirical life table for male hedgehogs. Nomenclature follows Jones [73]: x: the exact
age at the start of the interval; n: the length of the interval in person-years (the difference between the
values of x in consecutive rows); lx: the number of individuals entering the interval at age x, with
the first entry being the number of individuals in the entire cohort and subsequent entries being the
number surviving to each age (x); ndx: the number of individuals dying between ages x and x + n;

nqx: the probability of dying, calculated as ndx/lx; npx: the probability of surviving, calculated as 1
− (ndx/lx);nLx: person-years lived between ages x and x + n; Tx: person-years lived above age x; ex:
life expectancy from age x; nmx: death rate in the cohort between ages x and x + n; nax: the average
number of years lived in the time interval by those dying in the time interval, was assumed to be
0.5 throughout.

x lx ndx nqx npx nLx Tx ex nmx nax

0 177 43 0.243 0.757 155.5 460.5 2.602 0.277 0.5
1 134 54 0.403 0.597 107.0 305.0 2.276 0.505 0.5
2 80 23 0.287 0.713 68.5 198.0 2.475 0.336 0.5
3 57 29 0.509 0.491 42.5 129.5 2.272 0.682 0.5
4 28 6 0.214 0.786 25.0 87.0 3.107 0.240 0.5
5 22 7 0.318 0.682 18.5 62.0 2.818 0.378 0.5
6 15 8 0.533 0.467 11.0 43.5 2.900 0.727 0.5
7 7 0 0.000 1.000 7.0 32.5 4.643 0.000 0.5
8 7 0 0.000 1.000 7.0 25.5 3.643 0.000 0.5
9 7 2 0.286 0.714 6.0 18.5 2.643 0.333 0.5

10 5 2 0.400 0.600 4.0 12.5 2.500 0.500 0.5
11 3 1 0.333 0.667 2.5 8.5 2.833 0.400 0.5
12 2 0 0.000 1.000 2.0 6.0 3.000 0.000 0.5
13 2 1 0.500 0.500 1.5 4.0 2.000 0.667 0.5
14 1 0 0.000 1.000 1.0 2.5 2.500 0.000 0.5
15 1 0 0.000 1.000 1.0 1.5 1.500 0.000 0.5
16 1 1 1.000 0.000 0.5 0.5 0.500 2.000 0.5
17 0 0 - - - 0.0 - - 0.5

Table 4. An empirical life table for female hedgehogs. Nomenclature follows Jones [73]: x: the exact
age at the start of the interval; n: the length of the interval in person-years (the difference between the
values of x in consecutive rows); lx: the number of individuals entering the interval at age x, with
the first entry being the number of individuals in the entire cohort and subsequent entries being the
number surviving to each age (x); ndx: the number of individuals dying between ages x and x + n;

nqx: the probability of dying, calculated as ndx/lx; npx: the probability of surviving, calculated as 1
− (ndx/lx);nLx: person-years lived between ages x and x + n; Tx: person-years lived above age x; ex:
life expectancy from age x; nmx: death rate in the cohort between ages x and x + n; nax: the average
number of years lived in the time interval by those dying in the time interval, was assumed to be
0.5 throughout.

x lx ndx nqx npx nLx Tx ex nmx nax

0 109 39 0.358 0.642 89.5 231.5 2.124 0.436 0.5
1 70 21 0.300 0.700 59.5 142.0 2.029 0.353 0.5
2 49 15 0.306 0.694 41.5 82.5 1.684 0.361 0.5
3 34 18 0.529 0.471 25.0 41.0 1.206 0.720 0.5
4 16 9 0.562 0.438 11.5 16.0 1.000 0.783 0.5
5 7 6 0.857 0.143 4.0 4.5 0.643 1.500 0.5
6 1 1 1.000 0.000 0.5 0.5 0.500 2.000 0.5
7 0 0 - - - 0.0 - - 0.5
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Figure 6. Empirical survivorship curves (A) and mortality rates (B) for male and female hedgehogs,
calculated using standard life table methods.

4. Discussion

This research elucidated several interesting results describing the population dynamics
of European hedgehogs, which will be applicable for the preparation of future conservation
strategies for the declining population of this species. By counting the periosteal growth
lines and creating life tables, we found a mean age for all individuals of 1.8 years, 1.6 years
for females and 2.1 years for males, as well as 2.1 years for females and 2.6 years for
males, respectively, the latter measured as the life expectancy at age 0, indicating that male
hedgehogs live longer than females. We found that male hedgehogs were more likely to
have died in traffic than females but that traffic-related deaths peaked in July for both
sexes. A sex difference was detected in the timing of the “peak death” month for non-traffic
deaths, as males peaked earlier (July) than females (September). Based on the life tables,
we created empirical survivorship curves and hazard curves indicating that the risk of
death in males is more or less constant despite increasing age and the risk of death in
females increases with increasing age. We found a 50/50 distribution of hedgehogs dying
in urban and rural habitats, with a further relatively even distribution of individuals dying
in urban or rural habitats when categorised into males and females. Focusing on road-killed
individuals, we found that approximately one-third of the individuals (37.5%; 78) died in
urban habitats and two-thirds (62.5%; 130) died in rural habitats, with roughly the same
pattern showing when looking at the sexes separately. Finally, we detected no significant
association between the degree of inbreeding and age-at-death or between the degree of
inbreeding and cause of death.

4.1. Periosteal Growth Lines

Periosteal growth lines are excellent instruments for age determination, but the method
comes with certain caveats which should be considered when interpreting results [45].
Firstly, it is important to be aware that some growth lines may not represent hibernation
but perhaps a period of stress for the animal, where the bone growth may be reduced
or stopped altogether [74]. These so-called accessory lines tend to be less visible than
hibernation lines after the staining of the jawbone sections. Secondly, the growth lines may
be absent in cases where the individuals do not hibernate. This statement is supported
by Morris [41], who noted that a young hedgehog kept active and well-fed throughout
winter, and which did not hibernate, failed to form any growth line in the bone. This means
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that the assessment of periosteal growth lines is not appropriate for age determination in
hedgehogs that do not hibernate, such as many individuals in New Zealand [75]. This
problem may be increasingly relevant in other populations too. For example, in recent
years during exceptionally mild winters, hedgehog rehabilitators in the UK and Italy have
recorded much more activity among hedgehogs during periods where they were supposed
to be hibernating.

It is currently unknown how much activity it takes to prevent the growth lines from
forming and whether additional growth lines could form when individuals experience
interrupted hibernation (e.g., if an individual’s winter hibernation is split into two hiber-
nation periods by an active period caused by disturbance). Because these factors may
compromise the validity of the age determination method, it is important to keep them
in mind when interpreting the results. In the current Danish climate, it would be highly
unlikely that hedgehogs would remain active throughout winter, and to our knowledge
non-hibernation in these animals has never been recorded in Denmark, despite ad libi-
tum winter food availability at local feeding stations in residential gardens. Studies of
hibernation in Danish hedgehogs have failed to provide evidence of extended periods of
activity between multiple distinct periods of dormancy [33,38,76,77]. Nevertheless, it is
possible that during recent years with the extremely mild winter conditions, and therefore
periods of potential food availability, the hedgehogs may have become active for longer
periods in Denmark as well. The current study benefitted from having a large sample size
consisting mainly of individuals aged 0 and 1 years (n = 109 and n = 115, respectively)
with known dates of death. In addition to the jaw bones being markedly smaller than
those of adult hedgehogs, we could simply cross-check the growth line count with the
age-at-death determined by other means. For example, we know that juveniles are almost
all born in late July or during August in Denmark and that females may produce second
litters which are born from September to late October [33]. This clearly indicated that small
individuals with no visible growth lines, killed in the autumn of 2016, were certainly less
than one year old. In the cases where a single growth line was detected, we studied the
death date of the individual to determine whether it had reached the age of one year (death
before or after June 2016). In none of the cases where we counted growth lines in small jaw
bones, which were easily recognisable as being from juveniles or subadults, did we detect
more than one clear growth line. Therefore, based on this knowledge, we have concluded
that hedgehogs in our study were unlikely to have formed accessory growth lines during
the hibernation period. However, what we cannot conclude is whether the reason was a
lack of activity during winter or that they simply did not form extra growth lines in cases
where the hibernation had been interrupted for a longer period of time. Further research of
the dormancy period required for bone deposition to become slow enough to allow the
formation of growth lines is required.

Our estimate of a mean age-at-death of 1.8 years is roughly equivalent to the findings
of previous studies (presented in Table 1), ranging from 0.4 years to 3.3 years with a median
of 2. However, several of these studies excluded individuals aged <1 year. If the individuals
<1 year (109) were excluded from the present dataset, the mean age-at-death would be
2.5 years (279). Additionally, it should be noted that the previous studies used four different
age determination methods, which could lead to a variation among results. Furthermore,
the method of age determination would suggest that we have recorded the oldest confirmed
European hedgehogs among our samples (11, 13, and 16 years), with previous research
discovering a maximum age of 9 years [50]. This could be explained by our larger sample
size (388) compared to the range of 62–244 individuals in previous studies (see Table 1),
with a median of 97 hedgehogs and a mean of 112 hedgehogs ± 95% CI (87,136)

4.2. Timing and Cause of Death

Although our study used a large sample size of dead hedgehogs collected by volun-
teers throughout the whole of Denmark from May to December 2016, we must be aware
of the potential bias in the distribution of roadkill per calendar month, because the public
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awareness of the project gradually built up as more news features were launched during
the year. There is also potential bias in the cause of death among the hedgehogs because the
road-killed individuals are easier to find than those with natural death and did represent a
majority of the sample size.

Our results indicate that male hedgehogs are more prone to death in traffic than
females, especially during the mating season, which is usually in June and July, but some-
times extends into August, in Denmark [33]. This is explained by the fact that males tend to
have larger home ranges than females [10,33,36] and likely move over larger areas bringing
them into contact more frequently with roads and road traffic. Previous research has also
demonstrated that male hedgehogs tend to cross roads more often than females [29]. It
is notable that the home ranges of males, but not females, increase during the mating
season [33], which would exacerbate the male–female difference. However, traffic deaths
were also higher for females during July and August, which includes the mating season,
probably because they also tend to move over relatively larger areas in the search for mates,
although not to the same degree as males [10,33,36]. Females may increase movements,
and thus road-crossing behavior, during these periods to either search for mates or forage
more widely during lactation. Previous research on traffic deaths of Danish wildlife in
1957–1958 and 1964–1965 [78], showed similar patterns: of 178 road-killed hedgehogs, most
deaths occurred in October (66, i.e., 37%), and counts from July to September showed
approximately 30 individuals per month (17% per month). This means that collectively
July–October was the most dangerous time of the year for hedgehogs. These earlier results
contrast with the present study where we found that road-kill deaths were concentrated
in June–September, with a clear peak in July. A possible explanation for this difference
between the studies could be that only a few road-killed hedgehogs were counted in May
during the years of 1957–1958 and 1964–1965 (3), indicating that the hedgehogs may have
become active after hibernation considerably later during those years compared to 2016,
when the samples from the present study were collected, and that this delay could have
influenced the results. Furthermore, Hansen [78] was limited to a local scale compared
to the present study which represented road kills from all over Denmark. In comparison,
Holsbeek, et al. [79] also found a peak in the number of road-killed hedgehogs during July,
in Belgium, with a large sample size of 1281 road-killed hedgehogs in 1995–1996. Another
possible influence potentially adding to the peak in road-killed individuals collected during
the summer could be the longer daytime hours, making the hedgehog cadavers more
visible to the volunteers collecting them.

Of the non-traffic-related deaths, incidences peaked in July for males and August and
September for females, which is likely explained by the physical exhaustion caused by the
mating season leaving males more vulnerable to infections, starvation, and dehydration at
this time. This is evidenced by the fact that male hedgehogs are commonly brought into
care during this period. There was a clear increase in non-traffic-related deaths among
females in August and September. This is likely associated with greatly elevated energetic
costs during lactation and compounded by parental care responsibilities and, consequently,
the associated reduced time allocated to foraging. In September, the higher death rates
could also be explained by a reduced body, and general health, condition after raising
the young.

4.3. Testing the Influence of Habitat Type (Urban/Rural) and Sex on the Number of Road-Killed
Individuals and Using Data on Road-Killed Individuals for Population-Level Research

Monitoring patterns and trends in road-kill data can be useful for many ecological
purposes including tracking population trends, mapping native and invasive species distri-
butions, studying animal behaviour, and monitoring pollutants and wildlife disease [80]. In
European hedgehogs, longitudinal studies have highlighted a drastic population decline in
the UK [20,81]. Estimating and understanding the risk of death experienced by individual
animals requires a carefully planned and well-controlled study. It is well known that
road-kill data include potential sampling biases as simple counts of dead individuals do
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not provide valid information about the probability of hedgehogs being killed in traffic.
Risk calculations require both the numerator (number killed) and denominator (number
exposed to risk). Nevertheless, the spatial pattern of road-kill risk is certainly closely related
to hedgehogs’ live distribution, indicated by significant live distribution–road-kill overlap
in a UK study [82].

Another potential bias in our dataset is the relatively large proportion of males in
our sample of road-killed individuals. Unfortunately, we are not aware of the spatial
distribution of males versus females, so this pattern could be caused by there being more
males in the sampled populations. Alternatively, it is possible that males are more prone to
taking risks such as crossing roads [83]. Male hedgehogs have larger home ranges than
females [84–86], and their home ranges appear to be larger in rural areas compared to
urban [33], so by traveling further the males may be more exposed to being killed on
roads, especially in landscapes that are heavily fragmented by roads. This line of thinking
supports the results from previous studies on hedgehog road casualties, where a higher
proportion of males were recorded [87–89], and is consistent with our own dataset.

The tendency in our dataset for rural areas to have a higher proportion of road-kill
deaths is interesting. There are numerous potential explanations for this observation. It
could for example be due to a sampling bias whereby rural cadavers may have remained
intact on rural roads that have lighter traffic [90], leaving them easier to collect. Alterna-
tively, our result could be explained by differences in road crossing behaviour between
urban and rural areas. This idea is supported by previous studies, which have shown that
hedgehogs tend to cross smaller and less busy roads more frequently, leading to a higher
proportion of hedgehogs being killed in traffic on the smaller rural roads [29,88,89,91–93].
Kent, Schwartz and Perkins [82] also found that hedgehog road-kill risk was reduced at
high urbanity levels. Other factors, such as speed of traffic, type and width of the road, and
density of scavenger species that could move the carcass before collection, may all have
influenced the results in terms of the distribution of road-killed individuals between urban
and rural habitats. Slater [94] documented that simple counts of wildlife corpses found
on roads are severe underestimates of the actual road casualty rate, with death rates up to
12–16 times that observed by simply counting corpses, due to the removal of carcasses by
scavengers. The removal rates depend on different factors such as species of scavengers,
road structure, road traffic, season, time of day, and weather conditions. In a study on the
influence of scavengers on road-kill data, Ratton, et al. [95] found that 89% of carcasses
were removed by scavengers in the first 24 h and 66% were removed within 12 h. This
could potentially have caused a sampling bias in our dataset, as scavengers increasingly
tend to inhabit urban areas [96]. Other factors which may have influenced the sampling of
the present dataset through citizen science could be the number of people that would see
the hedgehog carcass and the probability that they would collect the carcass, which is con-
tingent upon the ease of collection related to road type, safety, and the state of the carcass
after being run over. Lastly, several factors intrinsic to the hedgehog population could also
have influenced the sampling, such as population density, population structure (age/sex),
and behaviour including avoidance and acclimatisation to traffic. When considering all
these different factors, it would be possible to invent many scenarios that would produce
the observed results, even if there were no differences in individual risk between rural and
urban settings.

It is a general challenge to properly interpret data from sample sets of wildlife casu-
alties, as there will always be biases connected to the collection of samples, not only for
road-kill data. Another example could be bycatch and stranding data of marine mammals,
because one must ask whether the sample is representative of the wild population in gen-
eral and whether there is a tendency for individuals of certain categories of, e.g., age, sex,
or even degree of boldness to become stranded. Regardless of the limitations mentioned,
the conclusion must be that it is still preferable to work with the available data compared
to having no research at all, and to interpret these datasets with caution, being aware of
and articulating the potential caveats when presenting the results.

136



Animals 2023, 13, 626

4.4. The Effects of Genetic Heterozygosity on Longevity

From a conservation perspective, it was a positive discovery that the degree of in-
breeding did not seem to influence the longevity of European hedgehogs, because previous
research has found that Danish hedgehogs have low genetic heterozygosity [31,32], which
is indicative of a high degree of inbreeding. A high degree of inbreeding could lead to
inbreeding depression including hereditary, and potentially lethal, health conditions in the
hedgehogs [97].

4.5. Exploring the Association between Age-at-Death and Degree of Inbreeding, Cause of Death
(Traffic/Non-Traffic), and the Interaction between Them

We found a tendency for age-at-death to be a little higher in hedgehogs killed in traffic
compared to hedgehogs dying from other causes (in-care, natural causes in the wild), but
the results were not significant. This difference could be influenced by the large number of
orphaned juvenile hedgehogs dying in care in the sample set, constituting 59% (51/86) of
the individuals in the category “dying in care”. Furthermore, males in the study were more
likely to have died in traffic and showed a higher age-at-death than females, which could
also have influenced the results.

4.6. Life Table Analyses and the Life Expectancy of Females and Males

Our life table analyses showed that life expectancy at age 0 (ex) was 2.6 years for males
and 2.1 years for females. During the manual calculation of periosteal growth lines, we
also found that all individuals >6 years were males. In the age determination study, the
mean age was 1.8 years, which is lower than the results of the life table analyses. This
is likely caused by the inclusion of a large number of individuals of unknown sex in the
age determination study (27/109 individuals aged 0 years and 40/115 individuals aged
1 year out of a total sample size of 388 individuals) compared to the life table analyses only
including individuals of known sex.

Our study revealed that male hedgehogs are more prone to death in traffic than
females, especially during the mating season, but they also appear to live longer than
females. This is surprising given that road traffic is thought to be a major cause of hedgehog
deaths [25,87,98]. The mean age-at-death of road-killed individuals was higher (2.1 years)
than that for the categories of non-traffic deaths (2.0) and individuals dying in care (1.3).
Therefore, it is not surprising that males (87, 69.6%), which were more likely to be road-
killed than females (38, 30.4%), also had a higher age-at-death than females. A large
proportion of the hedgehogs dying in care are orphaned hoglets, which likely explains the
lower age-at-death for this category of individuals.

Previous research on the life span of European hedgehogs has had mixed findings,
with some studies of relatively balanced, or equal, male–female ratios showing that females
have a longer life span [50–52,54] and others concluding that males live longer [49,53,55,61].
One possible explanation for the difference in life expectancy between male and female
hedgehogs in the present study could be the larger sample size of males compared to
females, which may have introduced a bias by increasing the likelihood of longer-lived
individuals in the larger sample of males.

However, with these potential biases set aside, the finding that males live longer than
females is surprising, because females of other vertebrate species, including humans, tend
to live longer than males [99,100]. Clutton-Brock and Isvaran [100] found that reduced
longevity in adult males compared to females is common in polygynous vertebrate species
due to an earlier onset and more rapid progression of senescence in males, with a possible
explanation for this being the intense intra-sexual competition for breeding opportunities
between males in polygynous species. This is supported by Trivers [101], suggesting that
the higher mortality of males in polygynous mammals is driven by the larger potential
reproductive benefits of winning competitive encounters for males than females, and that
the behavioural traits which are thought to enhance competitive success usually trade
off against survival. According to Clutton-Brock and Isvaran [100], the magnitude of sex
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differences in life expectancy is determined by the degree of sex differences in the duration
of effective breeding (DEB), defined as the period over which individuals are likely to breed
successfully, causing the sex differences in aging and adult longevity to be more pronounced
in polygynous species. However, DEB does not seem to be lower in male European
hedgehogs compared to females. Furthermore, European hedgehogs are polygynandrous,
as both males and females mate with several partners [10,36], which means that the males
are not territorial and have no harems to protect, decreasing the intra-sexual competition
compared to polygynous species. The male hedgehogs do occasionally fight each other
for the right to mate with a female, which can lead to injuries and other fitness costs.
However, at the same time, the hedgehogs are solitary, and the males do not take part in
the rearing of offspring [10,36], which could potentially give the males an important fitness
advantage compared to the females. In badgers, Meles meles, another polygynandrous
mammal species, which are intraguild predators of, and share habitats with, European
hedgehogs [26], males show higher body mass senescence rates compared to females [102].
The authors found that this sex difference was largely caused by the negative fitness effects
of the intensity of intra-sexual competition in males, especially that experienced during
early adulthood. Male European badgers explore mating opportunities both within and
among social groups, which leads to a high rate of extra-group paternity [103] with a higher
incidence of bite-wounding and mortality among males, suggesting that the intra-sexual
reproductive competition is more intense among males than females [104]. Macdonald,
et al. [105] detected no significant sex-bias in badger mortality rate, and Sugianto, et al. [106]
found that badgers showed similar senescence schedules (somatic and hormonal) between
the sexes, in the same study population. This difference in longevity among sexes compared
to hedgehogs could therefore be explained by the fact that male badgers experience higher
levels of intra-sexual competition, often live in complex social groups, and appear to take
part in the rearing of the young, with some female individuals even showing alloparental
behaviour [107]. These contrasting factors compared to hedgehogs highlight our previously
mentioned possible explanations for the male-biased difference in longevity in hedgehogs.

4.7. Life Expectancy, Risks, and the Effects on Breeding

Our counting of periosteal growth lines and the life table analyses showed slightly
different results. Our analysis using periosteal growth lines showed a mean life expectancy
of 1.8 years overall (including individuals of unknown sex), with 1.6 years for females and
2.1 years for males. Discovering that the hedgehogs, on average, reach an approximate
age of two years in Denmark is positive in the sense that these individuals will have the
opportunity to take part in two mating and breeding seasons during their life time, since
most individuals will become sexually mature during their second summer (aged one
year) [10,36]. This is an important insight into the population dynamics of hedgehogs, as
this will in theory positively influence the population growth rate and hence the survival
of the population.

We saw a high proportion of individuals dying at the age of one year (n=115/388,
30%). Fortunately, our data also showed that if the individuals survived this life stage,
they could potentially live to become 16 years old and contribute to the production of
offspring for several years, compared to individuals dying at an earlier age. This hurdle of
surviving over the age of two could be tied with risks that are particularly high for younger
hedgehogs. Recently published research based on the same sample set showed that the
endoparasite occurrence in hedgehogs aged one year was significantly higher (n = 52/58,
90%) compared to that of hedgehogs of two years of age (n = 20/31, 65%) [108]. It may
also be the case that individuals gradually gain more experience as they grow older. If the
individuals have managed to survive to reach the age of two years or more, they would
have likely learned to avoid dangers such as cars and predators and have established good
nests and foraging routines throughout their home range [109].
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5. Conclusions

Analysing this comprehensive dataset of the Danish population of European hedge-
hogs, we found that the mean age-at-death of all individuals was 1.8 years, 1.6 years for
females and 2.1 years for males, through the counting of periosteal growth lines. The
age-at-death ranged from 0 to 16 years, and the hedgehog reaching 16 years is currently the
oldest scientifically documented individual of the species. Our actuarial life tables showed
that life expectancy at age 0 (ex) was 2.6 years for males and 2.1 years for females. The
results of both methods indicate that male hedgehogs live longer than females in terms
of maximum recorded life span, which stands in contrast to most other mammal species.
The fact that an average hedgehog reaches an approximate age of two years in Denmark
means that most individuals will have the opportunity to take part in at least two breeding
seasons during their lifetime.

Future work could use our results, alongside additional data on age-specific repro-
ductive output data, to construct matrix population models that could be used for more
robust modelling of European hedgehog populations. These would indicate whether or
not the populations of hedgehogs are in decline, enabling an evaluation of the conser-
vation status of the European hedgehog. However, in spite of the great concern for the
populations in more recent times, we do not yet have sufficient demographic data to ade-
quately determine the demographic health of the population through a population matrix
model. We would therefore like to address a need for representative demographic data
on age/stage-specific survival and fecundity to be able to assess the current demographic
trends of European hedgehogs.

In conclusion, the various findings of this study have improved our understanding
of the basic life history of hedgehogs in Denmark. This information, and in particular
the mortality trajectories of males and females, will eventually generate improved mod-
elling of population dynamics to inform the important conservation management for this
declining species.
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Simple Summary: Hedgehogs (Erinaceus europaeus) have declined markedly in the UK in recent
decades. One key stage that could affect their population dynamics is the annual winter hibernation
period. Therefore, we studied two contrasting populations in England to examine patterns of winter
nest use, body mass changes and survival during hibernation. On average, animals at both sites
weighed the same prior to, and used the same number of nests, during hibernation. There was a
marked difference in survival rates between the two sites, but no animals died during hibernation;
all deaths occurred prior to or after the hibernation period, mainly from predation or vehicle collisions.
Hedgehogs consistently nested in proximity to some habitats (hedgerows, roads, woodlands) but
avoided others (pasture fields); the use of other habitats (arable fields, amenity grassland, buildings)
varied between the two sites. These data suggest: (i) that hibernation was not a period of significant
mortality at either site for individuals that had attained a sufficient weight (>600 g) in autumn;
but that (ii) habitat composition did significantly affect the positioning of winter nests, such that
different land management practices (historic and current) could influence hibernation success.

Abstract: The West-European hedgehog (Erinaceus europaeus) has declined markedly in the UK.
The winter hibernation period may make hedgehogs vulnerable to anthropogenic habitat and climate
changes. Therefore, we studied two contrasting populations in England to examine patterns of
winter nest use, body mass changes and survival during hibernation. No between-site differences
were evident in body mass prior to hibernation nor the number of winter nests used, but significant
differences in overwinter mass change and survival were observed. Mass change did not, however,
affect survival rates; all deaths occurred prior to or after the hibernation period, mainly from predation
or vehicle collisions. Hedgehogs consistently nested in proximity to hedgerows, roads and woodlands,
but avoided pasture fields; differences between sites were evident for the selection for or avoidance
of arable fields, amenity grassland and buildings. Collectively, these data indicate that hibernation
was not a period of significant mortality for individuals that had attained sufficient weight (>600 g)
pre-hibernation. Conversely, habitat composition did significantly affect the positioning of winter
nests, such that different land management practices (historic and current) might potentially influence
hibernation success. The limitations of this study and suggestions for future research are discussed.

Keywords: Erinaceus europaeus; farmland; habitat fragmentation; hedgerow; hibernacula; hibernation;
mammal; nest
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1. Introduction

Agricultural intensification and climate alteration are two anthropogenic processes that have
profound impacts on natural ecological systems [1–7]. The effects arise from a wide range of underlying
causal factors including: habitat destruction, fragmentation and degradation [8,9]; the introduction of
livestock, diseases and non-native biological control agents [10–14]; the management of wildlife where
they conflict with human interests [15–18]; the application of chemical biocides [19]; and changes
in the phenology of key biological events [20,21]. Collectively, these factors have led to the decline,
extirpation and extinction of large numbers of species [22–27], but also increases in the abundance and
geographic range of others (e.g., [28,29]).

One group of species that might be expected to be particularly affected by agricultural practices
and changing climatic conditions are hibernators [30–33]. Hibernation has typically evolved to
enable species to survive periods of prolonged food shortages by dramatically reducing levels of
energy expenditure [34,35]. One consequence of this is that hibernating species tend to have slower
reproductive rates [36], potentially increasing their long-term vulnerability to human activities.

The West-European hedgehog (Erinaceus europaeus, hereafter ‘hedgehog’) is a medium-sized
(<1.2 kg) insectivorous mammal found from the Iberian Peninsula and Italy northwards into
Scandinavia [37]. In Britain, hedgehogs were historically found throughout a broad range of
agricultural landscapes [38–41], but rural populations have declined markedly in recent decades [42–44].
Consequently, hedgehogs are now increasingly found within areas of human habitation in this
country [45–47] and elsewhere
mboxciteB48-animals-891721,B49-animals-891721. Associated with this decline has been a substantial
reduction in the availability [50] and quality [51–53] of hedgerows, an important habitat for foraging [54],
dispersal [55] and refuge [56], and a substantive increase in the numbers of badgers (Meles meles) [57,58],
an intra-guild predator [59].

During hibernation, hedgehogs face specific challenges. First, they need to accumulate sufficient
fat reserves to survive for a period of many months; in Britain, hedgehogs typically hibernate from
October/November to March/April [37], although the exact timing is dependent upon a combination of
both temperature and food availability [60]. Second, they need to find enough appropriate building
material(s) to construct a hibernaculum that will maintain the environment within the nest at an
appropriate temperature; nests are preferentially constructed from the leaves of broadleaved trees [61].
Third, the habitat must be sufficiently diverse that it offers a range of nesting locations in close proximity
to one another so that an individual can relocate safely if necessary. In addition, by nesting at ground
level, hedgehogs are susceptible to a range of other factors such as flooding, trampling by livestock,
and disturbance by e.g., land managers, walkers and domestic dogs (Canis familiaris). Finally, changes
in temperature patterns throughout winter may cause hedgehogs to rouse from hibernation when
natural food availability is limited.

Hibernation success is, therefore, dependent on several factors, all of which may be negatively
affected by agricultural intensification and/or climate change. For example: hot dry summers,
soil compaction from heavy machinery and the application of pesticides and molluscicides may all
reduce food availability prior to hibernation and, therefore, limit the ability of animals to acquire
sufficient fat reserves to successfully complete hibernation; habitat loss and degradation may limit the
number of suitable sites for hibernacula, meaning that hedgehogs may be forced to use alternative
locations/habitats where preferred nesting materials are not available or where the risk of disturbance
is greater; and warmer, wetter and/or more variable winters may cause animals to rouse more often
and move between nests more frequently thereby depleting fat reserves and increasing susceptibility
to some forms of mortality. Ultimately, such effects would be evident as: reductions in body mass
before, and increased mass loss during, hibernation; an increase in the number of winter nests used and
their placement in the environment; and an increase in over-winter mortality rates. These parameters
would be expected to vary between areas undergoing different types of land management practice,
and potentially between sexes (e.g., females may enter hibernation in poorer condition because of the
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energetic burden of rearing offspring, whilst males may finish hibernating earlier so that they can put
on weight before the mating season).

Given the wide range of ways in which human activities could affect this phase, hibernation could
represent a key critical period in the dynamics of hedgehog populations [62,63]. Despite its potential
importance, little research has been conducted on the hibernation behaviour of hedgehogs in Britain in
the last 40 years [37,64]. Therefore, in this study, we radio-tracked hedgehogs at one arable-dominated
and one pasture-dominated site in England over the hibernation period to quantify differences in:
(i) the number of winter nest sites used; (ii) patterns of habitat selection for nests; (iii) over-winter
survival rates; and (iv) over-winter changes in body mass.

2. Materials and Methods

Data were collected from: (1) the Brackenhurst Campus (332 ha) of Nottingham Trent University,
Nottinghamshire, UK (National Grid reference: SK695523); and (2) Hartpury University and College
campus (339 ha), Gloucestershire, UK (National Grid reference: SO785237). Both sites were mixed
commercial farms alongside a university campus, managed under the Entry level Environmental
Stewardship Scheme [65]. Brackenhurst is dominated by arable fields (68.7%), with pasture fields,
amenity grassland and woodland covering 24.4%, 1.9% and 2.7% of total land area, respectively.
In contrast, Hartpury is dominated by pasture (34.8%) and amenity grassland (16.8%), with higher
woodland (8.0%) and lower arable (30.8%) coverage than at Brackenhurst. Hedgerow length at each site
is 27.1 km (Brackenhurst) and 16.9 km (Hartpury). Badgers were present at both locations: based on
the numbers of setts at each site, and the frequency with which they have been photographed on
motion activated trail cameras, badger density was considered comparable between the two locations.
Hedgehog densities estimated in 2017 using two different methods (random encounter model based
on data from trail cameras; spatial capture-recapture based on the capture history of animals along
standardized transect routes) were 5.6–9.4 km−2 at Brackenhurst and 4.3–12.5 km−2 at Hartpury [66].

Fieldwork was conducted from August 2015–May 2016 and August 2016–May 2017, inclusive.
Hedgehogs were captured by hand at night under licence from Natural England (ref: 20130866-0-0-0-3)
using a 1-million candlepower spotlight to systematically search arable fields, pasture fields and areas
of amenity grassland. Sites were surveyed at least twice per week during August and September.
Once captured, animals were sexed, given a visual health check and weighed using digital scales
(Salter 1035 platform scales, Salter, UK). Healthy animals weighing ≥600 g were fitted with a VHF
radio transmitter (10 g: <2% of body mass; Biotrack Ltd., Wareham, UK) glued to a region of clipped
dorsal spines. All animals, regardless of body mass, were marked with coloured heat shrink tubing
attached to 10 dorsal spines in a unique location; tubing was attached using a portable soldering iron.
The capture location was recorded with a handheld GPS unit (Garmin GPS 60, Garmin, UK). Animals
were released at the point of capture, typically within 15 min.

2.1. Nesting Behaviour

Determining the onset of hibernation for each individual using radio-tracking is difficult. Previous
authors have tended to use either a criterion based on the number of successive days a single nest
was used, although these have been variable (e.g., seven days [67], one month [68]), or based upon
a defined time period [64]. In this study, the latter approach was used as it was not possible to
definitively identify the onset of hibernation based upon patterns of nest use alone (see Results) and
because it was plausible that hibernating animals may have moved nests following e.g., disturbance by
human activities.

Consequently, radio-tracking data were divided into three phases in line with the time periods
defined by Yarnell et al. [64]: August–October (pre-hibernation); November–March (hibernation
period); and April (post-hibernation). In the pre-hibernation phase, animals were located one night
each week to record body mass and check transmitter attachment, and once per week during the
day to determine the position of nests. In the hibernation phase, animals were located two-three
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times each week to determine the position of nests: searches were a minimum of two days apart.
Radio-tracking was conducted using a Sika radio-tracking receiver and handheld, three element Yagi
antenna (Biotrack).

The location of nests was recorded with a GPS unit and marked with a cane close to the nest
for future identification. The position of nests was considered in the context of its specific location
(e.g., in an animal burrow, hedgerow, next to or underneath a building) and the surrounding habitats
(e.g., gardens, pasture, woodland). Where possible, nests were examined once they had been vacated
to identify the dominant and secondary nesting materials. After examination, all nest material was left
in position for future use, as hedgehogs have been found to return to nests or to occupy those of other
individuals [69].

The number of nests used by each hedgehog was calculated for the time period 1 November–31 March
inclusive. Where an individual had not been tracked before 1 November (n = 3) or up to 31 March
(n = 3), one extra nest was added to the actual number recorded in line with the pattern of nest
use observed for other animals. Differences in the number of nests used by males and females
within and between the two sites were analysed using a Kruskal–Wallis test as the data were not
normally distributed.

Patterns of habitat selection for winter nests were quantified by comparing the characteristics
of observed (used) nest locations with those of randomly selected locations within the area available
to hedgehogs. Data for each site were analysed separately. The available area was defined as the
minimum convex polygon (MCP) encompassing all the diurnal and nocturnal locations from all
hedgehogs radio-tracked during the study period at that site; this was used to incorporate areas outside
each individual’s home range [70], and is a more objective reflection of the area used by each hedgehog
population collectively than an arbitrarily predefined study area [71]. Available nest locations were
randomly sampled (10 times the number of used locations) within the MCP for each study area to
create an available versus used dataset. The habitat characteristics of used and available nest locations
were obtained by calculating the minimum Euclidian distances to each of the seven main land cover
types (amenity grassland, arable fields, buildings and associated hard-standing (hereafter ‘buildings’),
hedgerows, pasture fields, roads and road verges (hereafter ‘roads’), woodland) found in both areas.
All GIS analyses were carried out using ArcMap 10.3.1 software [72].

Resource Selection Functions (RSFs, [73]) based on generalised linear models for each site were
used to quantify habitat selection. A logistic regression for each site was fitted, with the response
variable being the used (1: GPS nesting locations) and available locations (0: random location within
the MCP area defined above). Collinearity among explanatory variables was assessed using the
Pearson correlation coefficient. At Brackenhurst, but not Hartpury, the minimum distances to amenity
grassland and buildings were highly correlated (r = 0.7). Therefore, two different RSFs were built:
Model A included amenity grassland but not buildings; Model B included buildings but not amenity
grassland. Both amenity grassland and buildings were included in the Hartpury model.

Akaike’s Information Criterion (AIC) [74,75] was used for model selection. Parameter values
were averaged across models within two AIC units of the best fitting model [74].

2.2. Patterns of Survival

Survival rates were compared between sites using Kaplan–Meier analysis [76]. Sexes and years
were combined because of relatively small sample sizes (Brackenhurst n = 10; Hartpury: n = 21),
and because there was no apparent difference in the number of males and females that died at each site
(see Results). Because animals were captured at different times, a staggered entry [77] design was used:
the first animal was captured (Day 1) on 1 August. To avoid potential biases associated with the ad
hoc recovery of untagged individuals, only radio-tagged individuals were included in this analysis.
Differences in survival between the two sites were quantified using a log-rank test.
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2.3. Body Mass Changes

Differences in overwinter changes in mass were compared between sites and sexes using a series
of general linear models. Mass loss was calculated using each individual’s mass at capture as close to
the start and end of the hibernation period as possible; on average, animals were captured 15.5 days
before 1 November and 2.6 days after 31 March. Statistical models compared differences in body
mass at the start of hibernation, and mass change and percentage mass change during hibernation.
All models included SITE and SEX as fixed factors and included a SEX*SITE interaction term. Linear
correlation was also used to compare the number of nest sites used during hibernation with mass
change over the hibernation period.

2.4. Data Analysis

General linear modelling and Kruskal–Wallis analyses were conducted using MINITAB version
19.1.1 and SPSS version 25, respectively. Survival analysis and RSF analyses were undertaken in
R 3.3.3 [78] using lme4 and MuMIn packages [79,80]. All data were checked to ensure they conformed
to the underlying assumptions of the tests used. All results are presented as mean (±SD) unless
otherwise specified. As it was not possible to e.g., re-capture all tagged animals or access all nest sites,
and because some animals perished during the course of the study, sample sizes vary between analyses.

3. Results

Forty hedgehogs were found during nocturnal surveys: 33 were fitted with radio transmitters
(Table 1). Data on nesting behaviour during the hibernation period were collected from 21 hedgehogs.
In total, 448 nocturnal locations, 138 nests, and 1028 diurnal locations were recorded.

Table 1. Number of hedgehogs captured and radio-tagged at each site, the total number of nocturnal
and diurnal locations recorded, and the number of nest sites identified.

Brackenhurst Hartpury
Total

2015–2016 2016–2017 2015–2016 2016–2017

No. captured & marked 7 (4♀:3♂) 3 (2♀:1♂) 22 (12♀:10♂) 8 (3♀: 5♂) 40 (21♀:19♂)
No. radio-tagged 7 (4♀:3♂) 3 (2♀:1♂) 18 (9♀:9♂) 5 (3♀:2♂) 33 (18♀:15♂)

No. tracked during hibernation 7 (4♀:3♂) 3 (2♀:1♂) 7 (4♀:3♂) 4 (2♀:2♂) 21 (12♀:9♂)
Total no. of nests recorded (% accessible

for recording composition) 54 (59%) 12 (100%) 50 (66%) 16 (75%) 138 (65%)

No. of nocturnal locations recorded 103 74 210 61 448
No. of diurnal locations recorded 408 114 360 146 1028

3.1. Nesting Behaviour

The pattern of nest use was highly variable, with several animals using the same nest site for
extended periods before and/or during the hibernation period (Figure 1). There was no significant
difference in the number of nests used by males and females within and between the two sites
(Kruskal–Wallis test: H = 0.60, DF = 3, p = 0.896). Combining the data, hedgehogs used a median of
five nests (mean ± SD = 5.5 ± 2.3) across the 151-day hibernation period. Thirteen animals (62%) used
at least one site for ≥89 days.
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RSF analyses indicated that woodland, roads, pasture and, to a lesser extent, hedgerows,
were consistently included in the top (ΔAIC < 2) ranked models at both sites (Figure 2; Table 2). At both
sites, hedgehogs selected nest locations closer to hedgerows, in vegetation alongside roads and in
woodlands, but avoided pasture fields (Table 3). Between-site differences were evident for arable fields
(neither selected nor avoided at Brackenhurst; avoided at Hartpury) and both amenity grassland and
buildings (both selected for at Brackenhurst in each model where these habitats were included; neither
selected nor avoided at Hartpury, or not retained in top-ranked models).

Figure 2. Position of hedgehog winter nest sites (blue dots) at (a) Brackenhurst and (b) Hartpury in
relation to habitat composition.
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Table 2. Results of the top five a-priori models for predictors of habitat selection of hedgehog winter
nests. Models are ranked based on their AIC values. Null model is also provided for comparison.
Models indicated in bold were selected to build average models. Brackenhurst had two alternative
maximal models, one including distance to amenity grassland (Brackenhurst Model A) and another
including distance to buildings (Brackenhurst Model B). Habitats included in each of the top-ranking
models are indicated by the “�” symbol. Bold indicates top ranked models at each site (ΔAIC < 2).

Brackenhurst Model A

Models (N = 64)

Amenity
grassland Buildings Hedgerows Pastures Roads Woodland Arable AIC ΔAIC AICw

�
Not

included � � � � 357.5 0.00 0.38

�
Not

included � � � � � 358.2 0.75 0.26

�
Not

included � � � � 359.4 1.94 0.14

�
Not

included � � � � 360.8 3.33 0.07

�
Not

included � � � � 362.2 4.67 0.04

NULL 491.2 134.00 <0.01

Brackenhurst Model B

Models (N = 64)

Amenity
grassland Buildings Hedgerows Pastures Roads Woodland Arable AIC ΔAIC AICw

Not included � � � � � 350.2 0.00 0.41
Not included � � � � � � 351.1 0.90 0.26
Not included � � � � 352.1 1.89 0.16
Not included � � � � � 352.6 3.44 0.07
Not included � � � � � 354.3 4.09 0.05

NULL 491.2 141.00 <0.01

Hartpury

Models (N = 128)

Amenity
grassland Buildings Hedgerows Pastures Roads Woodland Arable AIC ΔAIC AICw

� � � � � 395.6 0.00 0.49
� � � � � � 397.4 1.80 0.20

� � � � � � 397.6 2.04 0.18
� � � � � � � 399.4 3.84 0.07

� � � � 401.2 5.61 0.03
NULL 464.4 68.8 <0.01
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At both sites, winter nests were primarily constructed from broad leaves (major component in 45%
and 51% of nests, respectively: Supplementary Table S1). Major differences in the relative proportion
of nests containing different materials were, however, evident. For example, litter and/or plastic waste
was present in 20 nests (24%) at Hartpury, although never as the dominant material, but was never
recorded at Brackenhurst.

3.2. Patterns of Survival

Nine animals died during the study, with no apparent sex difference in mortality risk (Brackenhurst:
1♂; Hartpury: 4♀:4♂). The overall survival rate was significantly lower at Hartpury (Log-rank test:
X2

1 = 9.46, p = 0.002). All deaths occurred before or after the hibernation period (Figure 3). The most
common single known cause of death was predation by badgers (3 of 9 deaths; see Supplementary
Table S2).

Figure 3. Kaplan–Meir survival functions for hedgehogs at Brackenhurst (n = 10) versus Hartpury
(n = 21). Data from sexes and years (2015–2016 and 2016–2017) combined. Vertical blue lines indicate
the start (1 November ) and end (31 March ) of the hibernation period.

3.3. Body Mass Changes

Data on body mass changes across the study were available for 21 individuals. There was
no significant SITE (F1,17 = 3.75, p = 0.069), SEX (F1,17 = 0.78, p = 0.389) or SITE*SEX (F1,17 = 3.75,
p = 0.943) differences in mean body mass at the start of the hibernation period (Supplementary
Table S3); collectively, hedgehogs weighed 869 ± 133 g (females: 843 ± 144 g; males: 898 ± 120 g).
During hibernation, 16 individuals lost mass (Brackenhurst—5♀:3♂; Hartpury—5♀:3♂), whilst five
(Brackenhurst—2♂; Hartpury—1♀:2♂) gained mass. Mass change (F1,17 = 4.65, p = 0.046) but not
percentage mass change (F1,17 = 4.22, p = 0.056) differed significantly between the sexes at each site,
although the latter was close to significance. At Brackenhurst, females lost 242 ± 150g on average whilst
males gained a small amount of weight (4 ± 89 g; Figure 4); male and female hedgehogs at Hartpury
lost 117 ± 121 g and 110 ± 141 g, respectively. These figures are equivalent to average percentage mass
changes of −25%, +1%, −14% and −15%, respectively (Supplementary Figure S1).
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Figure 4. Mean (±SD) mass change during the hibernation period (1 November–31 March) in relation
to site and sex (Brackenhurst: n = 5♀:5♂; Hartpury: n = 6♀:5♂).

There was a negative correlation between the number of nest sites used and the loss in body
mass, although this was not significant (r = −0.409, n = 21, p = 0.066; Figure 5). However, this was
dependent on the extreme loss exhibited by a single female at Brackenhurst (432 g); excluding this
female, the relationship is significant (r = −0.561, n = 20, p = 0.010).

Figure 5. Relationship between number of nests used during the hibernation period (1 November
–31 March) and the corresponding change in mass (g) over the hibernation period (n = 21).

4. Discussion

In this study, we investigated four factors associated with the winter hibernation period of
hedgehogs that could potentially be affected by agricultural land-use and climate change: (i) patterns of
body mass change; (ii) frequency of winter nest use; (iii) habitat selection for winter nest sites; and (iv)
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over-winter survival. Between the two sites studied, one dominated by arable crop production and the
other by pasture and amenity grasslands, there were no apparent differences in body mass at the start
of hibernation, the number of nest sites used during winter, and the selection for and avoidance of
many, but not all, major habitats as nesting locations. In contrast, there were significant differences
between the study sites with respect to sex-specific changes in body mass, the use of hedgerows and
buildings for nesting, and patterns of survival.

4.1. Change in Body Mass

Estimated body mass of radio-tagged animals at the outset of the hibernation period was not
significantly different between Brackenhurst and Hartpury, with animals weighing, on average
869 ± 133 g. This is likely due, in part, to the fact that we only radio-tagged individuals ≥600 g in
accordance with guidance relating to the release of rehabilitated hedgehogs by the major wildlife
welfare organisation in the UK [81]. This reliance on radio-tagged individuals to ensure that individuals
captured before hibernation could be re-captured afterwards does, however, preclude obtaining data
on animals below this threshold weight.

Acknowledging this caveat, the general pattern of mass loss observed (mean of 100–240 g within
most site-sex divisions, equivalent to a mean of 14–25% of pre-hibernation mass) is within the range
recorded in previous studies (Table 4). However, there was a substantial difference in sex-specific
patterns of mass change at the two sites. At Hartpury, both males and females lost approximately
the same amount of weight (Figure 4). Conversely, females at Brackenhurst lost markedly more
weight than any other division, whereas males, on average, gained a small amount of weight. In fact,
five (23.8%) animals across both sites gained weight across the hibernation period. This could indicate
that individuals may have been able to access sufficient food resources during the winter period to offset
the fat reserves used during hibernation, or that some animals may have already stopped hibernating
and resumed typical foraging activity before they were recaptured in March/April. Although we are
not able to discriminate between these possibilities, it is clear that the magnitude of these average
changes are within the survivable range documented for this species.
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Mass loss was also negatively correlated with the number of nests used in the winter period
(Figure 5), although not significantly (p = 0.066). The lack of significance may, in part, be attributable
to the relatively small sample size (n = 21), the highly variable changes in mass recorded, and the
presence of one female that lost >400 g (40% of her body mass). Although this is among one of
the largest percentage mass losses ever recorded (Table 4) and was >100 g more than any other
individual in this study, this individual survived to spring. As rousing from hibernation is energetically
expensive [84], hedgehogs would be expected to avoid doing so unnecessarily to avoid depleting their
fat reserves. Rousing is likely to occur in response to environmental fluctuations, including both rises
or falls in temperature [60], but in anthropogenic landscapes, it may also occur in response to human
disturbance. To date, however, there are very few data on the extent to which disturbances affect
hedgehog hibernation, either by causing them to move nests or rouse but remain in the same nest [85],
and what impacts these may have on energy consumption and mortality risk.

4.2. Nesting Behaviour

Hedgehogs used a median of 5 (mean: 5.5) nests during the 151-day hibernation period. This is
markedly higher than that observed in other studies (Table 5). Drawing direct comparisons between
the number of nests used in such studies is, however, problematic because of the methodological
differences used to define the onset and duration of hibernation, coupled with latitudinal differences in
weather and/or temperature which extend or shorten the overall length of the hibernation period. It is
worth noting, however, that the mean number of nests used by the animals in this study was more
than twice that (1.74 nests per 100 days = 2.6 nests over 151 days) recorded in the most recent study of
hedgehogs in England and which utilized the same dates for defining the hibernation period [64].
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The increased number of nests used in our study was associated with periods during November,
December and/or January where several individuals used a series of nests in quick succession (Figure 1).
Although some of these periods of frequent movements between nests could be interpreted as indicating
that an individual had not yet started hibernating, the patterns of nest retention exhibited throughout
the study as a whole were extremely variable such that it is difficult to identify clear general trends.
The possible exception to this is that the majority (62%) of animals used a single nest location for >89
days, with many of these used for the first time in November or December; this is markedly higher
than the 21% of nests (n = 167) occupied for ≥3 months reported by Morris [61] in west London.

Clear patterns in nest location were evident for most, but not all, habitats. Hedgehogs consistently
avoided nesting near pasture fields, whilst favouring hedgerows, woodlands and roads. In contrast,
differing patterns of selection were evident for arable fields, buildings and amenity grassland.
At Brackenhurst, nests were preferentially located near to amenity grassland and near buildings,
although these habitats were strongly correlated with one another, whereas arable fields were neither
selected nor avoided. Conversely, at Hartpury, arable fields were avoided, buildings were neither
selected nor avoided and amenity grassland was not retained in the top-ranked models. These data
imply that agricultural habitats were generally unsuitable for hibernation, a finding consistent with
behaviour outside the hibernation period that has been attributed to a combination of reduced food
availability [86] and increased risk of predation from and competition with badgers [44–49,59,87].

Hedgerows and woodland were an important habitat for nesting, a pattern that is evident in
both summer and winter seasons in other studies [47,68,82,88]. Similarly, the selection for roads in
this study is also most probably associated with the presence of hedgerows as borders along roads at
both sites. In addition to acting as nesting sites, hedgerows are also recognised as an important refuge
habitat whilst foraging where badgers are present [47,56] and for orientation through fragmented
landscapes [55]. As such, the general loss and degradation of hedgerows in the UK [50,89,90] is likely
to have negatively affected hedgehog populations due to impacts at multiple stages in their annual
cycle, although the exact mechanisms are unknown because of the relative paucity of data on rural
hedgehog populations and behaviour since the 1950s [91].

Similarly, there are few data on the importance of woodlands for hedgehogs. For example,
woodlands were not identified as a factor affecting patterns of occupancy in a national survey of
England and Wales [44], they were the least selected habitat in a radio-tracking study in arable
landscapes [47], and no hedgehogs were detected in woodland in a pilot project on the Hartpury
campus investigating the efficacy of three different methods for surveying hedgehogs [92]: all these
studies were, however, conducted in the summer. The preference for woodlands as sites for hibernation
observed in this study, and the reliance on broad leaves as nesting material, may suggest that hedgehogs
tend to avoid woodlands during the summer months but use them as sites for hibernating during
the winter months. As outlined above, one possible reason for these seasonal differences is the
presence of badgers, which favour woodlands and plantations as sites for their setts [93] but undergo
a period of torpor in winter [94]. Consequently, hedgehogs could be avoiding woodlands during
the summer when badgers are active but using them as hibernation sites in the winter when the risk
from badgers is markedly lower. As such, woodlands may represent a key resource for hedgehogs
but only during one phase of their annual cycle. The impact of historical changes in the coverage of
different types of woodland [95,96], their management and their interaction with an increasing badger
population [57,58] on hedgehog populations are unknown but require investigation. For example,
in their recent report, Mathews et al. [43] estimated that 37% of the British hedgehog population was
supported by broadleaved woodland.

The affinity for amenity grassland as a foraging habitat has been well documented in Britain,
most notably in the context of responses to the culling of badgers as a means for managing bovine
tuberculosis in cattle [45,46,59]. During winter these areas are likely to be associated with low levels
of badger activity (due to torpor) but also possibly marginally higher average temperatures than
surrounding areas due to their proximity to buildings, and provision of food either accidentally
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(discarded refuse) or deliberately (although we were not aware of anyone deliberately feeding
hedgehogs on either campus). However, amenity areas on university campuses are likely to experience
high levels of pedestrian activity except in particularly poor weather and over the Christmas holiday
period. The presence of buildings on these two sites also enabled hedgehogs to use some unusual nest
locations, including piles of building materials and underground heating tunnels.

4.3. Over-Winter Survival

Survival across the study period as a whole (August–April) was significantly lower at Hartpury
versus Brackenhurst. However, this was not associated with differences in mortality during the
hibernation period itself, but rather mortality prior to the onset of hibernation and in the period after
animals had resumed foraging in spring: in fact, none of the tagged animals in this study (n = 31) died
during the hibernation period itself (Figure 3). Consequently, mortalities were not related to body
mass per se but stochastic events such as predation by badgers and road traffic accidents (although
it could be argued that animals which have not yet accumulated sufficient fat reserves and/or those
that leave hibernation having lost a large amount of might be expected to take greater risks when
foraging). However, it must be emphasised that these survival data are based on animals that were in
good physical condition (visually health-checked and ≥600 g) prior to hibernation in accordance with
welfare guidelines; this is substantially higher than the minimum threshold of 450–513 g outlined in
Table 4, and which would tend to elevate survival rates.

The survival rate observed at Hartpury, when measured from August to April (approximately
65%), was lower than that recorded in Sweden (57–96%, mean = 71%) over seven years in the 1970s [62],
whereas the survival rates at both sites when measured from October to April were comparable to
studies from England (83%) Ireland (100%), Denmark (89–90%) and Finland (100%) conducted between
2001 and 2017 [64,67,82,97]. Overall, this body of evidence suggests that, in general terms, the survival
rate of animals that have accumulated sufficient fat reserves prior to hibernation is likely to be high,
but that site-specific pressures associated with movements in autumn and spring can substantially
increase mortality rates [64].

5. Conclusions

This study has identified key similarities and differences in four key parameters associated
with the winter hibernation of hedgehogs across two sites associated with different patterns of land
management. Most notably, the period of hibernation itself, when hedgehogs are generally inactive
within hibernacula, is not associated with high levels of mortality. Conversely, it is the periods before
and after entering hibernation that pose significant risks, predominantly from stochastic factors such
as badger predation and vehicle collisions. In addition, hedgehogs at both sites consistently avoided
nesting in proximity to pastoral fields during winter, but favoured locations near to hedgerows,
woodlands and roads. Selection for or avoidance of arable fields, buildings, and amenity grasslands
varied between the two sites.

However, this study was associated with several practical limitations. Data could only be reliably
collected from radio-tagged individuals and radio-tags can only be fitted to animals weighing ≥600 g
for welfare reasons. Radio-tracking is also limited in the extent to which the start and end of the
hibernation period (for each individual) can be identified reliably, and the ease with which data on
short-term patterns of movement between nests can be collected given that animals are inactive for
many successive days. Future studies, therefore, need to consider the use of other technologies, such
as GPS tracking devices [98] and animal-mounted bio-loggers [99], to overcome these constraints.
In particular, such studies need to focus on: (i) quantifying patterns of survival of animals weighing
<600 g; (ii) identifying factors associated with nest movements and whether this affects mass change
during hibernation; and (iii) the role of woodlands in the annual cycle of hedgehogs in both arable and
pastoral dominated landscapes.

160



Animals 2020, 10, 1449

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/9/1449/s1,
Figure S1: Mean (±SD) (a) body mass (g) at the start of the hibernation season, and (b) percentage mass change
during the hibernation period in relation to site and sex (Brackenhurst: n = 5♀:5♂; Hartpury: n = 6♀:5♂), Table
S1: Summary of the dominant materials used in winter nest construction at Brackenhurst and Hartpury. Data
for 2015–2016 and 2016–2017 combined. Figures in parentheses are the number of nests where the material was
recorded as a secondary material. Sample sizes are less than the total number of nests used by study animals as
not all nests were accessible, Table S2: Cause of death (n = 9) from a sample of 31 individuals followed over two
winter hibernation periods (2015–2016 or 2016–2017), Table S3: General linear models comparing site and sex
differences in (a) body mass (g) at the start of the hibernation season, and (b) mass change and (c) percentage mass
change during the hibernation period (n = 21).
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Simple Summary: Nocturnal and elusive animals are notoriously difficult to count—hedgehogs
being a prime example. Therefore, any reliable way to demonstrate the presence of a particular
animal, within a given area, would be a valuable addition to many ecologists’ tool kits. The proposed
method is based upon the idea that you can find a parasite, specific to a vertebrate animal of interest
that has a life stage within an invertebrate host. Molecular detection of these parasites is then
carried out in the more abundant and easily collected invertebrate intermediate host. The key to
this proposed method is the specificity of the parasite to the vertebrate animal and its detection in
the invertebrate intermediate hosts. Crenosoma striatum is specific to hedgehogs and was chosen as
the parasite to develop the molecular survey tool for hedgehogs, an elusive nocturnal species of
considerable interest at present. Results revealed the presence of the nematode only at a site known
to be inhabited by hedgehogs confirming the potential of this method to improve the accuracy of
recording hedgehog populations.

Abstract: The Western European Hedgehog (Erinaceous europaeus) is a nocturnal animal that is in
decline in much of Europe, but the monitoring of this species is subjective, prone to error, and an
inadequate basis for estimating population trends. Here, we report the use of Crenosoma striatum,
a parasitic nematode specific to hedgehogs as definitive hosts, to detect hedgehog presence in the
natural environment. This is achieved through collecting and sampling the parasites within their
intermediate hosts, gastropoda, a group much simpler to locate and sample in both urban and rural
habitats. C. striatum and Crenosoma vulpis were collected post-mortem from the lungs of hedgehogs
and foxes, respectively. Slugs were collected in two sessions, during spring and autumn, from Skomer
Island (n = 21), which is known to be free of hedgehogs (and foxes); and Pennard, Swansea (n = 42),
known to have a healthy hedgehog population. The second internal transcribed spacer of parasite
ribosomal DNA was used to develop a highly specific, novel, PCR based multiplex assay. Crenosoma
striatum was found only at the site known to be inhabited by hedgehogs, at an average prevalence
in gastropods of 10% in spring and autumn. The molecular test was highly specific: One mollusc
was positive for both C. striatum and C. vulpis, and differentiation between the two nematode species

Animals 2020, 10, 1420; doi:10.3390/ani10081420 www.mdpi.com/journal/animals
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was clear. This study demonstrates proof of principle for using detection of specific parasite DNA
in easily sampled intermediate hosts to confirm the presence of an elusive nocturnal definitive host
species. The approach has great potential as an adaptable, objective tool to supplement and support
existing ecological survey methods.

Keywords: Hedgehog; PCR; Crenosoma striatum; rDNA; Gastropod; Nematode; Biological tag

1. Introduction

Objective methods for monitoring wild animals are needed to support management efforts, but
are rarely straightforward, especially for elusive and nocturnal species. A complete census is usually
impossible, and surveys more often rely on observations of individuals and indirect evidence of their
presence, such as faecal counts or tracks [1]. With regards to elusive nocturnal animals specifically,
even detection can be difficult, as exemplified by carnivore species that are widely dispersed, solitary
and nocturnal [1–3]. Locating even the largest of terrestrial mammals, for example, the African forest
elephant, can be a difficult task fraught with contestable results [4].

Western European Hedgehogs (Erinaceus europaeus Linnaeus, 1758) are classified as a species of
least concern [5]; however, there is strong evidence of a recent decline in numbers across mainland
Europe and in the UK [6–10]. Estimates suggest a reduction in UK populations within the range
of 5–7% in the last 50 years [11], with one study suggesting a potential 25% reduction over the last
decade [12]. Current survey methods rely on physical sightings and subjective evidence, such as scats
(faecal deposits), tracks and carcases from road deaths, to determine the presence of hedgehogs [13–16].
Given the difficulties in sighting and correctly monitoring nocturnal animals, such as hedgehogs, there
is a need to develop a wider panel of objective, evidence-based survey methods to supplement and
confirm the findings of those currently used [17].

The use of parasites to monitor host populations has long been employed in the aquatic
environment for fish populations [18–21], and more recently to quantify the presence of the elusive
diamondback terrapin [22]. The use of parasites and their DNA as biological markers, however,
remains underdeveloped in terrestrial environments. The parasitic nematode Crenosoma striatum is
a lungworm highly specific to hedgehogs [23–28], and common in most populations. In a study
of 74 dissected hedgehogs in the UK, 71% were found to be infected with C. striatum [29]. While
hedgehogs are the sole definitive hosts for C. striatum, the available intermediate host range is much
wider. Experimental infections comprising species from several gastropod (slug and snail) families
of the orders Stylommatophora and Hygrophila [26,30] suggest a large number of potential hosts in
hedgehog environments. Terrestrial molluscs are an integral part of many ecosystems and can be
found across a diverse range of habitats throughout the British Isles [31–33].

It is here proposed that a polymerase chain reaction (PCR) based test could be used to rapidly and
effectively determine the presence of C. striatum in local slug and snail populations, thereby indicating
the presence or absence of hedgehogs within a given geographical area. If effective, this test would
greatly facilitate monitoring of hedgehog distribution, and could potentially be adapted and developed
for use in the monitoring of other species of interest. In the present study, this approach is evaluated
by first devising a PCR assay specific for C. striatum, and then comparing results from areas of known
hedgehog presence.

2. Materials and Methods

2.1. Isolation of DNA from Nematodes for Molecular Test Development

Adult worms of C. striatum were collected from the lungs of hedgehogs post mortem, and identified
morphologically [29]. Crenosoma vulpis, a closely related species, collected from the lungs of red foxes
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(Vulpes vulpes) post mortem, was also used. DNA was extracted using the DNeasy Blood and Tissue Kit
(Qiagen, Hilden, Germany); according to the manufacturer’s instructions, except that adult worms
were initially ground in ATL buffer using a microfuge pestle. DNA was eluted in 100 μL and stored at
−20 ◦C prior to analysis.

2.2. Primer Design and Multiplex Assay Development

The second internal transcribed spacer (ITS-2) of ribosomal DNA (rDNA) was chosen as the
primary region of interest for primer design, due to its successful use in distinguishing between
closely related nematodes in numerous previous studies [34–40]. To obtain sequence information for
primer design, primer sequences NC1 and NC2 (Table 1, from Gasser et al. [41] 1993) were used to
amplify the ITS-2 region of selected parasite DNA for sequencing. PCR conditions were optimised
to achieve a single band of the expected size on an agarose gel. Specific products were purified
by mini-column (Qiagen) and sequenced in both directions (Eurofins). Sequences obtained were
aligned using the ClustalW function in BioEdit software [42], and a consensus sequence established
for each species. Sequences from C. striatum (n = 2) and C. vulpis (n = 2) were compared with each
other and with sequences from Angiostrongylus vasorum (a metastrongylid nematode using gastropod
intermediate hosts and common in the study area [43], and Aelustrongylus abstrusus (a metastrongylid
feline lungworm also using gastropod intermediate hosts). This was done to find suitable regions
for the design of primers that would allow species differentiation by sequence and PCR product size
(as illustrated in Supplementary Figure S1). The ITS2 sequences of Crenosoma spp. Were submitted
to GenBank with accession numbers MT808322 to MT808325. Primers were designed using Oligo6
(Molecular Biology Insights, Colorado Springs, CO, USA) to uniquely amplify a 157 bp region of
C. striatum ITS-2 (C.St), and a 207 bp region of C. vulpis ITS-2 (C.Vu) (Table 1). Primers were checked
with NCBI basic local alignment search tool (BLAST) for species specificity. An independent pair of
primers for the amplification of a 710-bp fragment of the invertebrate mitochondrial cytochrome c
oxidase subunit I gene (COX1) was selected [44] (henceforth termed COI) as a control to verify that
DNA could be amplified from each sample. PCR conditions were optimised for both individual and
multiplexed PCRs.

Table 1. The primers and their loci used in PCR tests to identify the presence or absence of Crenosoma
striatum in slugs.

Primer Sequence (5′-3′) Locus References

NC1 ACGTCTGGTTCAGGGTTGTT 5.8S nuclear rRNA gene [41]
NC2 TTAGTTTCTTTTCCTCCGCT 28S nuclear rRNA gene [41]

C.St-ITS2F CGATTCCCGTTCTAGTTGAGAC ITS-2 nuclear rDNA this study
C.St-ITS2R AAAACCACCTCGACGACATC ITS-2 nuclear rDNA this study
C.Vu-ITS2F CGATTCCCGTTTTAGTTAAGGA ITS-2 nuclear rDNA this study
C.Vu-ITS2R GCTTATCAATCGTCGAATATCATGC ITS-2 nuclear rDNA this study

LCO1490 GGTCAACAAATCATAAAGATATTGG Mitochondrial cox1 gene [44]
HC02198 TAAACTTCAGGGTGACCAAAAAATCA Mitochondrial cox1 gene [44]

C.St-ITS2F/R and C.Vu-ITS2F/R = forward and reverse primers for Crenosoma striatum and Crenosoma vulpis.

PCRs were performed in a volume of 15 μL including 2 μL of template DNA, 2.5 mM MgCl2,
0.2 mM dNTPs (Thermo Fisher, Loughborough, UK) 0.025 μ/μL GoTaq® Flexi polymerase and 1× buffer
(Promega, Southampton, UK) and 1× primer mix. 10× primer mixes were COI: 10 mM each primer,
optimised multiplex 5 mM each C.St primer and 3 mM each C.Vu primer. The PCRs were carried out
on a Biorad T100 Thermal Cycler using a touchdown profile, consisting of an initial denaturation at
95 ◦C for 3 min followed by nine cycles of 94 ◦C for 30 s, 65 ◦C (1 ◦C decrease per cycle) for 20 s, 72 ◦C
extension then 33 cycles of 94 ◦C for 30 s 55 ◦C for 20 s and 72 ◦C extension. Extension at 72 ◦C was for
30 s for the multiplex PCR and 1 min for the COI PCR. The final extension was 10 min at 72 ◦C. PCR
products were examined on 1% agarose gels stained with GelRed™ (Biotium Inc., Fremont, CA, USA).
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The multiplex PCR was initially checked for analytical specificity by testing against a species panel
of DNA isolated from morphologically identified adult lungworms, and confirmed to be diagnostic for
C.St and C.Vu (see Supplementary Figure S2).

For PCR testing of slug DNA, an initial control COI PCR was performed prior to the test C.St-C.Vu
multiplex, and was negative for some samples, mostly from Arion ater slugs, and some appeared tinged
with a dark colour. For these, 2 μL of genomic DNA was examined on an agarose gel, and the presence
of high molecular weight DNA in the extraction was confirmed. Attempts were made to re-purify to
negate the effects of inhibitors. For most samples, PCR was successful with the addition of PCRboost®

(Biomatrica, San Diego, CA, USA). Multiplex PCRs were carried out under the same conditions for
these samples.

PCRs were repeated twice to verify an amplification (test positivity). Test-negative PCRs were
scored only if samples with a positive PCR for the control invertebrate COI PCR. The results of the
C.St-C.Vu multiplex on positive COI PCR’s were analysed using an exact binomial test.

2.3. Slug Samples

In order to demonstrate the correlation between C. striatum incidence and the presence of
hedgehogs, slugs were collected in autumn from Skomer Island, covering an area of approximately
160 ha, and in both spring and autumn in Pennard, covering an area of 0.36 ha: Both areas are
in south-west Wales, UK. There are no known reports of hedgehogs (or Foxes) on Skomer Island
(personal communication with Mark Hodgson, Wildlife Trust South West Wales), whereas Pennard is
an area with an abundant local hedgehog population; more than 180 individuals from this particular
region were admitted to Gower Bird Hospital wildlife rehabilitation centre between 2001 and 2017.
The slugs collected were identified morphologically by BR4 and then stored at −20 ◦C before processing.
The posterior foot section of each slug was removed and macerated prior to tissue lysis.

2.4. Gastropod DNA Extraction

Genomic DNAs from 80 slugs were extracted from slug tissue using Dneasy Blood and Tissue Kits
(Qiagen, Hilden, Germany) employing a Maxwell® 16 MDx Research System (Promega, Maddison,
WI, USA) as recommended by the manufacturers. Any undigested tissue and pigment from the larger
Arion ater specimens were removed by centrifugation before spin column purification. DNA was
eluted in 100 μL and stored at −20 ◦C prior to further analysis.

2.5. Sample Size Calculator

The number of slugs required to be sampled to provide a reliable indicator of the absence
of C. striatum infection, and hence, the absence of hedgehogs, was simulated using the binomial
distribution. Thus, the required sample size was defined as that yielding a <0.05 probability of zero
successes (=detected infections), at a given above-zero true prevalence (p. 64, [45]). This is the sample
size needed to avoid a type II error, i.e., falsely declaring the absence of C. striatum when actually
present, at p = 0.05.

3. Results

Out of the 80 slugs 17 were excluded (Table 2), due to negative COI result. Slug samples
from Pennard collected in spring (n = 20) and autumn (n = 22) represented nine species. Overall,
the prevalence of C. striatum in this sample set was 10% (95% exact binomial confidence bounds 3–23%).
Species infected with C. striatum were Arion subfuscus (spring; n = 1), Arion ater agg. (autumn; n = 1)
and Tandonia sowerbyi (autumn, n = 2). Additionally, the A. ater agg. Individual was concurrently
infected with C. vulpis, confirming the sensitivity of the assay without cross-species amplification.
The Skomer slug samples collected in autumn (n = 21) comprised two species: A. ater and Lehmannia
marginata. Neither C. striatum nor C. vulpis was detected in any of these samples. Results of the sample
size simulation are presented in Figure 1. At the 10% prevalence observed in this study, a sample of
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29 slugs would be needed to reasonably (at p = 0.05) avoid a false negative, i.e., erroneously conclude
that infection is absent. The number of slugs needed would rise at lower prevalence, and fall at
higher prevalence.

Table 2. All slug samples included in the proof of principle with their nucleic purity, tissue weight and
COI result.

DNA 260/280 Weight

Sample ID Slug Species μg/mL Ratio mg COI Excluded

Pennard Spring

1 Tandonia sowerbyi 59.12 1.54 50 +ve
2 Tandonia sowerbyi 86.36 1.60 34 +ve
3 Tandonia sowerbyi 45.64 1.60 40 +ve
4 Tandonia sowerbyi 102.74 1.83 47 −ve x
5 Deroceras panormitanum 151.01 1.91 42 −ve x
6 Deroceras panormitanum 179.24 2.00 63 +ve
7 Deroceras panormitanum 180.09 1.97 55 −ve x
8 Deroceras panormitanum 94.04 1.79 48 −ve x
9 Lehmannia marginata 7.19 1.37 50 +ve
10 Lehmannia marginata 13.98 1.42 56 +ve
11 Lehmannia marginata 108.34 1.77 42 −ve x
12 Lehmannia marginata 54.50 1.89 48 +ve
13 Arion hortensis agg. 30.28 1.55 45 +ve
14 Arion hortensis agg. 37.04 1.70 41 +ve
15 Arion hortensis agg. 25.47 1.63 38 +ve
16 Arion hortensis agg. 26.16 1.49 50 −ve x

SL-1 Tandonia sowerbyi 32.00 2.05 200 +ve
SL-2 Tandonia sowerbyi 325.69 2.03 141 +ve
SL-3 Tandonia sowerbyi 310.11 2.04 +ve
SL-4 Arion subfuscus 464.97 2.00 +ve
SL-5 Arion subfuscus 300.12 2.04 −ve x
SL-6 Arion subfuscus 73.10 1.84 −ve x
SL-7 Arion subfuscus 173.21 1.98 −ve x
SL-8 Arion subfuscus 128.40 1.94 −ve x
SL-9 Arion flagellus 45.35 1.89 +ve

SL-10 Arion flagellus 226.78 2.02 +ve
SL-11 Arion flagellus 153.25 1.90 +ve
SL-12 Arion flagellus 107.87 1.89 +ve
SL-13 Arion flagellus 107.57 1.89 +ve
SL-14 Arion flagellus 200.06 1.99 +ve
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Table 2. Cont.

DNA 260/280 Weight

Sample ID Slug Species μg/mL Ratio mg COI Excluded

Pennard Autumn

11.1 Arion ater agg. 27.62 1.46 60 +ve
11.2 Arion ater agg. 46.00 1.81 50 +ve
11.3 Arion ater agg. 23.00 1.61 50 +ve
11.4 Arion ater agg. 57.00 1.71 50 +ve
28.1 Arion ater agg. 107.77 1.70 50 −ve x
28.2 Arion ater agg. 44.54 1.68 50 +ve
28.3 Arion ater agg. 31.04 1.41 50 −ve x
28.4 Arion ater agg. 44.49 1.61 50 +ve
15.1 Arion ater agg. 32.01 1.49 50 +ve
15.2 Arion ater agg. 62.77 1.67 50 +ve
15.3 Arion ater agg. 10.13 1.12 50 +ve
15.4 Arion ater agg. 61.56 1.80 80 +ve

2.1 Limax flavus 0.00 −0.69 50 −ve x
2.2 Limax flavus 17.91 1.26 50 +ve
2.3 Limax flavus 6.27 1.12 60 +ve
2.4 Limax flavus 93.23 1.77 60 +ve

1.1 Tandonia sowerbyi 76.78 0.92 58 +ve
1.2 Tandonia sowerbyi 43.57 1.57 54 +ve
1.3 Tandonia sowerbyi 56.92 1.70 44 +ve
1.4 Tandonia sowerbyi 40.62 1.49 47 +ve

22.1 Arion rufus 2.55 0.72 58 +ve
22.2 Arion rufus 0.59 0.61 48 −ve x
22.3 Arion rufus 19.40 1.21 41 +ve
22.4 Arion rufus 11.28 1.06 52 +ve
23.1 Arion rufus 7.08 1.08 49 +ve
23.2 Arion rufus 25.60 1.34 57 +ve

Skomer Autumn

SK1 Arion ater 179.7 1.8 30 +ve
SK2 Arion ater 114 1.85 +ve
SK3 Arion ater 53.2 1.87 +ve
SK4 Arion ater 105.1 1.83 +ve
SK5 Arion ater 129.1 1.85 60 +ve
SK6 Arion ater 172.3 1.75 +ve
SK7 Arion ater 160.3 1.64 100 −ve x
SK8 Arion ater 271.4 1.97 20 −ve x
SK9 Arion ater 266.8 1.93 41 −ve x
SK10 Arion ater 118.8 1.86 +ve
SK11 Lehmannia marginata 107.4 1.86 48 +ve
SK12 Lehmannia marginata 150.8 1.95 +ve
SK13 Lehmannia marginata 174.7 1.93 19 +ve
SK14 Lehmannia marginata 166.4 2.02 +ve
SK15 Lehmannia marginata 161.3 1.93 +ve
SK16 Lehmannia marginata 279.7 1.95 +ve
SK17 Lehmannia marginata 355.2 1.95 +ve
SK18 Arion ater 100.1 1.91 +ve
SK19 Arion ater 73.1 1.82 +ve
SK20 Arion ater 97.2 1.87 83 +ve
SK21 Arion ater 108.7 2.1 +ve
SK22 Arion ater 233.4 1.92 +ve
SK23 Arion ater 130.9 1.99 +ve
SK24 Arion ater 130.6 1.9 +ve
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Figure 1. The sample size (=number of slugs) required to detect at least one infected slug, given true
prevalence from 1% (n = 299) to 25% (n = 11). Higher prevalence omitted for clarity: n declines further
to 5 (at 50% prevalence) and 3 (75%).

4. Discussion

This study demonstrates the use of a multiplex test for Crenosoma species, which can accurately
identify and discriminate between closely related species C. striatum and C. vulpis from slug tissues.
The fact that no C. striatum was detected in the Skomer sample set indicates the potential of C. striatum
as an indicator species for the presence of elusive hedgehogs in any given locale. Furthermore,
the sensitivity of the assay suggests that other parasites highly specific to host species of interest could
be used in this way for monitoring and surveillance, for instance as part of management programmes
for endangered or invasive species [4,46]. Direct detection of environmental DNA also has potential
for monitoring of elusive species [47,48]. Detection of host-specific parasites within intermediate hosts,
as proposed here, has the advantages of focusing sampling and potentially longer persistence of DNA
in the form of living immature parasite stages.

The methodology described here may need refinement in terms of sample preparation. Some
parasites have a preferred site within their host; for instance, Angiostrongylus vasorum occupies the right
ventricle and pulmonary arteries in its vertebrate hosts [49], whilst C. striatum prefers the bronchioles
and bronchi of the lungs [26]. The affinity of these parasites to particular sites within the host may
extend to the intermediate host, such that sub-sampling of tissue could bias results and affect method
sensitivity. Further research needs to be carried out to determine if C. striatum has a predilection site in
slugs, to increase the efficacy of detection in slug tissue.

To increase the chances of detecting a parasitised slug, species that have been active the longest,
and therefore, had the greatest opportunity to acquire parasite infections should, in principle, be targeted
for sampling. For example, A. subfuscus activity has been seen to peak between May and June with
little between-year deviation [50], making it an ideal candidate for spring and summer sampling.
The present study found A. subfuscus to be the only species with a positive C. striatum result in spring
sampling. Similarly, A. ater and T. sowerbyi would be of major interest in autumn and winter sampling,
with their peak activity being in January or between August and October, respectively [50]. Arion ater
may be of particular interest in future research, as it was the only species that presented simultaneous
infection with both C. striatum and C. vulpis. Additionally, the detection of C. striatum in A. ater,
A. subfuscus and T. sowerbyi appears to be the first confirmed report of infection in these species [30].
This suggests that the potential intermediate host range of C. striatum could be much greater than
previously thought. Extensions to the present study could further develop the test for hedgehog
monitoring through targeting particular slug species and anatomical sites, and by matching the target
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sample size to the expected prevalence and required precision. The number and cost of PCR assays
performed per geographical site could also be reduced by pooling samples from different slugs. These
refinements require validation and could establish whether parasite abundance in slugs is related
to hedgehog population density, which if it were found to be the case, would enhance its utility
as a monitoring tool. Regardless of this relationship, however, results here suggest that presence
or absence of C. striatum correlates, as expected, with that of its hedgehog definitive host, and can,
therefore, be used as a robust indirect indicator of hedgehog presence. The required number of slugs
to be sampled in order to reasonably exclude the possibility of C. striatum depends on the underlying
prevalence, which is unlikely to be known in a newly surveyed site. Further information on the range
of prevalence of C. striatum infection in gastropods in areas inhabited by hedgehogs would, therefore,
be useful to evaluate the feasibility and efficiency of the present approach across the species range.

The approach presented here could be extended to other systems, where highly host-specific
parasites are present at reasonably high prevalence, distinguishable from closely related species,
and accessible, for example in easily sampled intermediate hosts. The most fundamental of these
factors is the host specificity. Host specificity is often under or over-estimated for parasitic species [51],
and parasite-host interactions are rarely well-understood in wild animals [52]. Most parasites can
infect multiple host species [53–55], albeit to a highly varied extent [56], rendering most as unsuitable
for host population studies. Helminths, however, often demonstrate high host-specificity, with nearly
50% of those reported in one study of primates inhabiting a single host species [54]. The sensitivity of
the assay presented herein demonstrates that quick and accurate delineation between closely related
parasite species can be achieved. It is entirely possible that this methodology could be adapted
to other vertebrate species of conservation concern, wherever a suitable parasite species can be
identified. To date, only a small number of parasites with singular definitive hosts have been described;
Table 3 provides examples of such species. It may be the case that host-specific helminths occur
commonly; however, further research is needed in order to clarify this. Furthermore, taxonomic revision
frequently leads to a reassessment of host specificity: For example, many nematodes found in amphibia
had been previously identified as Rhabdias rana, molecular analysis later demonstrated historical
misidentification [57], and new species were described as a result. Therefore, it is quite possible that
many parasitic species identified before the modern molecular biology era, may have been incorrectly
described, increasing the possibility of detecting species-specific and molecularly distinct parasites
with potential as indicators of host presence. In addition to taxonomy, ecological factors determine the
realisation of potential host range, and are changing in many systems [58]. Shifts in prevalence and
host range might have to be taken into account during parasite-based monitoring programmes, and at
the same time can provide additional information on host ecology and infection patterns.

Further improvements could be made through development as a loop-mediated isothermal
amplification (LAMP-PCR), using similar methodology to that previously described [59,60]. This has
potential for a test which could be used in a field setting: Feng et al. [59] found the LAMP-PCR method
had lower, but adequate sensitivity for the specific detection of cestode DNA as compared to multiplex
PCR, while Abbasi et al. [60] demonstrated 10-fold increased sensitivity over PCR for the detection of
Schistosoma spp. in infected snails.
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5. Conclusions

We conclude that proof of principle has been demonstrated in using terrestrial parasite DNA
to confirm the presence of hedgehogs in a given locale. PCR tests can be used to effectively detect
and delineate isolates of C. striatum and C. vulpis from gastropod samples. A critical assessment of
different slug tissue and nematode extraction methods, and epidemiological factors, is necessary for the
improvement and development of the method described here. This method could provide significant
support for monitoring and conservation efforts in hedgehogs, and could pave the way for similar
methods to be employed for monitoring of other terrestrial species whose conservation is of concern.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/8/1420/s1,
Figure S1: Sequence alignment of ITS-2 sequences showing positions of discriminatory primers resulting in
specific PCR products differing in length by 50 bp. Figure S2: PCR of extracted nematode DNA with CS/CV
multiplexed primer set illustrating specific amplification.
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Simple Summary: Hedgehogs, being insectivores with slow metabolisms, are quite sensitive to
temperature and food availability. As a consequence, their ranges have oscillated in relation
to past climate changes. Species that have evolved in different regions, but their ranges have
shifted and overlapped subsequently, often represent intense competitors as a result of ecological
similarities. The present study focuses on this phenomenon in the contact zone in central Europe and
adjacent regions, using genetic determination of species and description of size and shape of skull,
the morphological structure mirroring many selection pressures related to ecology. While animals
living outside of the contact zone show marked differences between the two species, individuals
within the contact zone are more alike with a smaller skull size and a convergent jawbone shape.
Changes in skull size can be related to inter-species competition and also facilitated by selection
pressure, mediated by overpopulated medium-sized predators such as foxes or badgers. Since the
function of the lower jaw is mainly connected to feeding, we hypothesize that this pattern is due to
the selection to size and shape related to competition for food resources. The present study helps to
describe general patterns related to species formation, as well as species responses to anthropogenic
environmental changes.

Abstract: Hedgehogs, as medium-sized plantigrade insectivores with low basal metabolic rates
and related defensive anti-predator strategies, are quite sensitive to temperature and ecosystem
productivity. Their ranges therefore changed dramatically due to Pleistocene climate oscillations,
resulting in allopatric speciation and the subsequent formation of secondary contact zones.
Such interactions between closely related species are known to generate strong evolutionary forces
responsible for niche differentiation. In this connection, here, we detail the results of research on
the phenotypic evolution in the two species of hedgehog present in central Europe, as based on
genetics and geometric morphometrics in samples along a longitudinal transect that includes the
contact zone between the species. While in allopatry, Erinaceus europaeus is found to have a larger
skull than E. roumanicus and distinct cranial and mandibular shapes; the members of the two species
in sympatry are smaller and more similar to each other, with a convergent shape of the mandible.

Animals 2020, 10, 1803; doi:10.3390/ani10101803 www.mdpi.com/journal/animals
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The relevant data fail to reveal any major role for either hybridisation or clinal variation. We, therefore,
hypothesise that competitive pressure exerted on the studied species does not generate divergent
selection sufficient for divergent character displacement to evolve, instead giving rise to convergent
selection in the face of resource limitation in the direction of smaller skull size. Considering the
multi-factorial constraints present in the relevant adaptive landscape, reduction in size could also
be facilitated by predator pressure in ecosystems characterised by mesopredator release and other
anthropogenic factors. As the function of the animals’ lower jaw is mainly connected with feeding
(in contrast to the cranium whose functions are obviously more complex), we interpret the similarity
in shape as reflecting local adaptations to overlapping dietary resources in the two species and hence
as convergent character displacement.

Keywords: convergent character displacement; Erinaceus; geometric morphometrics; species interactions

1. Introduction

Hedgehogs from the Western Palearctic play a key role as model organisms in the field of
phylogeography and speciation studies (e.g., [1–3]). As medium-sized insectivores, they are sensitive
to temperature and thus, to the productivity of ecosystems, to the extent that their ranges changed
substantially during the Pleistocene climatic oscillations [2]. Indeed, isolation in southern refugia
facilitated allopatric speciation scenarios, resulting in a recent pattern of east–west parapatry, with the
northern white-breasted hedgehog (Erinaceus roumanicus) present in eastern Europe, and the European
hedgehog (E. europaeus) occurring in western Europe. The two species form a secondary contact zone in
central Europe (Italy, Austria, Czech Republic and Poland), with a relatively broad area of sympatry in
the center of the zone (Czech Republic), possibly in relation to Neolithic deforestation [3]. This region
therefore provides conditions suitable for studying species interactions in relation to genomic and
ecological niche-differentiation in the context of anthropogenic environmental changes.

There has been little gene flow between E. europaeus and E. roumanicus [3–5]. Alongside genetic
differentiation, there is a divergence of phenotypic traits in the closely related species which is an important
source of information about adaptive processes, i.a. indicating nascent niche diversification [6]. In general,
phenotypes respond to both abiotic and biotic factors. In sympatry, environmental factors are identical,
but ecological, microallopatric or trophic differentiation may occur [7]. The integration of originating
species into ecological networks also varies during the speciation process, in line with an increasing role
for competition with the sister species that may facilitate the niche differentiation [8].

However, phenotypic variation in species with extensive ranges usually shows pronounced
geographical variation, which complicates the comparison of allopatric populations. For example,
the body size of E. roumanicus increases linearly from north to south in Europe and is thus shown to
correlate positively with temperature, as well as negatively with precipitation in the summer [9]. It is
hypothesised that size is in this case determined by seasonality of the resource availability [9].

Comparisons between the two species in allopatry thus tend to be lacking, given the requirement
of sampling across the entire range, and/or controlled design of the study and homologous comparison,
as regards environmental impact. Reeve [10] states that the species are of approximately the same size
and weight, while comparisons between populations from Great Britain, Italy, Switzerland, Germany,
Poland, Russia and Ukraine by Ruprecht [11] failed to find a key character allowing the species to be
distinguished. The above author only sums up that “the western species is more differentiated in
skull dimensions than the eastern species”. Phenotypic differences between the white-breasted and
European hedgehogs by reference to traditional morphometrics, or non-metric, discrete characters
in the cranial phenotype prove relatively difficult. Hedgehogs are traditionally distinguished by
cranial indices and the length of naso-maxillary sutures [12–14]; these characters in fact show marked
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intraspecific variability and interspecific overlap. Equally, sexual dimorphism related to size has never
been found in either E. roumanicus or E. europaeus [15,16].

In sympatry, E. europaeus has a higher mean body mass, mean body length, mean hindfoot length
and mean ear length than E. roumanicus in all adult age classes, as well as higher values for cranial
indexes [15,17,18]. Erinaceus roumanicus has a longer tail in adult categories [17]. Body mass and
neurocranial capacity in turn increase at a higher rate in E. roumanicus [17,19]. Deciduous dentition is
replaced earlier in E. roumanicus than in E. europaeus, while also showing fewer deviations from the
normal dental formula [20].

The objective of this research was to compare phenotypic differences in allopatric and sympatric
populations of the above-mentioned species in terms of size and shape of their skulls, by reference to
geometric morphometrics and genetic determination of species. The skull, as a complex morphological
structure integrating traits associated with cognitive, sensory and food-processing functions, reflects
the diverse selection pressures associated with the ecological niche [6,21]. In order to eliminate the
effect of environmental adaptation (position in relation to the north–south and oceanic–continental
gradients), we used longitudinal transect sampling spatially crossing the relatively bounded region in
central Europe. We expect that the unified environmental context will allow us to describe in detail
the interspecific differentiation, resulting from the speciation process. We hypothesise that sympatric
populations will be affected by character displacement. We aim to discuss the observed patterns also
in the perspective of environmental changes of the Anthropocene.

2. Materials and Methods

2.1. Specimens

Only adult specimens were used in our analyses, the age was estimated based on the date of death,
dental abrasion [22], presence of milk teeth [20] and skull proportions [15,17]. A total of 69 skulls were
examined (Table S1 in Supplementary Material), 29 of them represented E. europaeus, 25 E. roumanicus
and 15 interspecific hybrids. The specimens originated from different localities (Figure 1) within the
zone of sympatry (Czech Republic—14 E. europaeus, 13 E. roumanicus) and from allopatric localities
in central Europe (Germany—15 E. europaeus, Slovakia—12 E. roumanicus). Samples from areas of
sympatry were obtained from individuals that died in rescue centers. Skulls from areas of allopatry
were borrowed from the Museum für Naturkunde, Berlin (Germany; MFN) and the Institute of
Vertebrate Biology, Brno (Czech Republic; IVB). The skulls of interspecific hybrids deposited at MFN
have also been examined. Seven such specimens originated from hybridisation experiments carried
out in captivity by Herter [23], while eight hybrids were collected from the wild (w-hybrid) in Germany
and the Czech Republic. Hybrid individuals show morphological traits of both species regarding
classical morphometric indices as mentioned above [23].

2.2. Genetic Analyses

Considering the low frequency of interspecific hybridisation (one backcrossed individual out
of 210 tested in Czechia and Slovakia) [3,4], species determination based on phenotypes has been
confirmed by sequencing the mitochondrial control region in the samples originating from the zone
of sympatry (N = 27). The tissue was collected in the course of skull preparation, and fixed in 96%
ethanol, prior to storage at −20 ◦C. DNA was extracted using a DNA Blood and Tissue Kit (Qiagen,
Prague, Czech Republic). Amplification of the mtDNA control region was achieved in line with the
protocol used in Bolfíková and Hulva [3]. Sequences obtained were compared with those available in
the GenBank® database.
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Figure 1. Species ranges and localities of samples used in the present study. The species are marked in
different colours: blue represents E. europaeus, red represents E. roumanicus and orange indicates wild
hybrids of the two species. The contact zone position (based on available data) is highlighted in violet.
The map was created using ArcGIS Online.

2.3. 3D Geometric Morphometrics Approach and Statistical Analyses

Skull sizes and shapes were assessed using three-dimensional landmark-based geometric
morphometrics. A total of 47 three-dimensional coordinates were recorded corresponding to 13 landmarks
on the mandible, and 34 landmarks on the cranium divided into 13 and 21 landmarks on the ventral
and dorsal side, respectively (Figure 2, Table S2). Landmark coordinates were acquired using the
Reflex microscope and Axel software (Reflex Measurement Ltd., Butleigh, Somerset BA6 8SP, UK) at
the Museum and Institute of Zoology of the Polish Academy of Sciences with headquarters in Warsaw.
All measurements were taken by the same person (MK).

The coordinates were superimposed using a generalised Procrustes analysis algorithm [24,25].
During this procedure, all specimens are translated, so the center of gravity of their landmark
configuration coincides, normalised to the unit centroid size and rotated to minimise the squared
summed distances between corresponding landmarks. Centroid size (CS) corresponds to the square
root of the sum of squared distances of the landmarks from their centroid [26]. The coordinates after
superimposition correspond to the shape data.

Differences in the logarithm of CS between groups were depicted using a boxplot. Because of the
small number of specimens in some of the comparisons, significance of the between-group differences
was tested using the non-parametric Wilcoxon rank tests for two groups, and the Kruskal–Wallis
tests when more than two groups were compared. Shape differences were tested using one-way
multivariate analysis of variance (MANOVA) and canonical variate analyses (CVA) in combination
with leave-one-out cross validation percentages (CVP), following Evin et al. [27], taking into account the
unbalanced sample size between groups. Mean CVP values are provided with a 90% confidence interval
obtained with 100 resamples [27]. Shape changes along the CVA axes were visualised by calculating
shape changes along the factorial axes using multivariate regression [28] using the ‘Morpho v2.8′ R
package [29]. Because sample sizes were relatively small compared to the large number of variables,
we applied dimensionality reduction of the data prior to MANOVAs and CVAs by substitution of
the primary data by the first scores of the principal component analyses (PCA) maximizing the
leave-one-out cross validation between groups [27,30].
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Figure 2. Location of the three-dimensional landmarks measured on (a) ventral and (b) dorsal sides of
the cranium, and (c) the mandible.

To test for possible common differences in size and shape between allopatric and sympatric
populations of the two species, we applied two-way ANOVA and MANOVA using size or shape as
variables, species as the main classifier, and allopatric versus sympatric distribution as a sub-classifier
factor. When necessary, p-values were adjusted for multiple comparisons after Benjamini and
Hochberg [31]. Overall phenotypic similarities between groups were depicted using neighbour-joining
networks, computed based on the Mahalanobis D2 distances [32]. When allopatric and sympatric
populations of the two species were compared, CVP were calculated for the main branches of the
resulting neighbour-joining networks. The relationship between phenotypic data and geographic
origin (latitude and longitude) was explored using the Mantel-test [33] for shape (Procrustes distances
were used, and a randomized approach with 999 replicates), and regression [34] for centroid size for
each structure and each species separately. To test whether the observed patterns of similarity can
be explained by convergence [35], we adopted measures of the multidimensional convergence index
(MCI) [36] calculated as the ratio of the Procrustes variance [37] within the putatively convergent lineages
(i.e., sympatric populations) and within their sister lineages (i.e., allopatric populations). The obtained
MCI values were compared to the distribution of 999 randomised MCI values (allopatric/sympatric
attribution was randomised). Analyses were performed using the geomorph v3.2.0 [38] and ade4
v1.7.13 [39] for packages for R v3.6.3 [40].
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3. Results

3.1. Differences between the Species

Morphologically related visual determinations of the species proved consistent with genetic
assignment of animals within the sympatric population. On average, specimens of E. europaeus have
a larger ventral side to the cranium and mandibles than those of E. roumanicus (Figure 3, Table 1),
as well as a distinct cranial and mandibular shape (Table 1, Figure 4). When sympatric and allopatric
populations are analysed jointly, 89.0% (CI: 86−92%), 94.8% (CI: 90−98%) and 84.0% (CI: 80−90%)
of ventral, dorsal and mandibular shapes support the correct assignment of individuals to species
(Table 1, Figure 4). If size alone is taken into account, the levels of correct cross-validation will drop
respectively to 85.5% (CI: 84−88%), 78.2% (CI: 72−82%), and 72.7% (CI: 70−74%) (Table 1).

In terms of shape differences, E. roumanicus differs from E. europaeus in possessing a ventral size of
the brain case that is proportionally more rounded (Figure S1a), as well as a dorsal side of the skull
that is proportionally narrower (Figure S1b), and a mandible that is proportionally thinner, with the
most anterior part shifted backward (Figure S1c).

3.2. Contrasted Species Differentiation in Allopatry and Sympatry

When allopatric and sympatric populations are analysed separately, as opposed to via pooled
analysis, the results are seen to differ. In allopatry, the species exhibit significant differences in sizes
and shapes of crania and mandibles (Table 1), to the extent that the minimal mean cross-validation
between them is of 84.2% for the size of the dorsal side of the cranium (Table 1). Erinaceus roumanicus
shows a smaller skull size than E. europaeus in all comparisons (Figure 3).

Table 1. Test of differences between species: overall (pooling sympatric and allopatric specimens) and
separately sympatric or allopatric populations only. Differences in shape and size were tested using
one-way multivariate analysis of variance (MANOVA) and Wilcoxon’s tests, respectively, for ventral
and dorsal sides of the cranium and the mandible. P: p-value, numDf and denDf: Numerator and
denominator degrees of freedom, W: statistic of the Wilcoxon’s tests. The numerator degree of
freedom corresponds to the number of Principal Component (PC) scores included in the analyses.
Cross-validation percentages (CVP) are provided as the mean and the 90% confidence interval of
the distribution.

Trait
Shape Size

F(numDf, denDf) p CVP W p CVP

Mandible

Overall F(22,30) = 5.94 5 × 10−6 83.3%
(80–88.1%) 16.648 4 × 10−5 72.5%

(70–76%)

Sympatry F(15,10) = 2.16 0.11 - 134 0.01 69.2%
(69.2–69.2%)

Allopatry F(13,13) = 11.4 4 × 10−5 89.8%
(79–95.8%) 164 1 × 10−4 85.7%

(79–87.7%)

Ventral

Overall F(23,27) = 8.68 2 × 10−7 88.7%
(84–92.1%) 25.12 5 × 10−7 85.3%

(84–88%)

Sympatry F(19,5) = 4.47 0.05 - 133 0.04 66.6%
(61.5–69.2%)

Allopatry F(10,15) = 7.32 3 × 10−4 92.3%
(91.7–95.8%) 155 7 × 10−5 92.2%

(91.7–95.8%)

Dorsal

Overall F(29,24) = 12.41 1 × 10−8 95.0%
(92–98%) 15.713 7 × 10−5 78.2%

(72–82%)

Sympatry F(19,7) = 17 4 × 10−4 90.8%
(84.6–100%) 145 7 × 10−5 79.5%

(79.2–83.3%)

Allopatry F(15,11) = 6.6 1 × 10−3 84.25%
(83.3–87.5%) 167 4 × 10−5 84.7%

(83.3–87.5%)

In relation to both size and shape, mean cross-validation percentages for the sympatric populations
are always lower than those obtained in allopatry (Table 1). The sympatric populations of E. europaeus
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and E. roumanicus only differ significantly in dorsal skull shape, as well as the size of the mandibular
and ventral skull view, with E. roumanicus characterised by smaller ventral size (Figure 3).

Figure 3. Cranial and mandibular size differences and variability between allopatric, sympatric and
hybrid (captive and wild) populations of E. europaeus and E. roumanicus. Boxplots of the log centroid
sizes (CS) of the mandible (a), dorsal (b) and ventral (c) sides of the cranium.
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Figure 4. Principal component analysis (PCA; left section), discriminant analysis (DA; central section)
and visualisation of the differences in shape between the two species (right section) in relation to
mandible (top), ventral side (middle) and dorsal side (bottom). For PCA and DA, black stands for
E. europaeus in allopatry, green for E. europaeus in sympatry, red for E. roumanicus in allopatry, blue
for E. roumanicus in sympatry. For shape comparison, black stands for E. roumanicus and grey for
E. europaeus; shape differences are amplified by a factor of 5.

3.3. Comparison of Allopatric and Sympatric Populations

Both species are of smaller size in sympatry (Figure 3), with a further effect being that the two
are also more similar in size than they are in allopatry. CVA analyses thus reveal marked differences
between allopatric and sympatric populations, as well as between the two species (Figure S1).

The overall phenotypic dissimilarity between the populations (Figure 5) shows a greater similarity
between the sympatric populations of the two species than between the two (sympatric and allopatric)
populations of the same species, when it comes to the ventral side of the cranium and the mandible
(Figure 5a’,c’). In the case of these two structures, morphometric differentiation is more affected
by allopatric/sympatric status than by taxonomy. Conversely, for the dorsal side of the cranium
(Figure 5b’), the main differentiation is between the two species. The interaction term of the two-way
analyses of variance reveals homogeneous patterns of differentiation between allopatric and sympatric
populations of the two species (size and shape, all p > 0.5; Figure 5), with the one exception relating to
mandible shape (F14, 49 = 3.27, p < 0.01).
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Figure 5. Overall shape differences among examined groups of E. europaeus and E. roumanicus:
Right—between sympatric and allopatric populations of the two species; left—among all groups
(allopatric, sympatric and hybrid populations). Neighbour-joining networks of the Mahalanobis
distances for the mandible (a,a’), and the ventral (b,b’) and dorsal (c,c’) sides of the cranium.

MCI yielded values of 0.426 for the ventral and 0.441 for the dorsal side of the cranium, indicating
the absence of convergence, while for the mandible, a convergence pattern with the MCI value of
1.541—well above one—and above 95% of the random MCI distribution (Figure 6), was detected.

 

Figure 6. Multidimensional convergence index (MCI) of the sympatric and allopatric populations of
both species obtained for the mandible (vertical dotted line) compared with a randomized distribution
of MCI values.
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3.4. Differences between the Two Hybrid Populations

Captive and wild hybrids do not differ in shape, in relation to any of the structures analysed
(Table 2), though wild hybrids have a larger ventral side of the cranium than their captive counterparts
(Figure 3). Neighbour-joining networks reveal closer proximity of the hybrids to the allopatric
populations of the two species where data for the ventral side of the skull are concerned, as well as
the mandible (Figure 5a,b). In relation to the dorsal side of the cranium, hybrids are seen to cluster
between the two parent species (Figure 5c).

Table 2. Test of differences between captive and wild hybrids. Differences in shape and size were tested
using MANOVA and Wilcoxon’s tests, respectively, for the ventral and dorsal sides of the cranium
and the mandible. P: p-value, numDf and denDf: Numerator and denominator degree of freedom.
Cross-validation percentages (CVP) are provided as the mean and the 90% confidence interval (CI) of
the distribution.

Trait
Mandible Ventral Dorsal

Tests CVP Tests CVP Tests CVP

Shape F(2,12) = 0.6,
p = 0.56 - F(2, 12) = 2.8,

p = 0.09 - F(10,4) = 4.08,
p = 0.09 -

Size W = 46,
p = 0.04

73.9%
(64.3–85.7%)

W = 52,
p = 0.004

79.4%
(71.4–92.9%)

W = 40,
p = 0.19 -

3.5. Geographical Structure

Unlike in the case of the dorsal side of the skull—for which no geographical structure could be
detected, data for the ventral side and the mandible are seen to vary geographically (Table 3), with
differences between the two species noted. The population of E. europaeus shows a geographical
structure, as regards data on mandibular shape, while specimens of E. roumanicus also vary
geographically in this respect, as well as in the size and shape of the ventral cranial side. However,
the sampling on this remains limited and this conclusion is awaiting better support.

Table 3. Geographic structure of the data. Results of Mantel tests for shape and regression for size for
ventral and dorsal sides of the cranium and the mandible.

Trait
E. europaeus E. roumanicus

obs p-Value adj. R2 p-value obs p-Value adj. R2 p-Value

Mandible 0.283 0.036 0.167 0.039 0.221 0.005 0.274 0.011
Ventral −0.09 0.775 0.04 0.232 −0.066 0.762 0.18 0.042
Dorsal −0.070 0.626 −0.01 0.44 −0.014 0.53 −0.02 0.47

4. Discussion

4.1. Convergent Character Displacement in Size and Shape

Our first-ever reference to high-resolution three-dimensional geometric morphometrics in the case
of hedgehogs helped reveal fine-scale differences between the two species in allopatry, while showing
surprising similarity in circumstances of sympatry. Where matters of size are concerned, specimens of
E. europaeus allopatric from E. roumanicus have larger crania and mandibles. In contrast, when present
sympatrically, populations of the two species show a similar reduction in size, resulting in a much
greater overlap than in allopatry, to the extent that cross-validation percentages are always lower in
sympatric situations.

As regards shape, marked differences were detected for both species, between allopatric and
sympatric populations. It emerged that most of the shape variation is clustered by allopatric/sympatric
differences in ventral skull shape, as well as mandibles; while data for dorsal skull shape appear
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to be structured primarily by reference to inter-species differences. The overlap in the mandible
variation, characterising sympatric populations in the discriminant analysis (Figure 4) confirmed
by: their close proximity on the network (Figure 5); their lower percentage in cross-validation than
their allopatric counterparts (Table 1); and the high MCI value, can be interpreted as a case of
convergence in line with the pattern-based definition (Stayton 2015). However, interpretation of these
results in accordance with the process-based definition of convergence (i.e., as bilateral convergent
character-displacement) requires the examination of possible microevolutionary factors responsible for
the presence of more-unified phenotypic traits under circumstances of sympatry.

4.2. Hybridisation and Introgression

Hybridisation might be the simplest explanation for the observed patterns, with hybrids in
this case known to be large, and more similar in size to E. europaeus (perhaps as a reflection of the
genome dominance of this species when it comes to the determination of size; or else in line with
asymmetry in the ability to produce back-crosses). The experiments of Poduschka and Poduschka [41],
combined with our data, suggest that asymmetrical introgression is to be anticipated (and therefore
also asymmetrical changes in morphology).

In terms of shape, hybrids fall between the two parental allopatric morphologies when it comes to
mandibles, and the ventral side of the skull. This is consistent with the renewal of the plesiomorphic
state in hybrids. Interestingly, as captive and wild hybrids do not differ in skull shape (while the former
have larger crania and mandibles than their wild counterparts), the suggestion is that populations held
in isolation may develop different morphological traits [42,43].

Although past introgression events may have had a role to play in hedgehogs [4], the recent level
of hybridisation is very low [3,5]. However, a genomic approach and ascertainment of the level of
ancient introgression will be necessary if the potential role of hybridisation in phenotypic evolution is
to be investigated fully.

4.3. Clinal Variation

A second potential explanation would involve general trends to the clinal variation characteristics
of both species, possibly affected by the same selective environmental gradient that overrides the effect
of competition [44]. However, given the limited width of the contact zone between the hedgehog
species, it is difficult to imagine a longitudinal gradient taking on extreme values in central Europe.
For example, Škoudlín [45] measured 23 metric characters and four proportional indices related to the
skull, in order to compare specimens of E. roumanicus from the Czech Republic, Poland and Belarus.
Those from Poland and Belarus were characterised by higher values for a majority of the characters
studied, but the latitudinal pattern was rather in line with Bergmann’s rule. A longitudinal cline has
never been referred to in hedgehogs.

4.4. Ecological Species Interactions—Competitive and Predator Pressure

A third hypothesis would involve biotic ecological interactions, i.e., competitive pressure, as a
possible causal factor accounting for patterns observed. The general expectation of divergent
character displacement is based on a presumption of sufficiently narrow ecological valence, with
resource competition generating selective pressure intense enough to promote niche diversification.
It is well known that much of the diversity among terrestrial vertebrate skulls is associated
with feeding [6,46,47] and that the adaptive evolution associated with it can be rapid [48–50].
Hedgehogs are medium-sized plantigrade mammals whose low basal metabolic rates and related
defensive anti-predator strategies reflect energetic constraints associated with the unpredictable
distribution of resources and predation [51]. Therefore, when two hedgehog species form a sympatric
zone, potentially characterised by higher population density than in allopatry, the resulting guild
may approach the carrying capacity of the environment, with competition for resources generating a
convergent reduction in body size, rather than divergent character displacement. This explanation is
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also consistent with convergence in the mandible shape. As the function of the lower jaw connects
mainly with feeding [47,52], in contrast to the cranium reflecting additional functions related to sensory
organs and the brain [53,54], it is reasonable to ascribe respective patterns to evolutionary forces within
the trophic niche. We hypothesize that decrease in size and convergence in shape is a result of local
adaptations to overlapping dietary resources in the two species, and hence an example of convergent
character displacement.

Background mechanisms underpinning the observed patterns could also act at the community
level and entail predator pressure. The disruptive selection this causes could be seen as a proximate
mechanism behind a bimodal distribution of body size in mammals, in line with Cope’s rule [55].
Mammals filling “the mid-size gap” often possess defensive weaponry apomorphies, such as the
spines in hedgehogs [56], thereby pointing to the major evolutionary consequences of predation among
such medium-sized mammals. Recent ecological research on hedgehogs also reported a marked effect
of intraguild predation [57]. The associated hypothesis accounting for our results would therefore
involve higher predator pressure in the sympatric zone, as a reflection of the higher population density
among hedgehogs in general, and the recent mesopredator release [58], i.e., population increases in e.g.,
red foxes and European badgers in central Europe. That may in turn reflect the population declines
that characterised large carnivores for a long period in the past. All of this leaves evolution in the
direction of smaller body size in prey species as more suitable for achieving crypsis. These ecological
mechanisms could all be facilitated by such anthropogenic changes in the environment as declines in
numbers of invertebrates due to the use of pesticides, fragmentation of habitats, or increased traffic.

As detailed knowledge about ecological niche of hedgehogs is crucial in understanding their
population decline [59] and proposing rational conservation management, we propound further
attention to described phenomena. Considering the substantial regional variation and steep east–west
gradients in socioeconomic variables in Europe, resulting in geographic patterns in landscape
fragmentation [60] and anthropogenic pressure on ecosystems and hedgehog populations, as well as
differences in conservation management in rescue centers [61], large-scale studies using a standardized
methodology are needed to compensate for possible observation bias and investigate more closely
the complex phenotypic variation patterns and ecological niche characteristics. Taking into account
environmental variables will also allow for the study of the presence of complex phenomena caused by
selection pressures related to urbanization, the development of industrialised agriculture and other
human-mediated factors such as anthropogenic dwarfing of species.

5. Conclusions

In the present study, seldom observed sympatric character displacement was ascertained in
the contact zone of two sympatric hedgehog species in central Europe based on the analysis of
skull size and shape. Considering almost complete formation of reproductive isolating barriers,
we presume hybridisation and introgression are not the major processes behind the observed pattern.
We hypothesise that unidirectional selection to size and shape related to competition in the trophic niche
is responsible for that pattern, and that size changes of the skull could also be facilitated by a reduction
in body size related to selection pressures, mediated by the Anthropocene mesopredator release.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/10/1803/s1,
Table S1: Samples used in the study, Table S2: Landmark coordinates, Figure S1: Cranial and mandibular
shape differences.
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Kerstin Ploi 1, Manuel Curto 1,2, Barbora Černá Bolfíková 3, Miroslava Loudová 4, Pavel Hulva 4,5,

Anna Seiter 1, Marilene Fuhrmann 1, Silvia Winter 6 and Harald Meimberg 1,*

1 Institute for Integrative Nature Conservation Research, University of Natural Resources and Life
Sciences (BOKU), 1180 Vienna, Austria; kerstin.ploi@students.boku.ac.at (K.P.);
manuel.curto@boku.ac.at (M.C.); anna.seiter@posteo.de (A.S.);
marilene.fuhrmann@students.boku.ac.at (M.F.)

2 MARE–Marine and Environmental Sciences Centre, Universidade de Lisboa, 1649-004 Lisboa, Portugal
3 Faculty of Tropical AgriSciences, Czech University of Life Sciences Prague, Kamýcká 129, 165 21 Prague,

Czech Republic; bolfikova@ftz.czu.cz
4 Department of Zoology, Faculty of Science, Charles University in Prague, Viničná 7, 116 36 Prague,
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Simple Summary: Hedgehogs are regularly brought to wildlife shelters. Depending on the area from
where animals are accepted, translocation can occur between different regions or populations. In this
study, the genetic diversity of wild hedgehog populations was compared with “shelter populations”
within central Europe focusing on the western contact zone between both European hedgehog species.
Some shelters were hosting both species at the same time, in one this could be shown genetically.
Generally, no difference in genetic diversity between shelter individuals and wild populations was
found. Two shelters from Innsbruck hosted individuals that probably belong to two subpopulations.
This indicates that shelter management-related translocations could facilitate gene flow across a
dispersal barrier.

Abstract: Hedgehogs are among the most abundant species to be found within wildlife shelters and
after successful rehabilitation they are frequently translocated. The effects and potential impact of
these translocations on gene flow within wild populations are largely unknown. In this study, different
wild hedgehog populations were compared with artificially created “shelter populations”, with regard
to their genetic diversity, in order to establish basic data for future inferences on the genetic impact of
hedgehog translocations. Observed populations are located within central Europe, including the
species Erinaceus europaeus and E. roumanicus. Shelters were mainly hosting one species; in one case,
both species were present syntopically. Apart from one exception, the results did not show a higher
genetic diversity within shelter populations, indicating that individuals did not originate from a wider
geographical area than individuals grouped into one of the wild populations. Two shelters from
Innsbruck hosted individuals that belonged to two potential clusters, as indicated in a distance analysis.
When such a structure stems from the effects of landscape elements like large rivers, the shelter
management-related translocations might lead to homogenization across the dispersal barrier.

Keywords: hedgehog; animal shelter; translocation; genotyping by amplicon sequencing
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1. Introduction

The two European hedgehog species Erinaceus europaeus (Linne, 1758) and E. roumanicus
(Barrett-Hamilton, 1900) are assessed as ‘least concern’ by the IUCN (International Union for
Conservation of Nature) Red List of Threatened Species [1,2]. Nevertheless, in several western
European countries like England, the Netherlands, and Belgium, road-kill and citizen science data
suggested a decline of E. europaeus [3–6]. Investigations on the hedgehog population structure have
been performed across a wide range of European countries [7,8], including their central European zone
of sympatry and potential hybridization zone [8–10]. Because hedgehogs are mainly found in close
proximity to human settlements, rural as well as urban, occupying diverse man-made habitats [1,2,11],
the population structure might be influenced by human infrastructure and anthropogenic barriers
(e.g., roads and major transportation axes) fragmenting the landscape. Limited migration possibilities
might consequently reduce and disturb gene flow [4,12–14]. This can manifest itself in an influence
on the isolation-by-distance pattern on small geographical scales, like shown in the United Kingdom
(UK) [7]. As small mammal species, hedgehogs are naturally subjected to dispersal impediments that
can result in a genetic structure [15,16]. Therefore, the effects of anthropogenic as well as geographical
barriers (e.g., rivers, mountain ranges) might be reinforced by the per se limited dispersal capacities of
this species [7,9,14].

As likeable and well-known garden species, hedgehogs are often used as flagship or umbrella
species in urban nature conservation (e.g., the garden projects “Garten Charata” in Switzerland,
“Natur im Garten” in Austria, “Super-Igel-Garten, NAJU Rostock” in Germany). Due to this medial
presence, and their popularity and presence in gardens, they are often the center of attention when
it comes to human-mediated rescue actions. Hedgehogs are frequently translocated and among one
of the most abundant species found in wildlife shelters in western Europe [17]. Wildlife shelters
rehabilitating hedgehogs can also be found across Austria (at least one in every federal province) [18].
The primary aim of these shelters lies in the successful rehabilitation and subsequent release of their
temporary patients back into the wild. This, however, may result in (unintentional) translocation;
if the individual’s origin is unknown, a release at the original site is not possible or if individuals
cannot individually be identified after their stay in the shelter [17,18]. It is also known that such
release locations are often chosen because of their suitable habitat, while the actual origin of hedgehog
individuals is rarely recorded by the animal shelters (in Austria). Therefore, the origin may lie
anywhere within a radius of 300 km around the shelter and might as well originate from a different
federal province. Moreover, shelters may lack the ability of species identification (E. europaeus or
E. roumanicus) [18]. Despite the proven importance of rehabilitation and translocation as conservation
management tools [19,20], the lack of centralized monitoring, regulation, and licensing can lead to
uncoordinated translocations, which may have consequences for the wild population at the release
site [21].

E. europaeus and E. roumanicus are not under legal protection by the FFH (Flora-Fauna-Habitat)
directive [22] and are not referred to within Austrian hunting regulations [23]. Nature conservation
and species protection are regulated on the province level within Austria; therefore, nine different
versions of legal regulation apply for the two hedgehog species within Austria. They either categorize
hedgehogs as “not protected” or “protected”, with the latter prohibiting the capture, killing, disturbance,
ownership, and trade with the corresponding animal. Rehabilitation of wild hedgehog individuals
is only allowed under certain circumstances, which include the necessity of rehabilitating injured or
underweight individuals as well as the approval of exceptions for the protection of wildlife [18].

Potential outcomes of uncontrolled translocations may be outbreeding depression, accompanied
by the loss of local adaptions, or a reduction in genetic variation and changes in the population genetic
composition [19,20,24,25]. Even translocations that do not directly lead to gene flow within the affected
population may result in genetic consequences through a reduction of the population size, triggered by
increased competition or potential transmission of diseases [21].
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Because human-mediated translocations can also lead to increased incidents of hybridization
between species [19,24], a special focus needs to be put on the central European contact zone of
E. europaeus and E. roumanicus, which reaches from Poland and the Czech Republic down through
Austria to the border between Italy and Slovenia [9]. It is already known that (un)intentional
translocations of various species led to an increase in hybridization and introgression [20]. The degree
of hybridization between the two parapatric hedgehog species within their central European contact
zone has been indicated to be low so far [8,9,26,27]. Recent investigations relying on a denser sampling
of the zone of secondary contact (within Austria), as well as the usage of multiple microsatellite
markers, however, indicate that the extent of potential hybridization might be higher than assumed and
the actual zone of sympatry and species overlap might be broader [10]. Ongoing work is investigating
this further; however, translocations might play a role as an influencing factor for distribution as well
as hybridization.

E. europaeus and E. roumanicus are known to have overcome the most recent period of repeated
glaciations during the Pleistocene era in three different southern refugia. While E. roumanicus survived
these glaciations in the Balkan peninsula, E. europaeus was restricted to the regions of the Iberian
and Apennine peninsula [26,28–30]. Provoked range shifts, resulting from recurrent restrictions to
glacial refugia and expansion during interglacial warmings [28,29,31,32], are reflected in today’s
hedgehog genetic structure, as has been shown by various studies [26,30,33,34]. They detected a major
genomic division between E. europaeus and E. roumanicus, and a contact zone separating this divergence
between eastern and western Europe [26,30,33,34]. As well as this, a divergence between E. europaeus
individuals originating from either the Iberian or Apennine peninsula was shown [26,30,33,34].
For E. roumanicus, it is suggested that interglacial continental refugia might have led to further genetic
differentiation among populations [8]. Nuclear as well as mitochondrial (mt)DNA markers have been
used to reconstruct glacial refugia and post-glacial colonization routes of various species worldwide,
with European hedgehogs among them [35]. However, it is known that different genetic markers show
divergent resolution when observing genetical (sub)structuring and the phylogeographic origin of
hedgehogs. While mtDNA markers are proven to be proficient for analyzing the divergence between
E. europaeus, E. roumanicus, and E. concolor, as well as intraspecific genetic divergence within E. europaeus,
nuclear markers were solely able to resolve the major interspecific splits among the three European
Erinaceus species [26,34]. However, genetical substructuring of existing (sub)species and populations
might be affected in regions where individuals of different phylogeographic and genetic origin are
intermixed through human-mediated translocations of hedgehogs. In the current study, we aimed
to use a set of 55 microsatellite markers, which given their high mutation rate and number should
provide a higher discriminatory power than the above mentioned studies.

Only few studies have focused on the effect of animal translocations on gene flow as a whole [19].
We aimed to generate the basic data necessary to draw solid conclusions on whether the translocation
of hedgehog individuals among a certain geographic range would result in the possible disturbance
of local genetic structures. Therefore, we raise the question if hedgehog individuals congregated
at wildlife shelters display a broader genetical structure and are more diverse than wild hedgehog
populations. We answer this question by contrasting different wild hedgehog populations to artificially
created “shelter populations”, with regard to their genetic diversity, through Bayesian clustering and
the application of principal coordinate analysis (PCoA). The results will be linked with data from
questionnaires of Austrian wildlife/animal shelters and shall allow for inferences on the potential
impact of hedgehog translocations within the central European contact zone of E. europaeus and
E. roumanicus. Additionally, results will be discussed in a phylogeographic context, as the sampling
area is assumed to host both refugial lineages of E. europaeus.
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2. Material and Methods

2.1. Sample Collection and DNA Isolation

A total of 221 samples were used in the present study. Samples were assigned to E. europaeus
(n = 144) and E. roumanicus (n = 77) by morphological characters. Some samples were already
investigated in previous phylogeographical/population genetical assessments [10]. Samples were
collected from shelter individuals (n = 130) and from wild hedgehogs (n = 91). Individuals from
one shelter were treated as one population. Corresponding population assignment, as well as the
geographical background can be found in Table 1. Figure S1 gives an overview on the sample locations.

Table 1. Sample information and populations. The table gives an overview on the used population
name, number of individuals within each population, species assignment, and geographical origin.
Abbreviations given: AUT = Austria, CZE = Czech Republic, GER = Germany, POL = Poland.

Population # Individuals Species Geographical Origin

wild_LinzD_eu 7 E. europaeus Linz/AUT (wild)

wild_Linz2_eu 2 E. europaeus Linz/AUT (wild)

wild_Linz3_eu 6 E. europaeus Linz/AUT (wild)

wild_Linz4_eu 6 E. europaeus Linz/AUT (wild)

shelter_Bludenz_eu 31 E. europaeus Bludenz/AUT (shelter)

wild_Chomutov_eu 8 E. europaeus Chomutov/CZE (wild)

wild_Praha_eu 15 E. europaeus Prague/CZE (wild)

wild_Hamburg_eu 7 E. europaeus Hamburg/GER (wild)

wild_Berlin_eu 9 E. europaeus Berlin/GER (wild)

shelter_Mossautal_eu 9 E. europaeus Mossautal/GER (shelter)

shelter_Innsbruck1_eu 7 E. europaeus Innsbruck/AUT (shelter)

shelter_Lea_eu 20 E. europaeus Bavaria/GER (shelter)

shelter_Innsbruck2_eu 17 E. europaeus Innsbruck/AUT (shelter)

wild_Linz_rou 6 E. roumanicus Linz/AUT (wild)

wild_Markt_rou 3 E. roumanicus Linz/AUT (wild

wild_Praha1_rou 10 E. roumanicus Prague/CZE (wild)

wild_Praha2_rou 6 E. roumanicus Prague/CZE (wild)

wild_Gdansk_rou 6 E. roumanicus Gdansk/POL (wild)

shelter_Carinthia1_rou 21 E. roumanicus Carinthia/AUT (shelter)

shelter_Carinthia2_rou 7 E. roumanicus Carinthia/AUT (shelter)

shelter_Marilene_rou 18 E. roumanicus Graz/AUT (shelter)

Individuals were either sampled through buccal swabs (shelter animals) or muscle tissue (from road
fatalities or samples that were taken from museum specimens) [10]. All samples were stored in ethanol
until further preparation and analysis. Detailed shelter identity and locations were not given.

DNA isolation followed the methods and procedures described in [10]. For DNA isolation of
muscle tissue samples, a small piece of tissue was placed in 500 μL of lysis buffer (2% SDS, 2% PVP–40,
250 mM NaCl, 200 mM Tris-HCl, and 5 mM EDTA, pH8), to which 16.67 μL of proteinase K (10 mg/mL)
were added, following a 2.5-h period of incubation at 56 ◦C. Then, 16.67 μL of RNase (10mg/mL) were
subsequently added, followed by an incubation period of 20 min at 37 ◦C. After the second incubation,
125 μL of 3 M KOAc (pH 4.7) were added and samples were put on ice for 20 min. After a series
of centrifugation steps (100 rcf for 1 min, 400 rcf for 1 min, 1700 rcf for 1 min, 7000 rcf for 1 min,
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and 20,000 rcf for 11 min), 400 μL of the supernatant were mixed with 15 μL of MagSi-DNA beads
(size 300 nm, MagSi-DNA beads from MagnaMedics, Geleen, The Netherlands), as well as 600 μL of
binding buffer (2 M GuHCl in 95% ethanol) and incubated at room temperature (5 min). To separate the
resulting supernatant from the beads, the samples were placed on the magnetic separator SL-MagSep
96 (Steinbrenner, Germany) for 1 min. Two washing steps with 80% ethanol (600 μL each) followed.
After discarding the supernatants, magnetic beads were air-dried at room temperature for 10 min.
Two elutions were acquired, with 30 and 50 μL of preheated (65 ◦C) elution buffer (10 mM TrisHCl,
pH 8), mixed with the beads, and incubated for 5 min at room temperature. DNA isolation of buccal
swab samples followed the same procedure, with the exception that the product of lysis was filtered
through NucleoSpin filter columns and centrifuged for 1 min at 562× g. Buccal swab samples were
eluted in 20 and 25 μL of elution buffer [10].

2.2. Molecular Marker Enrichment and Amplification

A short sequence repeats genotyping by sequence approach (SSR-GBS), developed by [10],
was used within the present study. Amplification of the microsatellite regions within the genomes
of E. europaeus and E. roumanicus was conducted through multiplex PCR. In total, 55 different
primers were available for this approach, 25 and 30 primer pairs for the species E. europaeus and
E. roumanicus, respectively. A list of all primers that have been used for multiplex PCR can be found
in the Supplementary Materials (Table S1). These primer sets were developed and improved by [10].
Amplification primers are built up by specific sequences that are elongated by Illumina P5/P7 sequences,
which correspond to the Illumina adapter in the sequencing process. The forward primers were
elongated with a part of the P5 motif (TCTTTCCCTACACGACGCTCTTCCGATCT) and the reverse
primers with a part of the P7 motif (CTGGAGTTCAGACGTGTGCTCTTCCGATCT). The Multiplex
PCR Kit from QIAGEN was used for the performance of multiplex PCR. Therefore, 1 μL of template
was added to a prepared mix of 5 μL of QIAGEN Multiplex PCR Master Mix (Qiagen, CA, USA),
3.5 μL of H20, and 0.5 μL of a specific primer mix (1 μM). PCR was conducted using the following
temperature profile: 95 ◦C for 15 min; 30 cycles of 95 ◦C for 30 s, 55 ◦C for 1 min, and 72 ◦C for 1 min;
with a final extension at 72 ◦C for 10 min. For the evaluation of successful amplification and quality of
the PCR products, agarose gel electrophoresis was conducted to visualize PCR results.

Purification of PCR products in preparation of index PCR was conducted using an inverse
magnetic separator. A total 6-μL sample volume was mixed with 4.3 μL of magnetic beads and
incubated at room temperature for 5 min. The DNA, bound to magnetic beads, was washed twice with
200 μL of 80% ethanol for 45 s. After discarding the ethanol, the magnetic particles were air-dried for
5 min and DNA was eluted with 17 μL of preheated (65 ◦C) elution buffer (10 mM TrisHCl, pH 8).

Index PCR was used to allow for the individual identification of the pooled samples with specific
forward and revers primers through specific assignment of indices. On the one hand, the used primers
help binding to the before amplified P5/P7 part of the primers used in multiplex PCR. On the other
hand, they allow for binding to the flow cell in Illumina Sequencing and label the sample with a
unique eight-bp index information, which helps to assign sequenced genotypes to single samples
(P5: AATGATACGGCGACCACCGAGATCTACAC [Index] ACACTCTTTCCCTACACGACG; and P7:
CAAGCAGAAGACGGCATACGAGAT [Index] GTGACTGGAGTTCAGACGTGT). For index PCR,
1 μL of clean PCR product was mixed with 5 μL of Multimix (QIAGEN), 2 μL of specific P5 forward
primer, and 2 μL of specific P7 reverse primer. The following temperature profile was used for the
performance of index PCR: 95 ◦C for 15 min; 10 cycles of 95 ◦C for 30 s, 58 ◦C for 1 min, and 72 ◦C for
1 min; with a final extension at 72 ◦C for 5 min [10].

2.3. Illumina Sequencing and Sequence Data Analysis

Following index PCR, samples were pooled and sent to the Biozentrum LMU in Munich, Germany,
for sequencing in an Illumina MiSeq machine in both directions/through paired-end sequencing in a
sequencing by synthesis approach.
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The short sequence repeats genotyping by amplicon sequence (SSR-GBAS) method used in this
paper follows the pipeline described in [10,36], available at [37]. Amplicon sequences are being used
for the determination of genotypes. In this context, alleles are defined according to their length and the
occurrence of single nucleotide polymorphisms (SNPs).

Sequences resulting from the Illumina run were supplied in two FASTQ files (read 1 and read 2),
containing all sequences per index. The following processing and treatment of the samples was
based on a combination of custom-made scripts, as well as third party programs [10]. This included
the quality control of single bases, as well as each read, followed by the trimming of low-quality
regions (Phred < 20, according to [10]). Sequences were aligned using the program PEAR [38],
meaning that paired reads (read 1 and read 2) were merged. The necessary overlapping range was
set to a minimum of 10 bp, with “a p-value below 0.01 for the highest observed expected alignment
scores” [10,38]. Markers were explicitly designed to generate overlapping fragments of approximately
300 bp. Overlapping sequences below 250 bp and non-overlapping reads were not considered during
further steps. Through a “demultiplexing” step, it was possible to identify primer sequences on each
side of the merged reads and separate them per locus using the script primer_demultiplex.py [10,37],
as merged reads were supposed to begin with the forward primer and end with the reverse primer
sequence, based on library preparation. Finally, sequences were sorted by locus and sample, resulting in
corresponding files, which were used for further genotyping analysis [10].

Allele definition was largely based on two major steps: (1) Sequence length, as well as (2)
the possible occurrence of SNPs in each separate length class. Within each sample, each marker
was examined for its most frequent sequence length class. This was done through a custom-made
script (Rscript_Markerlength_develop_Color.R, [10,37]) and manually controlled based on length
histograms. Loci were considered to be homozygous if they comprised a certain length with a
frequency equal to or above 90% among all reads for the respective marker. If a locus showed
two lengths with a frequency greater than 90% of all reads (and those frequencies differed by less
than 20%), the genotype was considered heterozygous. As well as the calling for alleles based
on length frequencies, the employed script (Rscript_Markerlength_develop_Color.R) checked for
possible stutter within the selected alleles [10,37]. The remaining steps were preformed using the
script Sequence_Allele_Call.py [37]. The various reads within the most frequent length class(es) of
a (homozygous) locus were merged into one consensus sequence. Therefore, nucleotide positions
were considered to be homozygous if they showed a frequency above 70% for a single position, and
to be heterozygous if the frequency of a nucleotide within a single position was below 70%. Loci,
within a specific sample, that had already been defined as homozygous based on their sequence length
class could be considered heterozygous based on the two most frequent nucleotides for a position.
Nucleotide positions were considered to be linked if more than one potential SNP (single nucleotid
polymorphism) occurred in a sequence. For samples already defined as heterozygous based on length
class, it was decided to choose the most frequent SNP combination. Based on the called alleles from
all samples, a codominant matrix was set up, as input for subsequent population genetic analyses
within different standard programs [10]. This matrix consists of two specific numbers, corresponding
to unique sequences (i.e., specific alleles), for each investigated locus, of every sample.

2.4. Population Genetic Analysis

After the initial sequence analysis and exclusion of markers with too much missing data,
41 microsatellite markers were valid to be used (see Figure S1) for population genetic analysis of the
221 hedgehog samples.

Specific analyses were conducted in the following different approaches: (1) Analysis of all
221 hedgehog samples; (2) intraspecific analysis for the two respective species E. europaeus and
E. roumanicus; as well as (3) a separate analysis of shelter and wild populations (on an inter- as well as
intraspecific level).
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The program STRUCTURE v.2.3.4 [39] was used for the detection of the underlying population
structure within the investigated set of hedgehog individuals, based on Bayesian clustering
(Markov Chain Monte Carlo, MCMC) of multilocus genotype data [39]. For all conducted approaches,
the “Length of Burnin Period”, as well as the “Number of MCMC Reps after Burnin” were selected as
10.000. An admixture model, with correlated allele frequencies was chosen for calculation. Calculations
were conducted with 5 iterations.

To choose the most likely value for all observed Ks and thereby determine the most likely number
of populations (genetic groups) to be found within the underlying set of samples, the “STRUCTURE
HARVESTER” [40,41] was used. To summaries all iterations of each K into one single summary output
and graphically represent the results calculated within STRUCTURE v.2.3.4, the web portal CLUMPAK
(Cluster Markov Packager Across K) was used [42,43].

The Excel Add-In GenAlEx (Genetic Analysis in Excel) [44,45] was used for principal coordinate
analysis (PCoA) using the covariance-standardized setting, and calculation of the standard population
genetic parameters, like the observed and expected heterozygosity (He, Ho), fixation index (F),
percentage of polymorphic loci, and number of alleles (Na).

3. Results

The data included in this study were obtained from different Illumina runs. Files corresponding to
one sample containing all markers were used as input for quality control, merging of reads, and the allele
call pipeline. After the exclusion of markers with more than 50% missing data, the matrix contained 41
primers for 221 samples. Primer characteristics were largely congruent with our earlier analysis [10]
and are therefore not reported here. As expected, strong differentiation between E. roumanicus and
E. europaeus was obvious, and intermediate specimens between the species recognized previously were
not included in this study. No early generation hybrid was detected in this dataset and no individuals
were positioned between the main clusters characterizing the two species (Figure 1). Within the single
species, moderate genetic structure was indicated. In the analysis of all wild populations (K = 10),
three clusters in E. europaeus (one for the populations in Linz, one for the Czech Republic (Prague and
Chomutov), and one for the northern German populations of Berlin and Hamburg) are opposed to one
cluster for all E. roumanicus populations (Figure 2). When looking only at clusters within one species,
E. roumanicus was divided into three groups, one for Linz and Markt, the second for the populations in
Prague, and the third for the population in Gdansk (Figure 2). When the populations from shelters are
included, subdivision becomes clearer, as some of the shelters are from areas where no wild population
was collected (Figure 2, Figure 3). For E. europaeus, despite the optimal K according to the Evanno
method being 2, at K = 6, a second optimum is indicated and three clusters of the wild populations,
as well as the shelter from Bludenz (Vorarlberg, western Austria), Innsbruck (Tyrol, western Austria),
and Bavaria (shelter “Lea”; southern Germany) form their own clusters. The shelter from Mossautal
was assigned to the same cluster as the northern German populations. In E. roumanicus, the analysis
of all samples results in one additional cluster for the shelters in Carinthia and the shelter in Graz
(shelter “Marilene”), which appears very admixed. In the shelter of Graz, we have some individuals
that cluster together with E. europaeus (Figure 1), indicating that this population is not homogeneous.

Genetic differentiation between populations seems to be rather high with the marker system used.
While the pairwise Fst between populations of the two species ranges from 0.3 and 0.4, intra-species
values are between 0.02 and 0.21 in E. europaeus and between 0.13 and 0.3 in E. roumanicus (Figure 4).
Low inter-species values (between 0.19 and 0.24) are attributed to the differences of admixed shelter
populations where both species were included.
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Figure 1. Principal coordinate analysis from genetic distances of the whole dataset ((A) for Populations,
(B) for species), All populations divided per species (C,D), shelter populations (E,F), and wild
populations (G,H). C through H are divided in E. europaeus (left) and E. roumanicus (right).

201



Animals 2020, 10, 1452

Figure 2. Structure analysis for the datasets of all wild (upper panel), all E. europaeus (K= 2, upper middle
panel and K = 6 lower middle panel), all E. roumanicus (K = 7 lower middle panel, right), and all
populations (K = 10 lower panel). The shown K corresponds to delta Kmax (E. europaeus K = 2 and
E. roumanicus K = 7) or suboptimal delta K (all populations K = 10; all wild populations K = 10,
E. europaeus K = 6).
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Figure 3. Spatial patterns of the genetic structure within E. europaeus (left panel) and E. roumanicus
(right panel) shelter and wild populations. Raw data used and color-coding refer to structure analysis
within the single species like shown in Figure 2 (K = 6 for E. europaeus and K = 7 for E. roumanicus).
Basic map was taken from [46]. Localities are listed in Supplementary Materials Figure S1.

Figure 4. Frequency distribution of pairwise Fst between populations of E. europaeus, E. roumanicus,
and between populations of both species.
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4. Discussion

In concordance with previous studies on hedgehog genetic divergence and
phylogeography [9,10,26,30], the results support a clear delimitation of the two species E. europaeus
and E. roumanicus. The data allowed for phylogeographic inferences on factors shaping the genetic
diversity of hedgehog populations.

Bayesian clustering revealed a most likely K = 2 for E. europaeus individuals within our dataset.
This is corresponding to existing phylogeographic lineages of E. europaeus [26,30], based on analysis
of mitochondrial markers. Hedgehogs survived the last glacial maximum in Mediterranean refugia
and later colonized Europe northward in connection to spreading forests [28]. One of the lineages
has Iberian origin [28,29] and recently is also occupying France, England, Switzerland, and southwest
Germany [26] For the first time, we might have detected this lineage in Austria, which could be
attributed to sampling gaps in previous studies. Due to its proximity to Switzerland and Germany,
one could propose a possible existence of this lineage within Austria´s most western range. This is
furthermore strengthened by the congruent assignment of the Bludenz and German (Berlin, Hamburg,
Mossautal) populations within STRUCTURE analysis (K = 2), despite their relative geographic distance
and the genetic distinctiveness of the Innsbruck population, despite its relative geographic proximity.
Investigation on mitochondrial markers to verify the origin of this lineage is currently being undertaken.

The Apennine lineage of E. europaeus expanded out of the Italian Peninsula northwards through
Austria, Switzerland, Germany, the Netherlands, Scandinavia, and Estonia [26]. In contrast to many
other European species, hedgehogs have been shown to overcome the mountain barrier of the Alps
and colonize Europe out from Italy [28,29]. The distinct pattern of the Bludenz population indicates the
possibility that lineages of E. europaeus originating from the Iberian and Apennine Pleistocene refugia
both occur in Austria. The separation of Linz and also Czech samples of K = 3 might be explained on
their proximity to the zone of secondary contact and underlying genetic divergence or introgression [8].
Their genetic set-up might be established on possible introgression with E. roumanicus individuals,
as they are situated in the potential hybridization zone. A possible influence of individuals from the
secondary contact zone on the analysis of genetic divergence within the species has already been
indicated by [8]. They also concluded that populations from the contact zone are different from the
remaining study area, which they attributed to processes acting at parapatric range edges.

E. roumanicus showed a more pronounced genetic structure when looked at pairwise Fst than
E. europaeus. It is suggested that only one lineage of E. roumanicus emerged from the southern
refugium of the Balkan Peninsula [26,29,30]. Intraspecific structure analysis of E. roumanicus indicated a
differentiation of all populations at K= 7 and populations of Linz, Prague, Gdansk, and Carinthia clearly
differentiated from each other and stayed in a uniform pattern corresponding to their geographic origin.
This pattern is in contradiction to previous shallow population structure found in this species [8,9].
It may be explained as a result of the hybrid zone dynamic with two populations (Linz and Praha)
within the zone of sympatry [8]. Populations found within the cities of Linz (federal province of
Upper Austria) and Prague are comprising both species. Individuals that were indicated as hybrids
in the previous study with the same marker set [10] were not part of the populations included in
this study. The division between the species is supported by a high Fst; however, also within one
species populations were divided by Fst, indicating a moderate to high level of genetic structure.
Moreover, their intraspecific Fst distribution is multimodal with some comparisons on the same range
of the interspecific Fst values. Neutral markers exchanged between the two species could increase
the signature of genetic differentiation between populations close and distant to the contact zone.
For this study, only two areas with sympatric populations could be included so no specific analysis on
introgression was performed. This might apply to E. roumanicus to a higher extent than to E. europaeus
given their Fst distribution patterns. Ongoing work will investigate this further.

Landscapes across Europe appear to be highly fragmented due to anthropogenic infrastructure
and various forms of human land use [4,12,13]. Hedgehog populations subjected to restricted gene
flow due to other factors than geographic distance alone have been found in the UK [7] and in
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Switzerland [14]. Especially within areas where the hedgehog´s distribution range is structured
by major geographic barriers, like rivers or mountain ranges (as seen in the shelter populations
of Innsbruck), these impediments might be circumvented through human-mediated infrastructure
(such as bridges) or translocations. This artificial enhancement of species distribution may lead to a
promotion of gene flow in specific areas. Whether or not this enhancement in gene flow has positive
(enrichment of locally isolated populations in fragmented environment through an increase of genetic
variation, [19]), negative (disturbance of locally adapted populations and outbreeding depression, [25]),
or neutral effects on natural wild hedgehog populations remains the subject of future investigations.

The shelter populations observed within this study did not generally comprise a higher
genetic diversity as could be expected because they comprise a mixture of individuals from a
wide geographical area. While the shelter populations of Carinthia, Bludenz, and Bavaria appeared
homogenous, the shelter population of Graz was highly diverse, with the appearance of both species.
Personal information given in an interview of the shelter indicated that no differentiation of the
two species is considered during sheltering. The two shelter populations from Innsbruck show a
certain level of subdivision into two subpopulations in the PCoA. The exact origin of these samples is
unknown; however, it is likely that these individuals could stem from both sides of the Inn, a river
running through the federal province of Tyrol in the direction of south-west to north-east, which could
constitute as a natural barrier [14].

The E. europaeus and E. roumanicus distribution within their central European contact zone is
already known to be syntopic [9]. While increased landscape fragmentation might promote the
limitation of gene flow [4,13,14] as well as a varying abundance and density of both hedgehog species
in different regions [9], translocations have the possibility to interfere with these structures. Moreover,
translocations might broaden the zone of overlap and might enhance the potential for hybridization.
Using questionnaires, it was assessed that most shelters can differentiate between the species but
regard species delimitation as irrelevant in practice [18]. The discovery of both species, E. europaeus
and E. roumanicus, within a single shelter population (shelter Graz) shows shelters potential to interfere
with the two species distribution range. In the thesis of [18], 8 out of 12 wildlife shelters (corresponding
to 6 out of the 9 federal provinces) in Austria hosted both species. This is reinforced by shelter habits
in animal translocations. Since wildlife shelters hold most of their hedgehogs in groups, the exact
identification of single individuals is often neglected. The majority of wildlife shelters in Austria give
rehabilitated hedgehogs back to the people that brought them (11 out of 13 shelters; [18]); however the
individual that is handed over might be confused. A release at the place of origin is often not possible
(due to a lack in individual identification; an unknown place of origin; or the place of origin being
considered inappropriate; 8 out of 13 shelters in [18]), wherefore 6 out of 13 shelters turn to people
voluntarily offering releases at places considered suitable [18]. Eventually, distances between the place
of origin and release site are known to vary from 5–300 km in different shelters [18].

Studies mostly discuss the effect of translocation as the effect on the survival of individuals with
lower fitness, which could interfere with natural selection [25]. Potential results might be relaxed
selection pressure on survival during winter and a reduction of the adaptive response. In addition,
more virulent forms of parasites and diseases could be kept in populations, allowing more damaging
forms of diseases to develop [25]. This means that even releases that do not directly result in gene
flow can have genetic consequences if they reduce the local population size by disease transmission
or increased competition [21]. Various studies showed the capability of rehabilitated juvenile and
adult hedgehogs to survive after their release [47,48]. Additionally, an improvement in the fitness of
hedgehogs in Great Britain following temporary captivity was found [17]. The same study showed
that rehabilitated and in turn released hedgehogs did not affect wild individuals through an increase in
competition. This was attributed to suburban gardens serving as highly productive feeding sites [49].

Human-caused augmentation of hybridization pressure due to the translocation of individuals
beyond the species range had been considered [19]. For the two parapatric hedgehog species E. europaeus
and E. roumanicus, hybridization is recognized, but the degree seems to be very low in terms of early
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generation hybrids [9,36,50]. Long-term patterns of continuous introgression and its effect on genetic
structure, like outlined above, could, however, very well be impactful. In the future, the data and
marker system presented here, allowing for easy reproduction of genotyping data, will allow to monitor
and investigate hybridization likelihood in detail.

Only few studies or data can be found about how translocating animals from wildlife shelters affects
gene flow [19]. In our study, we found indications that genetic structure formed by landscape elements
could be impacted over longer time scales when individuals from both populations are included in
shelters. The example of the shelters from Innsbruck shows that this is possible. Even though, with a
few exceptions, we did not find genetically strongly deviating individuals in the shelter populations,
personal observation shows that hedgehogs can be transported via several hundred km for care and
subsequent release. Even if this is unlikely to have a pronounced effect on the population structure [51],
the consideration of the source for release is important, especially if the region is subdivided by
migration barriers for the species.

5. Conclusions

Hosting hedgehog individuals in shelters can promote translocation of individuals because it
can bring together animals that are isolated by dispersal barriers. In the zone of sympatry, the two
different hedgehog species E. europaeus and E. roumanicus are sheltered together and are not always
differentiated. Our data show that such cases occur, even if in most shelters a genetic effect is not seen.
Shelter individuals should therefore be released under the consideration of natural barriers and treated
as a species that can express small-scale genetic structure. Future research will investigate this further.
Because the main consideration of shelters is animal welfare, also individuals from distant locations
can be taken in, but for the individuals tested, this did not apply.
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Eva Dornstauder-Schrammel is acknowledged for technical assistance, David Lang for graphical and formatting
changes and Lea Ficker for organizing the mouth swabs in Germany.

Conflicts of Interest: The authors declare no conflict of interest.

Ethical Statement: Material was obtained exclusively from traffic fatalities or as mouth swabs from individuals in
shelters that are regularly handled by staff for examination. No animals were harmed and no wild animal was
trapped for the investigation. Personal information of shelter owner and staff is not disclosed.

References

1. Amori, G. Erinaceus Europaeus. The IUCN Red List of Threatened Species 2016: E.T29650A2791303. In IUCN
Red List of Threatened Species; IUCN: Gland, Switzerland, 2016. [CrossRef]

2. Amori, G.; Hutterer, R.; Kryštufek, B.; Yigit, N.; Mitsain, G.; Palomo, L.J. Erinaceus Roumanicus. The IUCN
Red List of Threatened Species 2016: E.T136344A115206348. In IUCN Red List of Threatened Species; IUCN:
Gland, Switzerland, 2016. [CrossRef]

3. Holsbeek, L.; Rodts, J.; Muyldermans, S. Hedgehog and other animal traffic victims in Belgium: Results of a
countrywide survey. Lutra 1999, 42, 111–119.

206



Animals 2020, 10, 1452

4. Huijser, M.P.; Bergers, P.J.M. The effect of roads and traffic on hedgehog (Erinaceus europaeus) populations.
Biol. Conserv. 2000, 95, 111–116. [CrossRef]

5. Hof, A.R.; Bright, P.W. Quantifying the long-term decline of the West European hedgehog in England by
subsampling citizen-science datasets. Eur. J. Wildl. Res. 2016, 62, 407–413. [CrossRef]

6. Hof, A.R. A Study of the Current Status of the Hedgehog (Erinaceus europaeus) and its Decline in Great Britain
Since 1960. Ph.D. Thesis, Royal Holloway, University of London, Egham, UK, 2009.

7. Becher, S.A.; Griffiths, R. Genetic differentiation among local populations of the European hedgehog
(Erinaceus europaeus) in mosaic habitats. Mol. Ecol. 1998, 7, 1599–1604. [CrossRef] [PubMed]
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Simple Summary: An urban environment holds many barriers for mammals with limited mobility
such as hedgehogs. These barriers appear often unsurmountable (e.g., rivers, highways, fences) and
thus hinder contact between hedgehogs, leading to genetic isolation. In our study we tested whether
these barriers affect the hedgehog population of urban Berlin, Germany. As Berlin has many of these
barriers, we were expecting a strong genetic differentiation among hedgehog populations. However,
when we looked at unrelated individuals, we did not see genetic differentiation among populations.
The latter was only detected when we included related individuals too, a ‘family clan’ structure that
is referred to as gamodemes. We conclude that the high percentage of greenery in Berlin provides
sufficient habitat for hedgehogs to maintain connectivity across the city.

Abstract: We use the European hedgehog (Erinaceus europaeus), a mammal with limited mobility, as a
model species to study whether the structural matrix of the urban environment has an influence on
population genetic structure of such species in the city of Berlin (Germany). Using ten established
microsatellite loci we genotyped 143 hedgehogs from numerous sites throughout Berlin. Inclusion of
all individuals in the cluster analysis yielded three genetic clusters, likely reflecting spatial associations
of kin (larger family groups, known as gamodemes). To examine the potential bias in the cluster
analysis caused by closely related individuals, we determined all pairwise relationships and excluded
close relatives before repeating the cluster analysis. For this data subset (N = 65) both clustering
algorithms applied (Structure, Baps) indicated the presence of a single genetic cluster. These results
suggest that the high proportion of green patches in the city of Berlin provides numerous steppingstone
habitats potentially linking local subpopulations. Alternatively, translocation of individuals across the
city by hedgehog rescue facilities may also explain the existence of only a single cluster. We therefore
propose that information about management activities such as releases by animal rescue centres
should include location data (as exactly as possible) regarding both the collection and the release site,
which can then be used in population genetic studies.

Keywords: urban; hedgehog; genetic cluster; barrier
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1. Introduction

Urbanisation involves some of the most rapid and intense human-induced transformation
processes. Structures such as impervious surfaces, roads and buildings have fragmented the
environment for many species. Semi-penetrable or impenetrable barriers now separate smaller
patches of the former landscape, particularly in the urban conurbation. In order to gain access to
adequate resources, animals living in such patches often have to cross these barriers to move between
patches. Some wildlife species easily surmount barriers and cope with urban conditions (urban utilisers,
urban dwellers; [1]) and the close proximity to people (e.g., wild boar Sus scrofa; [2]), whereas others
cannot (e.g., great bustard Otis tarda; [3]). In addition, some species benefit from structures in urban
spaces that mimic their original habitat (e.g., common swift Apus apus; [4]). Thus, for behaviourally
flexible wildlife species urban habitats may provide a novel living environment with the opportunity
to exploit novel resources [2,5,6].

Geographic separation of populations by barriers reduces gene-flow among them and thus
increases genetic differentiation among populations. It also decreases the genetic variation within
populations both by genetic drift and by reducing the availability of genetically different breeding
partners, thereby increasing the risk of inbreeding and subsequent inbreeding depression as well as a
higher incidence of infectious diseases and thus elevated mortality [7]. Thus, a consequence of habitat
fragmentation may be local population extinction [8–11].

Urban landscapes also often contain large green patches such as parks, residential gardens,
cemeteries, currently unused former industrial sites (brownfield sites) and other habitats that provide
a relatively undisturbed living space for wildlife species. These patches may serve as stepping stone
habitats, allowing gene flow between otherwise separated local populations [12]. Whether gene flow
occurs depends on the mobility and dispersal capacity of each species in relation to the distances between
suitable habitat patches and the distribution of the latter within the urban matrix. Thus, we expect
species with high mobility and high dispersal capacity to be less affected by a strongly structured
urban landscape (e.g., the red fox Vulpes vulpes [13]) than species with small home ranges and limited
dispersal capacity. For the latter we therefore expect a fragmented urban landscape to promote genetic
isolation of clusters of individuals, causing a highly structured meta-population [14–17].

The purpose of this study is to test these expectations by genotyping European hedgehogs
(Erinaceus europaeus) across the highly structured and fragmented urban matrix of the city of Berlin,
Germany. Although hedgehogs are widely distributed across Europe [18], we used this species as a
model species because of its limited dispersal capacity and its relatively small home range [19,20].
The size of the latter may range from 0.8 ha (England; [21]), over 10 to 40 ha (England; [22]) up to 98 ha
(Finland; [23]). Whereas female hedgehogs mostly stay within their habitat patches, male hedgehogs
occasionally cover distances of up to 7 km per night [24]. Because the European hedgehog can use
the urban matrix and cope with its structural characteristics [17,19], population densities in urban
areas may actually be higher than in rural habitats [25,26]. However, despite their broad geographical
distribution and their ability to utilise urban matrices, hedgehog populations have been declining in size
and numbers across Europe [27–31]. Understanding the long-term consequences of progressive spatial
fragmentation by urbanisation on hedgehog genetic population structure might become increasingly
important for developing conservation strategies for this species [19,32,33].

2. Materials and Methods

2.1. Sample Collection and Sites

Over a period of five years (2013–2017), we collected mouth mucosal cells from free-ranging
European hedgehogs (N = 250) using nylon swabs (FLOQSwabs, COPAN, Brescia, Italy) and Forensic
cotton Swaps (Sarstedt, Nümbrecht, Germany) in the city of Berlin and its suburbs (~876 km2,
or 87,594 ha). Sampling was carried out between 10 p.m. and 4 a.m. during torchlight transect walks in
different public parks, cemeteries and green areas in Berlin. Due to the very low sampling success in the
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South-Western part of Berlin, we shifted the sampling effort during 2016 and 2017 to the North-eastern
part of the city, mainly to two large parks: (a) the ”Treptower Park”, a 20 ha public park open to and
accessible by the general public throughout day or night in south-central Berlin and (b) the ~160 ha
large “Tierpark Berlin”, Europe’s largest landscape zoological garden and inaccessible to the general
public after dusk. For each individual, we recorded the GPS coordinates of its sampling location.
Additional samples (N = 56) were provided by animal rescue facilities and local veterinary surgeries in
Berlin (Figure 1, Table S1). For these samples approximate locations were provided by staffmembers.
Coordinates, which may have had an error margin of a few hundred metres, where recorded using
online maps. We also asked staff working at these facilities whether they had implemented particular
rules on how release sites were chosen after the rehabilitation of hedgehogs. All procedures in this
study involving animals were performed in accordance with the ethical standards of the institution
(IZW permit 2016-02-01) and German federal law (permission numbers Reg0115/15 and G0104/14).

Figure 1. Map of Berlin and its surroundings and showing the locations from 139 out of 143 samples
(four samples not shown because locations are outside of map). External samples: samples received
from rescue centres. Their locations need to be viewed with caution. Samples from “Tierpark” and
from‚ “Treptower Park” are lumped under pink and dark stars, respectively.

2.2. DNA Extraction and Analysis of Microsatellite Loci

DNA was extracted from all 306 samples using the DNeasy kit (Qiagen, Hilden, Germany)
following the manufacturer’s instructions, with a final DNA-elution in 80 μL distilled water (sterile).
DNA concentrations were measured spectrophotometrically using a NanoDrop1000 (PeqLab GmbH,
Erlangen, Germany). Individuals were genotyped at 10 microsatellite loci using a panel of nine
loci from a previous landscape genetics study [34], with locus EEU1 added. The panel consisted of
the following loci: EEU1, EEU2, EEU3, EEU4, EEU5 and EEU6 [35], EEU12H, EEU37H, EEU43H,
and EEU54H [36]. One primer per pair was 5′- labelled with a fluorescent dye (6-FAM or HEX). To save
time and costs, we prepared (after optimization) four primer master-mixes (Mix-A to Mix-D, 50 μL
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each). Mix-A contained the primers for loci EEU1, EEU2, and EEU54H (all 1 μM), Mix-B consisted
of primers for loci EEU6 (1 μM) and EEU12H (2 μM), Mix-C of primers for loci EEU3 (1 μM) and
EEU37H (2 μM), and Mix-D included the primers for loci EEU4 (4 μM) and EEU5 (2 μM). Primer pair
EEU43H (3 μM) was run separately. The genotyping PCR mixture (10 μL) consisted of 5 μL 2′Type-itTM

multiplex mix (Qiagen, Hilden, Germany), 1 μL primer mix, 3 μL H2O and 1 μL DNA (50–120 ng).
Cycling conditions were equal for all four master-mixes and locus EEU43H and were performed as
touchdown-PCR: 95 ◦C 5 min, 4′ {94 ◦C 30 s, 63 ◦C down to 57 ◦C in 2 ◦C increments of 90 s each, 72 ◦C
30 s}, 31’ {94 ◦C 30 s, 55 ◦C 90 s, 72 ◦C 30 s}, 60 ◦C 30 min final elongation. Amplification products were
analysed by capillary electrophoresis on an A3130xl automated sequencer (Thermo Fisher, Waltham,
MA, USA) using POP7 and sized by comparison to a Genescan™ 500 ROX™ Size Standard (ABI) using
the software Genemapper v.3.7 following the manufacturer’s instructions. To avoid misleading results
by allelic dropouts and false alleles, we applied a maximum likelihood approach [37] and genotyped
each sample twice (in duplicates). The following quality filters were applied: (i) we did not allow
for any allele mismatch between duplicates. If there was a mismatch, the sample was removed and
genotyped again in duplicates from freshly extracted DNA. Genotypes were only scored if no mismatch
was detected; otherwise, the sample was excluded from further analysis; (ii) we also excluded all
individuals for which more than one locus had missing data.

2.3. Data Analysis

We calculated observed (HO) and expected heterozygosities (HE), number of alleles (NA), as well as
potential deviations from Hardy-Weinberg equilibrium (HWE) using the program Cervus v.3.0.7 [38–40]).
We also used Cervus to search for matching genotypes across all samples. Tests for the presence of
genotypic disequilibria among loci were performed using the software package Arlequin v.3.5.2.2 [41,42].
The significance level α was Bonferroni-corrected and set at 0.001 (0.05: 45 pairwise comparisons).
Potential presence of null alleles was assessed using MicroChecker v.2.2.3 [43].

Although hedgehogs are solitary animals, their limited dispersal capacity (compared with larger
mammals) may cause a population genetic structure by which closely related individuals may be
living in closer proximity to each other than to more unrelated individuals. Because some clustering
algorithms are affected by such associations of kin [44], we determined pairwise relatedness (r, [45]
among all samples using the software package Coancestry v.1.0.1.9 [46]. Pairs with r > 0.5 were
marked and subsequent cluster analysis (see below) was performed with and without these pairs
(Figure S2).

The possible presence of genotypic clusters was evaluated both for the subset of only unrelated
individuals and for the whole data set. For this purpose, we used two software packages with a
Bayesian clustering approach: Structure v.2.3.4 [47–49] and Baps v.6.0 [50,51]. As priors for Structure,
we applied the admixture model in conjunction with the correlated allele frequency model, because it is
better suited to detect a subtle population structure, although this makes it more likely to overestimate
the number of clusters K [48]. The model was applied to K-values ranging from K = 1 to 8. The required
allele frequency distribution parameter λ was estimated for each run. To determine both appropriate
burn-in and Markov chain lengths for parameter estimates of allele frequencies and membership
coefficients per genotype in each genotypic cluster (Q), we set K = 1 and watched for the likelihoods
to converge under various burn-in and run lengths. The final burn-in length was set at 20,000
iterations and Markov chains were run with a length of 200,000 iterations each. Each K was assessed
independently 10 times to verify the consistency of estimates across runs. The most likely K was
determined using both the log likelihood values (as ΔK cannot be applied if K = 1) and by following
the ΔK method [52] using Structure Harvester [53]. For Baps the K prior ranged from 2 to 8 (as Baps
cannot detect K = 1), whereby each K was also independently assessed 10 times. In addition, we used a
location prior by providing the GPS coordinates of each sample’s origin. We applied the algorithm
using both the ‘admixture’ and the ‘no admixture’ prior.
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2.4. Assignment

The threshold for the Q-value above which an individual will be assigned to a cluster is of
importance. If the threshold is set too high it may underestimate a structure that in reality exists,
whereas a threshold which is set too low will overemphasise a structure that in reality is not as
pronounced as assumed. Here we chose a relatively conservative value of Q ≥ 0.85 as the threshold for
the assignment of individuals [54,55], thus allowing for some gene flow to have occurred among the
inferred ancestral populations (at least three generations ago). Genetic distances between clusters of
assigned individuals as well as the number of migrants (Nm) among clusters were estimated using
Arlequin. Input files for the different programmes were generated using the software Create [56].
Assignment results were averaged over ten runs using R [57] as means ± standard deviations (SD)
unless stated otherwise.

3. Results

3.1. Genotyping

3.1.1. All Individuals

From the original dataset of 306 hedgehogs, data from 156 individuals had to be excluded. Out of
those 156, 154 individuals were excluded because genotyping of their samples failed at more than one
locus and two individuals were removed because the alleles of their duplicate sample genotypes did
not match at all loci. In total, 150 individuals (49%) were successfully genotyped at all ten loci. Out of
these genotypic profiles, one profile occurred three times and five others twice, leaving 143 unique
genotypes (Table S2). These 143 genotypes, however, were not evenly distributed across the city of
Berlin. The reasons were the low sampling success in the southern parts of the city, the shifted focus of
sampling efforts in 2016 and 2017, and the fact that many samples from the southern part of Berlin did
not pass the quality control filters.

The number of alleles per locus (NA) ranged from four (locus EEU12H) to 16 (EEU37H), with a
mean of 10.9 ± 4.1 (Table 1). HO across all 143 unique genotypes ranged from 0.350 at locus EEU6
to 0.754 at locus EEU3, with a mean of HO = 0.621 ± 0.133 (Table 1). Across all loci and individuals,
one locus (EEH37H) deviated significantly from HWE (Table 1). Although several loci indicated the
potential presence of null alleles, the probability was generally low. Pairwise relatedness analysis
revealed numerous pairs of individuals with a high relatedness index (r ≥ 0.5). Removal of these
related individuals reduced the data set to 65 unrelated hedgehogs (Table S3). Presence of linkage
disequilibria (LD) among the ten loci was tested both for the unrelated individuals (N = 65) and for
143 hedgehogs (all individuals). Among the unrelated individuals one out of 45 pairwise comparisons
among the ten loci and among all hedgehogs 12 pairwise comparisons showed LD, although all loci
had previously been declared to be independently inherited [36,58]; the former also included the loci
from [34,58]. In our study, hedgehogs were sampled over a very large area (Figure 1), likely violating
the assumption of an unstructured population, as expected for a small mammal in a highly fragmented
landscape. The deviation from HWE at locus EEU37H and the linkage disequilibria may thus have
been due to the Wahlund effect [59]. We therefore searched for an underlying population structure,
first among the unrelated individuals and then among all individuals.

Table 1. Indices of ten microsatellite loci across the 143 unique genotypes (upper part) and averaged
for the clusters (lower part).

Locus Ntyped NA
Allele Size
Range (bp)

HO HE HWE f Null

EEU1 143 8 129–143 0.671 0.773 + 0.062
EEU2 141 13 257–281 0.752 0.863 + 0.064
EEU3 142 15 131–181 0.754 0.868 + 0.064
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Table 1. Cont.

Locus Ntyped NA
Allele Size
Range (bp)

HO HE HWE f Null

EEU4 143 14 144–170 0.699 0.785 + 0.052
EEU5 143 13 107–139 0.678 0.711 + 0.011
EEU6 143 6 145–159 0.350 0.331 + −0.049

EEU12H 143 4 91–97 0.497 0.615 + 0.098
EEU37H 142 16 236–280 0.676 0.839 - 0.095
EEU43H 143 12 146–172 0.657 0.730 + 0.047
EEU54H 142 8 276–296 0.479 0.551 + 0.067

Mean
SD

142.5
0.71

10.9
4.09

0.621
0.133

0.707
0.167

Cluster
assignment
(Q > 0.85)

mean NA HO HE HWE

1 29 8.6 0.623 0.685 +
2

(“Tierpark”) 14 3.3 0.557 0.524 +

3
(“Trepower

Park”)
31 6.0 0.578 0.651 +

single cluster
(N = 65) 65 10.6 0.672 0.731 +

no cluster, all
(N = 143) 143 10.9 0.621 0.706 - *

Ntyped: number of individuals successfully genotyped at that locus, NA: number of alleles per locus, bp.: base pairs,
HO: observed heterozygosity, HE: heterozygosity expected under HWE, HWE: Hardy-Weinberg equilibrium.
(+): locus was at HWE, (-): locus deviated from HWE, f Null: probability for the presence of null-alleles (underlined
values indicate an increased probability for the presence of null-alleles), SD: standard deviation. *: five out of 10 loci
deviated from HWE.

3.1.2. Unrelated and Related Individuals

For the unrelated individuals data set, all individuals were assigned to a single cluster
(mean LnP(K) = −2268.81 ± 0.481; results from Structure). For the entire data set, both clustering
algorithms (Structure, Baps) indicated the presence of three to four genotypic clusters (Table 2).
The ΔK estimate (Structure Harvester) favoured three clusters over four (ΔK for K = 3 was 52.25;
ΔK for K = 4 was 51.4), whereas Baps favoured the presence of four clusters, with the fourth cluster
being represented by two individuals (sampled at the same location). The likelihood for the number of
genotypic clusters (K) to reflect the true number of ancestral populations had the following values
(derived from Baps): for K = 3: 0.00136, K = 4: 0.98883, and for K = 5: 0.0098).

Table 2. Animal ID, sampling location, Q-values (STRUCTURE) and cluster assignment for
143 hedgehogs of Berlin.

Internal
ID

Locality
STRUCTURE
Q-Value for

Cluster 1

STRUCTURE
Q-Value for

Cluster 2

STRUCTURE
Q-Value for

Cluster 3

STRUCTURE
Cluster

Assignment
(Q ≥ 0.85)

BAPS
Cluster

Assignment *

147 Tiergarten, Berlin 0.87559 0.10548 0.01895 1 4
167 Tiergarten, Berlin 0.88068 0.10901 0.01031 1 4
176 Eisenhuettenstadt 0.85406 0.11966 0.02629 1 1
161 Hans-Baluschek-Park, 0.86127 0.11218 0.02655 1 1
311 Tierpark, Berlin 0.87213 0.10962 0.01824 1 1
334 12623 Berlin 0.86935 0.11628 0.01438 1 1
335 12623 Berlin 0.85235 0.11496 0.03271 1 1

220
Friedenstr., Berlin
Near Volkspark
Friedrichshain

0.87103 0.11977 0.00921 1 1
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Table 2. Cont.

Internal
ID

Locality
STRUCTURE
Q-Value for

Cluster 1

STRUCTURE
Q-Value for

Cluster 2

STRUCTURE
Q-Value for

Cluster 3

STRUCTURE
Cluster

Assignment
(Q ≥ 0.85)

BAPS
Cluster

Assignment *

175 Volkspark
Prenzlauerberg, Berlin 0.86135 0.105 0.03368 1 1

199 Hellersdorf, Berlin 0.86134 0.12691 0.01175 1 1
159 Prenzlauerberg 0.85732 0.10238 0.04031 1 1

338 Park am
Weidengrund 0.87595 0.11224 0.01182 1 1

117 Near graveyard 0.88408 0.10591 0.01 1 1

326 Zum Erlenbruch,
15344 Strausberg 0.86423 0.11255 0.02321 1 1

156 Buergerpark
Pankow-Berlin 0.86845 0.11301 0.01854 1 1

341
Kleingartenanlage 750

Jahre Berlin, 13057
Berlin

0.85329 0.10368 0.04302 1 1

328 Warnemuender Str.
18, 13059 Berlin 0.86432 0.11747 0.01821 1 1

329 Warnemuender Str.
18, 13059 Berlin 0.86724 0.1151 0.01767 1 1

330 Warnemuender Str.
18, 13059 Berlin 0.87485 0.1077 0.01746 1 1

337 KGA Maerchenland,
13089 Berlin 0.87728 0.10819 0.01456 1 1

231 Friedenstr. 8, 16356
Ahrensfelde 0.87273 0.10608 0.02116 1 1

257 Dietrichstr. 5, 16356
Ahrensfelde 0.87167 0.10645 0.0219 1 1

193 Jungbornstr., 13129
Berlin 0.85709 0.12218 0.02072 1 1

189 Strasse 7, 13129 Berlin 0.85836 0.11349 0.02814 1 1

194 Schwarzwaldstr./Ilsenstr.,
13129 Berlin 0.85756 0.11789 0.02457 1 1

185 Gutenfelsstr. 14,
13129 Berlin 0.8736 0.11369 0.01271 1 1

187 Gutenfelsstr. 14,
13129 Berlin 0.8837 0.1066 0.0097 1 1

113 Choise-le-Roi-Str. 3,
Berlin 0.88496 0.10623 0.00881 1 1

118
Vielitzsee Ortsteil
Strubensee, 16835

green area
0.85436 0.13413 0.01153 1 1

179 Eisenhuettenstadt 0.84074 0.10226 0.05701 admixed 1
243 Zeuthen 0.6249 0.20766 0.16744 admixed 1

129 Rohrwallallee 10.
12527 Berlin 0.83142 0.10412 0.06446 admixed 1

120 Altglienike Feldweg 0.84766 0.10475 0.0476 admixed 1

137 Kablower Weg 89,
12526 Berlin 0.78369 0.0984 0.1179 admixed 1

138 Kablower Weg 89,
12526 Berlin 0.8267 0.1031 0.0702 admixed 1

125 Riesserseestr. 10.
12527 Berlin 0.84665 0.11413 0.03923 admixed 1

135 Korkedamm 73, 12524
Berlin 0.69588 0.08972 0.21436 admixed 1

127
Rehwiese,

Gerkrathstraße 2
Park

0.72131 0.14963 0.12906 admixed 1

182 Zehlendorf, Berlin 0.40151 0.09898 0.49948 admixed 1

158 Hans-Baluschek-Park,
10829 Berlin 0.56664 0.07147 0.36189 admixed 1
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Table 2. Cont.

Internal
ID

Locality
STRUCTURE
Q-Value for

Cluster 1

STRUCTURE
Q-Value for

Cluster 2

STRUCTURE
Q-Value for

Cluster 3

STRUCTURE
Cluster

Assignment
(Q ≥ 0.85)

BAPS
Cluster

Assignment *

169 Hans-Baluschek-Park,
10829 Berlin 0.75432 0.10163 0.14405 admixed 1

235 Glasberger Str. 43,
12555 Berlin 0.77728 0.10906 0.11368 admixed 1

110 Trainierbahn
Hoppegarten 0.55419 0.42731 0.01849 admixed 1

A35_088 Treptower Park 0.66656 0.14738 0.18608 admixed 1
A4_317 Treptower Park 0.81876 0.16614 0.01512 admixed 1
A61_108 Treptower Park 0.67049 0.09899 0.23051 admixed 1
A68_108 Treptower Park 0.71856 0.17835 0.10308 admixed 1

126 Moldaustr. 30. 10319
Berlin near Tierpark 0.68485 0.2057 0.10944 admixed 1

128 Moldaustr. 24, 10319
Berlin near Tierpark 0.13048 0.18259 0.68692 admixed 1

136 Moldaustr. 24, 10319
Berlin near Tierpark 0.2581 0.25296 0.48897 admixed 1

174 Tierpark, Berlin 0.48697 0.40986 0.10316 admixed 1
308 Tierpark, Berlin 0.8438 0.13492 0.02127 admixed 1
310 Tierpark, Berlin 0.45013 0.09578 0.45409 admixed 1
314 Tierpark, Berlin 0.50102 0.45028 0.0487 admixed 1
317 Tierpark, Berlin 0.66602 0.15881 0.17519 admixed 1
320 Tierpark, Berlin 0.22576 0.45684 0.3174 admixed 1
333 12623 Berlin 0.76214 0.22126 0.01663 admixed 1
143 Tiergarten, Berlin 0.82986 0.15939 0.01076 admixed 1
152 Tiergarten, Berlin 0.79801 0.14577 0.05625 admixed 1
166 Tiergarten, Berlin 0.78003 0.16683 0.05316 admixed 1
309 Nordbahnhof park 0.72988 0.1093 0.16079 admixed 1

134 Volkspark
Prenzlauerberg, Berlin 0.84225 0.1053 0.05244 admixed 1

142 Volkspark
Prenzlauerberg, Berlin 0.62693 0.08785 0.28521 admixed 1

153 Volkspark
Prenzlauerberg, Berlin 0.77372 0.0954 0.13087 admixed 1

168 Volkspark
Prenzlauerberg, Berlin 0.75805 0.0945 0.14747 admixed 1

170 Volkspark
Prenzlauerberg, Berlin 0.35675 0.0564 0.58687 admixed 1

172 Volkspark
Prenzlauerberg, Berlin 0.83185 0.10633 0.06181 admixed 1

324 Eisenacher Str.,12629
Berlin near park 0.71554 0.09224 0.19223 admixed 1

300
Kastanienallee

122/126, 12627 Berlin
near Teupitzer Park

0.83854 0.12196 0.03952 admixed 1

261 Wolfshorststr. 25,
13591 Berlin 0.20168 0.04025 0.75806 admixed 1

340 Mahlerstraße, 13088
Berlin 0.75765 0.09987 0.14248 admixed 1

241 Glambecker Ring 4,
12679 Berlin 0.66759 0.16157 0.17085 admixed 1

114
Togostr. 45, 13351

Berlin near Volkspark
Rehberge

0.61322 0.10559 0.28119 admixed 1

248 13053 Berlin 0.58362 0.0891 0.32725 admixed 1

119
Ghanastr. 27, 13351

Berlin near Volkspark
Rehberge

0.7999 0.09627 0.10382 admixed 1

139
Falkenberger

Krugwiesen, 13057
Berlin

0.78143 0.11325 0.10533 admixed 1
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Table 2. Cont.

Internal
ID

Locality
STRUCTURE
Q-Value for

Cluster 1

STRUCTURE
Q-Value for

Cluster 2

STRUCTURE
Q-Value for

Cluster 3

STRUCTURE
Cluster

Assignment
(Q ≥ 0.85)

BAPS
Cluster

Assignment *

140
Falkenberger

Krugwiesen, 13057
Berlin

0.73941 0.18507 0.0755 admixed 1

150 Buergerpark
Pankow-Berlin 0.66583 0.13902 0.19514 admixed 1

188 Schwarzelfenweg 19,
13088 Berlin 0.59525 0.23319 0.17157 admixed 1

116 Alt-Tegel 47c, 13507
Berlin 0.82319 0.14861 0.0282 admixed 1

191
Strasse 26 Nr. 30.
13129 Berlin near

green area
0.65149 0.31845 0.03009 admixed 1

196 Schwarzwaldstr.,
13129 Berlin 0.67859 0.10107 0.22037 admixed 1

186 Gutenfelsstr. 14,
13129 Berlin 0.81717 0.1626 0.02022 admixed 1

198 Gutenfelsstr. 14,
13129 Berlin 0.76845 0.1193 0.11227 admixed 1

200 Gutenfelsstr. 14,
13129 Berlin 0.8493 0.10802 0.04267 admixed 1

192 Urbacher Str., 13129
Berlin 0.54983 0.25383 0.19634 admixed 1

184 Freischuetzstr., 13129
Berlin 0.81933 0.14711 0.03358 admixed 1

203 Freischuetzstr., 13129
Berlin 0.8327 0.13544 0.03187 admixed 1

197 Krontalerstr., 13125
Berlin 0.84704 0.10899 0.04399 admixed 1

A3_317 Treptower Park 0.77842 0.11654 0.10505 admixed admixed
A34_078 Treptower Park 0.67359 0.09012 0.23627 admixed admixed

144 Tierpark, Berlin 0.10456 0.88882 0.00662 2 2
146 Tierpark, Berlin 0.10652 0.8851 0.00836 2 2
154 Tierpark, Berlin 0.10959 0.88179 0.00862 2 2
165 Tierpark, Berlin 0.10523 0.88487 0.00991 2 2
305 Tierpark, Berlin 0.10535 0.88925 0.00539 2 2
306 Tierpark, Berlin 0.10434 0.89067 0.005 2 2
307 Tierpark, Berlin 0.12173 0.85912 0.01916 2 2
312 Tierpark, Berlin 0.10548 0.88768 0.00684 2 2
313 Tierpark, Berlin 0.10518 0.88331 0.0115 2 2
315 Tierpark, Berlin 0.11634 0.86767 0.01601 2 2
318 Tierpark, Berlin 0.11617 0.87305 0.01078 2 2
319 Tierpark, Berlin 0.11028 0.87549 0.01424 2 2
342 Tierpark, Berlin 0.11259 0.87716 0.01028 2 2

344
IZW Garten, Berlin

(bordering with
Tierpark)

0.10948 0.87852 0.01199 2 2

141 Tierpark, Berlin 0.14033 0.79122 0.06844 admixed 2
149 Tierpark, Berlin 0.10468 0.79688 0.09844 admixed 2
321 Tierpark, Berlin 0.15174 0.82023 0.02802 admixed 2
322 Tierpark, Berlin 0.1618 0.8123 0.02591 admixed 2
157 Treptower Park 0.02233 0.01133 0.96636 3 3
345 Treptower Park 0.01293 0.01151 0.97556 3 3
346 Treptower Park 0.02053 0.00877 0.97068 3 3
348 Treptower Park 0.07228 0.0132 0.9145 3 3
349 Treptower Park 0.0197 0.00997 0.97034 3 3
350 Treptower Park 0.01276 0.01003 0.97721 3 3

A1_317 Treptower Park 0.01622 0.00786 0.97591 3 3
A10_028 Treptower Park 0.02804 0.02522 0.94674 3 3
A11_028 Treptower Park 0.06713 0.02515 0.90771 3 3
A12_028 Treptower Park 0.03142 0.0546 0.914 3 3
A13_028 Treptower Park 0.04447 0.01617 0.93935 3 3

218



Animals 2020, 10, 2315

Table 2. Cont.

Internal
ID

Locality
STRUCTURE
Q-Value for

Cluster 1

STRUCTURE
Q-Value for

Cluster 2

STRUCTURE
Q-Value for

Cluster 3

STRUCTURE
Cluster

Assignment
(Q ≥ 0.85)

BAPS
Cluster

Assignment *

A14_028 Treptower Park 0.01659 0.00572 0.97765 3 3
A15_028 Treptower Park 0.01453 0.01432 0.97112 3 3
A16_028 Treptower Park 0.04624 0.01015 0.94359 3 3
A2_317 Treptower Park 0.03028 0.01088 0.95885 3 3
A20_038 Treptower Park 0.01454 0.01811 0.96735 3 3
A21_038 Treptower Park 0.05401 0.01349 0.9325 3 3
A22_038 Treptower Park 0.04167 0.01371 0.94463 3 3
A25_078 Treptower Park 0.01262 0.02414 0.96325 3 3
A27_078 Treptower Park 0.02487 0.03366 0.94146 3 3
A28_078 Treptower Park 0.01631 0.01948 0.96424 3 3
A30_078 Treptower Park 0.02939 0.01268 0.95794 3 3
A31_078 Treptower Park 0.01652 0.04733 0.93614 3 3
A32_078 Treptower Park 0.01376 0.01006 0.97617 3 3
A37_088 Treptower Park 0.01249 0.01269 0.97483 3 3
A43_088 Treptower Park 0.02567 0.02771 0.94662 3 3
A47_098 Treptower Park 0.01487 0.01031 0.97481 3 3
A5_317 Treptower Park 0.02926 0.0273 0.94345 3 3
A59_108 Treptower Park 0.0119 0.00944 0.97865 3 3
A9_028 Treptower Park 0.00902 0.00582 0.98515 3 3

252 Friedenstr., 16356
Ahrensfelde 0.04766 0.01531 0.93704 3 3

A56_098 Treptower Park 0.12642 0.03009 0.84349 admixed 3
A62_108 Treptower Park 0.13874 0.02767 0.83359 admixed 3

343 Tierpark, Berlin 0.16607 0.05859 0.77535 admixed admixed

Using a value of Q ≥ 0.85 (Structure), 74 out of 143 genotypes (51.7%) were assigned to either one
of three genotypic clusters: cluster 1 with 29 genotypes, cluster 2 with 14 genotypes (all individuals but
one were from “Tierpark”), and cluster 3 with 31 genotypes (all but one from “Treptower Park”). The 69
remaining genotypes were admixed, with admixture occurring across all clusters (Table 2, Figure S1).
Each cluster was at HWE. Observed (HO) and expected heterozygosities (HE) were HO = 0.623 and HE

= 0.685 for cluster 1 (N = 29), for cluster 2 (N = 14) they were HO = 0.557 and HE = 0.524, and for cluster
3 (N = 31) they were HO = 0.578 and HE = 0.651. Pairwise genetic distances (FST) among all clusters
were significant (p < 0.05) with FST = 0.169 between clusters 1 and 2, FST = 0.11 between clusters 1 and
3, and FST = 0.192 between clusters 2 and 3.

Using the assignment threshold of Q ≥ 0.65 [60], the number of hedgehogs per cluster would
increase by 45 for cluster 1 (N(Q=0.65) = 74), by four for cluster 2 (N(Q=0.65) = 18), and by three for cluster
3 (N(Q=0.65) = 34). Increasing the number of individuals per cluster in such a way would at the same
time reduce the number of admixed individuals considerably (N(Q=0.65) = 17).

3.1.3. Migrants

The number of migrants (Nm) per generation also differed among the three clusters. They were
Nm = 1.22 between clusters 1 (wide-spread) and 2 (“Tierpark”), Nm = 2.02 between clusters 1 and 3
(“Treptower Park”) and Nm = 1.05 between clusters 2 and 3. Applying the Baps clustering algorithm
led to results very similar to the ones obtained from the Structure analysis, except for the introduction
of a fourth cluster (2 individuals only) and an increase in the number of hedgehogs assigned to any
cluster (Table 2). This increase in the number of individuals assigned to a cluster was particularly
pronounced in cluster 1, into which Structure had only assigned 29 hedgehogs, whereas the Baps
algorithm assigned three times as many individuals to that cluster (N = 87). Following the Baps
assignment, hedgehogs from cluster 1 were also present in the “Tierpark” and the “Treptower Park”.
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3.2. Release of Hedgehogs after Rehabilitation

Although rescue facilities had no particular rules regarding the selection of release sites for
rehabilitated hedgehogs, general policy was to release hedgehogs into favourable habitats, independent
of their point of geographic origin. This policy led to the release of hedgehogs at distances far from the
facilities and far from their previous pick-up points, in some cases at distances of >100 km.

4. Discussion

Considering only unrelated individuals, hedgehogs were assigned to a single cluster, whose members
were spread across the city (Figure 2). Such a lack of genetic population structure was surprising in light
of the presence of many potential barriers, and it contrasts with results from a genetic study on 149 urban
hedgehogs in the city of Zurich (Switzerland), where a strong differentiation had been observed across an
area of ~10,000 ha [60]. There, despite an eight times smaller spatial scale than in Berlin, three genotypic
clusters had been inferred. The Zurich hedgehog clusters were well delineated by a major inner-city
transportation axis as an anthropogenic barrier and two rivers as natural barriers [60]. The authors
concluded that urban green areas were the most suitable habitat type to facilitate gene flow, whereas all
other land cover types were more likely to impede gene flow [60].

The Zurich study differed from ours in several aspects: Their threshold for assigning individuals
to a genetic cluster was considerably lower (Q ≥ 0.65 instead of Q ≥ 0.85), and they did not consider the
potential effect of association of kin on genetic population structure. In our study, unrelated individuals
did not demonstrate any obvious population genetic structure, although the city of Berlin is much
larger than Zurich and even more divided by several highways and large rivers or canals.

The inclusion of all individuals in our study indicated the presence of at least three genotypic
clusters (Q ≥ 0.85), two of which were spatially well delineated (Structure: clusters 2 and 3,
the “Tierpark” and the “Treptower Park”). If we used the threshold of Q ≥ 0.65 as in the Zurich
study [60], the relatively low assignment threshold and the inclusion of all 143 individuals (without
removal of closely related individuals) would have led us to the conclusion of a strong population
genetic structure consisting of three well-delineated clusters. Using a higher assignment threshold
and removal of related individuals will reduce the number of individuals that can be assigned to a
genotypic cluster and thus has a strong influence on the number of individuals per cluster and on the
number of potential clusters to be detected.

As the genetic structure in Berlin hedgehogs only appeared if related individuals were included
in the cluster analysis, we suggest the differentiation detected here to be a reflection of an underlying
kinship network of gamodemes rather than to be a reflection of allele frequencies of three ancestral
populations. The emergence of such gamodemes may be facilitated by the fact that hedgehogs are
promiscuous as well as philopatric and that they have hetero-paternal superfecundation [61]. We do
not know whether hedgehogs differentiate between kin and non-kin during mating season [61], but a
lack of such differentiation may also contribute to the emergence and maintenance of “gamodemes”.
Such a gamodeme structure would also explain the local concentration of ‘cluster 2 individuals’ in the
“Tierpark” and of “cluster 3 individuals” in the “Treptower Park”. Although the “Tierpark” is a large
park-like area (~160 ha) that was preserved after World War II and established as a zoological garden
in 1954, it is almost fully fenced and surrounded by big streets both in the north and the west and
by railway tracks in the east and the south. Thus, gene flow between hedgehogs from the “Tierpark”
and the surrounding areas is clearly restricted, explaining the confinement from hedgehogs of cluster
2 to the “Tierpark”. This is also shown by the significant pairwise FST values, which were the highest
between clusters 2 and 3 (FST = 0.192) and clusters 2 and 1 (FST = 0.169). Interestingly, the hedgehogs
inhabiting the “Treptower Park” (cluster 3) are strongly differentiated from the ones living in the
“Tierpark” (FST = 0.192, lowest migration rate with Nm = 1.05), but not as strongly from the wide-spread
cluster 1 (FST = 0.11, highest migration rate with Nm = 2.02). The main difference to the location
“Tierpark” is that the “Treptower Park” is not fenced in and always accessible. However, it is bordered
on one side by the river Spree (Berlin’s main river) and on its three other sides by heavy-traffic roads.
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An additional heavy-traffic road crosses the park longitudinally. Yet these barriers appear still to be
more penetrable for hedgehogs than those in the “Tierpark”. The reason why these “park gamodemes”
have become so large may be the low landscape resistance within the parks, whereas at the borders of
the parks landscape resistance increases drastically.

 

Figure 2. Map of Berlin and its surroundings indicating the locations of all samples displayed as
pie charts showing the proportional membership of each individual in either one of three clusters
(determined by Structure, including related animals). Different colours indicate membership to
different clusters. Q-values were taken from Table 2. Individuals that belong to a cluster (Q ≥ 0.85)
are grouped within squares framed in the colour of their cluster. Admixed individuals are framed in
red squares. Solid lines connect groups and individuals with their sampling location. For individuals
assigned to either one of the three clusters, colours of lines correspond to cluster membership (cluster
1: blue, cluster 2: bright green, cluster 3: bright orange). Red lines connect admixed individuals to
their sampling site. Pie charts of the four samples that were collected outside of the displayed city area
are given on the left side, indicated by *. Locations “Tierpark” and “Treptower Park” are indicated by
coloured circles and cluster number (2, green: Tierpark; 3, orange: Treptower Park).

Expected heterozygosity (HE) for individuals of the most wide-spread cluster (cluster 1: HE = 0.685;
N = 29) was even slightly higher than the value of HE = 0.68 measured in a country-wide study in the
Czech Republic (average sampling site distances >450 km; [34]), indicating that in Berlin the urban
environment does not lead to a reduction of genetic variability in hedgehogs. Because individuals from
clusters 2 and 3 of our study were confined to single parks, either to the “Tierpark” or to the “Treptower
Park”, we expected to detect low observed (HO) and expected heterozygosities there. Even though the
values were indeed lower than in the widespread cluster 1, they were only lower by a small margin
(cluster 2: HO = 0.557/HE = 0.524; cluster 3: HO = 0.578/HE = 0.651) and even slightly higher than
those measured in free ranging hedgehog populations from New Zealand affected by a founder effect
(HO = 0.42–0.52/HE = 0.51–0.57; [62]). These values were also in the range of values for the three urban
clusters detected in Zurich (HO/HE = 0.6/0.605; 0.523/0.568; 0.631/0.627), although pairwise population
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FST-values among the Zurich clusters ranged only between 0.059 and 0.082 [60], indicating a higher
proportion of shared alleles among the Zurich hedgehog clusters than among the gamodeme clusters
of Berlin. The values measured in the urban hedgehogs of Berlin were also much higher than the ones
found in a recent study on rural hedgehogs in Denmark [61]. Here the population (N = 14) of Bornholm
Island had values of only HO = 0.124 and of HE = 126, while the highest values were recorded in a
subpopulation of Jutland (south of the Limfjord, N = 71) with HO = 0.293 and of HE = 0.318.

In contrast to many other mammalian species, hedgehogs lack a clear dispersal phase [63,64].
They rarely cover distances larger than 4 km [63] and are restricted in their movements by roads and
other barrier-like structural elements [65,66]. Because the city of Berlin is approximately eight times
larger than Zurich, the emergence of a genetic population structure due to restricted gene flow as seen
in Zurich (but see our comments above on Q) appears to be inevitable. Yet hedgehogs in Berlin did
not differentiate into a clear population genetic structure (if related animals were excluded), although
the city of Berlin is much larger than Zurich. We thus expected dispersal over these large within-city
distances to be even less likely (than in Zurich) and therefore a genetic population structure to be
even more pronounced and clearly delineated by space. This was, however, not the case. Our results
and observations would be compatible with the idea that all Berlin hedgehogs derived from a single
ancestral population.

Because our results provide only a temporal snapshot, we do not know whether the spatial
discrimination of clusters 2 (“Tierpark”) and 3 (“Treptower Park”) is the beginning of a process
leading either to population differentiation or to complete admixture (as we found numerous admixed
individuals), or whether it may represent a stable genotypic equilibrium.

Although we currently do not have a detailed knowledge about the ancestry of hedgehogs in
Berlin, it is well known that hedgehogs have lived in Berlin for centuries and have experienced Berlin’s
increasing urbanisation throughout this period [67]. This raises the question as to what could be
the reasons for the lack of a clear, spatially derived population genetic structure in a species that is
considered to be substantially constrained by physical urban structures such as waterways, motorways,
railways, and built-up areas [20,63,65], structures that characterise Berlin.

We argue that the main reason for our finding is the large proportion of green areas in Berlin.
The city of Berlin is covered by 15,752 ha of forests (18%) and 10,885 ha of public green sites (12.4%)
such as cemeteries, parks and gardens [2,68]. These areas provide a connective web of suitable habitats
within the urban matrix, improving the opportunities for hedgehogs to maintain some amount of
gene flow across the city. In addition, or alternatively, other factors may increase admixture. Given
home ranges of 10–40 ha [22], the distances that needed to be covered to establish gene flow between
“gamodeme” clusters are quite large for a short-legged ground-dwelling species, but numerous small
and larger green areas can be stepping stones to link distant parts of the city. We also suggest that
admixture had been enhanced by animals released by hedgehog rescue facilities [69]. These events
are not fully quantified at present, but our interviews with personnel from rescue facilities confirmed
that they are a regular occurrence, some estimates suggesting several hundred per year. Such rescue
related translocations have also been observed in other studies [60,69,70].

5. Conclusions

We originally hypothesised urban hedgehogs, a species with relatively low mobility and low
dispersal capacity, to be highly influenced by fragmented urban landscapes leading to genetic isolation
of populations and thus a highly structured meta-population. Yet the hedgehog population in the
city of Berlin is not genetically structured, if only unrelated individuals are being taken into account.
A genetic structure becomes only visible if related individuals are also included in the analysis.
Gene flow between these gamodeme-clusters is probably realised through natural means across the
numerous green patches of Berlin’s urban matrix and complemented by anthropogenic translocations.
To maintain the currently existing genetic diversity in Berlin’s hedgehog population, we suggest its
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repeated monitoring by census measures and population wide genetic analysis to determine whether
current clusters (gamodemes) are at risk of becoming isolated.

Supplementary Materials: The following tables and figures are available online at http://www.mdpi.com/2076-
2615/10/12/2315/s1, Figure S1: Map of all sampling locations (N = 143), displaying the distribution of individual
genotype Q-values (Structure analysis results), in-between values are interpolated. Left: data for cluster 1, center:
data for cluster 2, right: data for cluster 3, Figure S2: Pairwise relatedness after Queller and Goodman (QGEst) of
sampled genotypes (Ind1 and Ind2) before (left) and after (right) removing related genotypes r > 0.5 (darker red),
Table S1: Origin of samples (N = 143), Table S2: Unique genotypes (N = 143) of hedgehogs in Berlin across ten
microsatellite loci, Table S3: Unique genotypes (N = 65) of unrelated (r < 0.5) hedgehogs in Berlin across ten
microsatellite loci.
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Simple Summary: Large numbers of animals enter wildlife hospitals/centres each year around the
globe, but it is unclear whether the efforts of wildlife rehabilitators have significant impacts on the
conservation of the species involved. In this study, we used a questionnaire survey to estimate the
number and characteristics of practitioners helping to rehabilitate injured and orphaned hedgehogs
(Erinaceus europaeus) in Britain, and the number of hedgehogs admitted in one benchmark year (2016).
Overall, 304 rehabilitators were identified: 148 supplied data on their structure, and 174 outlined the
number of hedgehogs admitted in 2016. Most hospitals (62.6%) were small (admitting <50 hedgehogs
each year), but most hedgehogs (82.8%) were admitted to large hospitals (>250 hedgehogs each year).
We estimated that this rehabilitation community collectively admitted >40,000 hedgehogs in the
benchmark year, of which approximately half could have survived to be released. Assuming that
most hedgehogs originated from urban areas, we estimate that >3% of the post-breeding population
of hedgehogs entered wildlife hospitals in 2016. In contrast, the urban hedgehog population in Britain
is estimated to have declined by approximately 2% per year during 2003–2017. These figures suggest,
therefore, that wildlife rehabilitation has potentially been an important factor in the dynamics of
hedgehog populations in this country during this period.

Abstract: The conservation benefits of wildlife rehabilitation are equivocal, but could be substantial
for formerly common species that are declining rapidly but are still commonly admitted to wildlife
centres. We used a questionnaire survey to estimate the number of practitioners rehabilitating West
European hedgehogs (Erinaceus europaeus) in Britain and the numbers entering hospitals/centres
in one benchmark year (2016); practitioners were identified using an internet search and snow-
ball sampling. Overall, 304 rehabilitators were identified: 148 supplied data on their structure,
and 174 outlined the number of hedgehogs admitted in 2016. The former comprised 62.6% small
(≤50 hedgehogs admitted year−1), 16.7% medium-sized (51–250 yr−1), and 20.7% large (>250 yr−1)
hospitals; however, these accounted for 4.8%, 12.4%, and 82.8% of hedgehog admissions, respectively.
Small hospitals were less likely to be registered as a charity, have paid staff, have a social media
account, to record admissions electronically, or to conduct post-release monitoring. However, they
were more likely to operate from their home address and to have been established for ≤5 years.
Extrapolations indicate that this rehabilitation community admitted >40,000 hedgehogs in 2016, of
which approximately 50% could have been released. These figures suggest that wildlife rehabilitation
has potentially been an important factor in the dynamics of hedgehog populations in Britain in the
last two decades.

Keywords: animal welfare; conservation; Erinaceus europaeus; European hedgehog; wildlife hospital;
wildlife rehabilitation
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1. Introduction

The International Wildlife Rehabilitation Council defines wildlife rehabilitation (WR)
as ‘the treatment and temporary care of injured, diseased, and displaced indigenous
animals, and the subsequent release of healthy animals to appropriate habitats in the
wild’ [1]. Although specific data are lacking, it is reasonable to assume that the practice
of rehabilitating wild animals has increased at an international level as a result of the
increasing negative impact of humans on natural ecosystems [2–9]. Although widely
perceived as helping wildlife, the role of WR as a conservation tool is contested [10]. For
example, it can be argued that most animals that enter wildlife hospitals are from common
and widespread species [11,12], and that the money spent on their care cannot then be
spent on wider conservation actions such as habitat preservation [13]. Similarly, unless
released individuals have survival and/or reproduction rates comparable to those which
have not required treatment, the cost-effectiveness of WR could be questioned [1,14–16].
Consequently, WR has more often been portrayed as an animal welfare issue or for the
“benefit of the individual” [14,17–19].

However, WR can aid conservation in a more general context, such as aiding ed-
ucation [12,14,16,19,20], disease surveillance [21–24], monitoring of environmental pol-
lutants [25], and the development of capture, treatment, and release protocols that can
subsequently be applied to species of conservation concern [26,27]. In addition, it can
help to reduce the welfare and population-level impacts of catastrophic events such as oil
spills and wildfires, where large numbers of individuals may be affected in a very short
space of time [28–31], by, e.g., reducing mortality rates and by euthanising individuals
considered likely to die of their injuries. Furthermore, although high conservation status
is often perceived in the context of rarity, it can also result from rapid declines of species
that were formerly abundant and widespread [32,33]; in this context, wildlife rehabilitators
may receive large numbers of individuals whose care could potentially contribute to the
conservation of that species. The magnitude of this benefit is, therefore, partially dependent
on the number of animals rehabilitated and released in relation to population size [14,34].

Quantifying the numbers of different species which are successfully rehabilitated and
released can, however, be challenging because of the way that WR is often practised. In
some countries, the wildlife rehabilitation community may encompass single individuals,
charitable and non-charitable NGOs, and/or government agencies, some of which may
focus on wildlife generally whilst others focus on just one or a few species [11,14,20].
Consequently, some rehabilitators may only treat a handful of animals each year, whereas
larger organisations may treat thousands. As such, there may be substantive differences
between organisations with respect to size, facilities, operating protocols, and experience
which could affect patterns of care and, ultimately, release rates. In addition, not all
countries require that wildlife rehabilitators are licenced or registered [20,35], such that
even identifying the number of rehabilitators operating at any given time is problematic.
This issue is currently of interest in Britain in the context of the rehabilitation of West
European hedgehogs (Erinaceus europeaus; hereafter ‘hedgehog’), a species of increasing
conservation concern.

The hedgehog is a small (<1.5 kg), insectivorous mammal found throughout western
Europe [36]. In Britain, it is found in a wide range of human-dominated landscapes,
including arable and pastoral farmland as well as urban areas [37–42]. Evidence from a
range of different monitoring programs suggests that populations may have declined by
up to 40% in some habitats in the last few decades [40,42–44], with declines to varying
degrees also present throughout Europe [39,45–47]. Factors likely to be associated with
this decline include: habitat loss, fragmentation, and degradation; the application of
chemical biocides; an increase in the size of road networks and associated traffic volume;
the increased abundance of an intra-guild predator, the Eurasian badger (Meles meles); and
climate change [26,46,48–55]. Most recently, the British hedgehog population was estimated
to number approximately 0.88 million individuals [44,56], down from 1.56m in the mid-
1990s [57]; although the veracity of both estimates is equivocal, these, in combination
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with the trends outlined above [40,42–44], triggered the species’ status to be upgraded to
Vulnerable in these countries [56]. Despite this substantial decline, hedgehogs are frequently
the most common mammal species admitted to wildlife hospitals in Britain [10,11], and are
also commonly taken to veterinary surgeons by members of the public for treatment [58].

Hedgehog Rehabilitation in Britain

Whilst the specific details of wildlife legislation in Britain are complex, in general
terms, members of the public are allowed to take any injured (or orphaned) wild animal
into captivity for the purposes of treatment or care prior to its subsequent release. Whilst
in captivity, the animal must receive appropriate husbandry and be taken to a veterinary
surgeon for examination if necessary [35,59]; as part of this care, hedgehogs may be hu-
manely killed (euthanised) in order to prevent suffering and/or where they are unsuitable
for release. At the point the animal is deemed fit enough to survive in the wild, it should
be released [1]. For those hedgehogs that cannot be released because they are unlikely to
survive, many rehabilitators recommend euthanasia. Conversely, others consider retention
in captivity an acceptable option, although some oppose this on welfare, and perhaps legal,
grounds [1,4,59,60].

The wildlife rehabilitation community in Britain is large, diverse, and, in some respects,
disjointed [10]. At one end of the spectrum is the Royal Society for the Protection of
Animals (RSPCA), the largest animal welfare organisation in England and Wales, and the
Scottish Society for the Protection of Animals (SSPCA), which operates in Scotland. Both
organisations investigate and enforce cases associated with animal welfare and animal
cruelty, including wild animals, but also rehabilitate injured wild animals; the RSPCA has
four wildlife centres based in England, and the SSPCA has one based in Clackmannanshire.
Similarly, Tiggywinkles Wildlife Hospital in Oxfordshire, England is considered the largest
purpose-built wildlife hospital in Europe. Individually, these three organisations may each
admit >1000 hedgehogs each year.

However, there are a substantial number of smaller organisations and individuals who
also rehabilitate hedgehogs in Britain. For example, the British Hedgehog Preservation
Society (BHPS) (http://www.britishhedgehogs.org.uk, accessed on 10 November 2022), a
charitable organisation that has a specific focus on hedgehog conservation and rehabilita-
tion, maintains a service whereby members of the public can call them to ask for the contact
details of their nearest hedgehog carer/rehabilitator. Under UK data protection rules, this
information cannot be disseminated to researchers, but it is estimated that this list may
contain up to 600 different individuals and organisations (Fay Vass, President of the BHPS,
pers. comm.; [36]). These are often individuals working from their own private residence,
with hedgehogs housed within their home itself or in a shed or purpose-built unit in
their garden. Given the widespread interest in the plight of hedgehogs in Britain, and the
availability of training courses associated with treating and rehabilitating hedgehogs (e.g.,
http://www.valewildlife.org.uk/courses/, accessed on 10 November 2022), the numbers
of these individuals/smaller organisations is likely to have grown in recent years.

Despite earlier recommendations about the scientific merits of collecting and collating
data about animals entering wildlife hospitals in Britain [4,61], relatively few data exist on
numbers admitted annually. For example, [11] reported an estimated 30,000–40,000 casualties
per annum, the most common species being red fox (Vulpes vulpes), Eurasian badger (Meles
meles), hedgehog and blackbird (Turdus merula). More recently, [4] reported 71,000 ani-
mals were admitted to the RSPCA’s four wildlife centres and 23 other wildlife hospitals
in 2011. Given this paucity of information, and the potentially increasing importance of
rehabilitation as hedgehog numbers continue to decline, we used a structured internet
search and questionnaire survey to estimate (1) the number of individuals and organisa-
tions rehabilitating hedgehogs in Britain, and (2) the number of hedgehogs admitted to
wildlife hospitals in a single year (2016). The questionnaire also (3) requested information
relating to the structure and practices of these individuals and organisations to identify
how the British hedgehog rehabilitation community is structured at the current time. In
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addition, we (4) highlight the challenges associated with deriving estimates of the number
of rehabilitators practising and the numbers of hedgehogs admitted in the context of similar
future studies.

2. Materials and Methods

For brevity, we use the term ‘rehabilitator’ to refer to any individual or organisation
that treats and releases hedgehogs; in Britain, this is also synonymous with the term
“carer.” The terms ‘hospital’ or ‘centre’ refer to any building or structure from which a
rehabilitator operates (including private households, buildings on private premises such as
a garden shed and/or large purpose-build facilities). The terms ‘hospital’ or ‘centre’ do not
necessarily reflect the size of an establishment nor the range of medical facilities present.

A systematic internet search was undertaken from September 2016–January 2017 using
the online search engines Google and Bing, websites (e.g., www.britishhedgehogs.org.uk,
accessed on 28 January 2017), online databases (e.g., www.helpwildlife.co.uk/directory,
accessed on 28 January 2017), and the social media platforms Facebook and Twitter to create
a database of hedgehog rehabilitators. Search terms included: “wildlife hospital,” “wildlife
rescue,” “hedgehog hospital,” “hogspital” and “hedgehog rescue.” Where available, the
name and location of each rehabilitator was provisionally recorded if they had an online
presence in any form (e.g., social media profile, if they had been mentioned in local or
national media, if they had a fundraising campaign). However, because online information
may be erroneous (e.g., they had ceased practising), rehabilitators were only classified as
active if their online information indicated that they were still operating in 2016; where this
information was not immediately evident, the rehabilitator was contacted directly by email
or via social media to confirm.

Following this online search, snowball sampling (chain-referral sampling) was used
to help identify additional rehabilitators. This was done by searching the social media
associates of each provisionally identified rehabilitator, and by also asking them to for-
ward/advertise our survey questionnaire to their contacts. This approach helped to identify
rehabilitators that had no obvious online social media presence and individuals who had
only recently started practising.

2.1. Questionnaire Survey

A self-administered questionnaire was distributed via SmartSurvey® from January
2017–December 2017. The questionnaire was publicised through social media using web
pages associated with wildlife and hedgehog rehabilitation, and through contacting the
rehabilitators identified above directly. The questionnaire was further publicised via
newsletters published by the BHPS, British Wildlife Rehabilitation Council, and the People’s
Trust for Endangered Species. The BHPS promoted the questionnaire to all ~600 carers in
their database. All centres were contacted at least once via email or a social media message,
depending on their preferred mode of communication advertised on their website or social
media. Information requested included: their name; whether they were a registered charity
or not; how many paid personnel they employed; how many unpaid staff (volunteers)
worked at their hospital; whether they had a full-time veterinary surgeon on staff or worked
in conjunction with an external veterinary practice; the year they had started rehabilitating
hedgehogs; whether their hospital was run from their personal residence or from a purpose-
built rehabilitation centre; whether they had a personal and/or business social media
account for advertising their hospital to the general public; and whether they used paper
records or a computer to record information about the animals they have cared for.

Respondents were then asked to indicate how many hedgehogs they had received
each year for the 5-year period from 2012–2016, inclusive; as 2016 was the most recent
year for which respondents would have had complete information, this was taken as the
benchmark year for estimating the number of animals admitted. Finally, respondents were
asked to indicate whether they undertook post-release monitoring of any sort and, if so,
what methods they used (radio-tags, GPS-tags, injected microchips (PIT tags), ear tags,
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marking spines with numbered tags (e.g., [62] or nail varnish). Such monitoring is typically
passive, as it is focused on identifying animals that are readmitted to hospitals after their
release, individuals that have been killed on roads near to where they were released, and/or
the use of motion-activated video cameras at release sites.

2.2. Estimating the Number of Hedgehog Admissions

In order to estimate the total number of hedgehogs admitted in 2016 by all active
hospitals identified, we first categorised those hospitals for which we had data on the
number of admissions into three size classes: small, medium, and large. These divisions
were estimated retrospectively based upon the frequency distribution of the numbers
of hedgehogs admitted (see Results). These were assigned both to reflect the pattern of
admissions but also to ensure that a sufficient number of hospitals (both from the original
searches and from snowball sampling) was in each division to enable statistical analysis.
Differences in the relative numbers of hospitals in each size class identified in the online
searches versus the snowball sampling were compared using a chi-squared test. Differences
in the median number of hedgehogs admitted in 2016 within each size class in the online
searches versus snowball sampling were compared using a series of Mann–Whitney tests.

Two models were used to estimate the numbers of hedgehogs admitted by those
hospitals for which there were no data available. In Model 1, the data from both the online
searches and snowball sampling were merged and treated as a homogenous sample. These
combined data were used to estimate the proportion of small (PS), medium (PM), and
large (PL) hospitals in the overall community, as well as the median number of hedgehogs
admitted by each hospital in each size class (NS, NM, and NL, respectively). These values
were then used to estimate the number of hedgehogs (TX) admitted to those hospitals
with missing data (H): TX = H × PM × NS + H × PM × NM + H × PL × NL. These
were then added to the number known to have been admitted to those hospitals for which
data were available (TY) in order to estimate the total number of hedgehogs admitted in
2016 (T): T = TX + TY.

Model 2 followed a similar approach, except that the data from the online searches
and snowball sampling were treated separately, as there was evidence that the composition
of each sample varied with respect to the proportion of hospitals in each size class and the
median number of hedgehogs admitted within each size class (see Results).

2.3. Structure of the Rehabilitation Community

Differences in the characteristics of hospital size classes were quantified using data
from those rehabilitators where we had both an estimate of their size and who had com-
pleted the questionnaire survey; rehabilitators who had completed the questionnaire but
who had not indicated the numbers of hedgehogs admitted in 2016 were excluded. Simi-
larly, rehabilitators who had failed to answer a specific question were excluded from the
analysis relating to that variable.

A series of chi-squared tests were used to compare differences between the three
hospital classes with respect to: (i) whether they were a registered charity or not; (ii) the
type of veterinary care they had (five categories: none, work with an external veterinary
practice, work with external wildlife hospital, they themselves are a veterinary nurse or
veterinary surgeon, onsite veterinary surgeon); (iii) how long they had been established
(data merged into two categories: ≤5 years and >5 years); (iv) where hedgehogs were
housed during rehabilitation (three categories: building in private grounds, e.g., garden
shed; in their private residence; a purpose-built facility); (v) the type of social media
account(s) that they had (three categories: none; only one or more personal social media
accounts; one or more business accounts, with or without personal accounts as well);
(vi) how they kept records of the hedgehogs admitted (two categories: fully or partly
on paper; fully or partly on computer. NB: the option “partly paper” indicates that the
majority of records were recorded on paper with a minority on computer, whereas “partly
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computer” indicates the reverse); and (vii) whether they did or did not undertake any form
of post-release monitoring.

In addition, we quantified the number of paid and unpaid (volunteers) staff working
in each hospital size class. The latter was divided into three categories (1 volunteer,
2 volunteers, ≥3 volunteers) and analysed using a chi-squared test; where hospitals were
run by just one unpaid person, this would be the person in charge of that hospital who was
running it on a voluntary basis. It was not possible to statistically compare the number of
paid staff, as very few hospitals employed any paid personnel. Therefore, we have simply
summarised these data by indicating: the percentage of hospitals within each size class
that employed one or more paid staff; and the mean number of paid staff in those hospitals
where they were present.

Temporal trends in the annual number of admissions were investigated in order to
identify whether 2016 was potentially an atypical year using two approaches. First, data
from the current questionnaire were used to compare the median number of hedgehogs
admitted in each hospital size class for the five-year period from 2012–2016, inclusive. Me-
dian (±IQR) numbers of admissions are presented for small, medium, and large hospitals
separately, utilising all data available. However, not all hospitals supplied data for all five
years; therefore, separate Friedman tests were used to identify between-year differences
using those subsets of hospitals within each size class that did supply data for all five years.
Second, data on the number of juveniles, adults, and hedgehogs of unknown age admitted
to the four RSPCA wildlife centres in England (East Winch, Norfolk; Mallydams Wood,
East Sussex; Stapeley Grange, Cheshire; West Hatch, Somerset) were collated for the period
from January 2006 to December 2018, inclusive.

All statistical analyses were conducted using MINITAB version 19.1.1 and SPSS version
25. Nonparametric tests were used throughout, as the data were not normally distributed.
Data are therefore presented as medians ± inter-quartile ranges unless otherwise specified.

3. Results

Overall, 239 rehabilitators were provisionally identified through online searches; 179
were considered active in 2016, 47 were considered not active, and 13 were of unknown
status. Of the 179 that were active, information on the number of hedgehogs admitted was
available from 59 (33.0%). A further 125 rehabilitators were identified by snowball sampling,
all of which were considered active; 115 (92.0%) provided information on admissions. Data
on the number of admissions in the benchmark year were available for 174 of 304 hospitals
(57.2%: n = 59 + 115), but with data missing from a further 130 known establishments
(n = 120 + 10).

Based on the pattern of admissions in 2016 (Figure 1), small, medium, and large
hospitals were defined as those which admitted ≤50 (n = 109: 62.6%), 51–250 (n = 29:
16.7%), and >250 (n = 36: 20.7%) hedgehogs, respectively. Significantly more small hospitals
and fewer large hospitals were detected by snowball sampling compared to the original
online search (Chi-squared test: X2

2 = 67.18, p < 0.001; Figure 1).

3.1. Estimating Total Hedgehog Admissions in Benchmark Year

Overall, the 174 rehabilitators for which data were available admitted 25,540 hedge-
hogs in 2016, with large hospitals collectively dealing with substantially larger numbers
(n = 21,145; 82.8%), than medium-sized (n = 3169; 12.4%) or small (n = 1226; 4.8%) or-
ganisations. Significantly fewer hedgehogs were admitted to small hospitals depending
on whether they had been identified by snowball sampling versus those that had been
identified in the original online search (Mann–Whitney test: W = 1124.00, p < 0.001; Table 1);
no significant differences were evident for medium-sized (W = 256.50, p = 0.965) or large
(W = 578.50, P = 0.097) hospitals. Extrapolating from these data, the number of hedgehogs
admitted by all 304 active hospitals in the combined sample was estimated to range from
40,991 (Model 1) to 59,308 (Model 2) individuals (Table 2).
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Figure 1. Frequency distribution of small, medium-sized, and large wildlife hospitals/rehabilitation
organisations identified from original online searches (n = 59) versus snowball sampling (n = 115).
Vertical lines indicate size categories defined retrospectively on the basis of the number of hedge-
hogs admitted in 2016: small ≤ 50 admissions; medium-sized = 51–250 admissions; and large
≥250 admissions.

Table 1. Summary of the median (±IQR) number of hedgehogs admitted to small (≤50 admissions
per annum), medium-sized (51–250 admissions), and large (>250 admissions) hospitals in 2016 based
on whether they had been identified in the original online search (n = 59) versus those identified by
snowball sampling (n = 115). Figures are also presented for all hospitals combined.

Small Medium Large

Online 25.0 (10.0–32.0)
(n = 13)

97.0 (67.5–156.5)
(n = 17)

500.0 (346.0–701.0)
(n = 29)

Snowball 6.0 (2.0–12.8)
(n = 96)

121.0 (59.0–143.0)
(n = 12)

235.0 (201.0–582.0)
(n = 7)

Combined 6.0 (2.5–16.0)
(n = 109)

97.0 (63.5–145.0)
(n = 29)

478.0 (261.0–645.0)
(n = 36)

3.2. Structure of the Hedgehog Rehabilitation Community

Overall, 148 of the 304 active rehabilitators contacted (48.7%) supplied information
about both their structure and the number of hedgehogs they admitted in 2016. However,
not all respondents answered all questions about their composition, so sample sizes varied
between analyses.

Hospitals varied significantly with respect to their charitable status, the number of
unpaid staff working at the hospital, the length of time they had been established, where
hedgehogs were housed during the rehabilitation process, their social media presence,
patterns of record-keeping but not patterns of veterinary care, and whether they conducted
post-release monitoring (Table 3). In general terms, small and medium-sized hospitals were
less likely to be registered as charities, more likely to have been established within the five
years prior to 2016 (Figure 2), and more likely to operate out of the rehabilitator’s private
residence (Table 3). Furthermore, smaller hospitals were most commonly staffed by just
one unpaid person (Figure 3), less likely to have a business social media presence, more
likely to rely on paper records, and less likely to carry out post-release monitoring (Table 3).
Post-release monitoring by all hospitals was predominantly via the use of spinal tags or nail
varnish (n = 65 of 70 hospitals that conducted post-release monitoring). All three categories
of hospital relied extensively on support from an external veterinary practice. Paid staff
were present in <5% of small and medium-sized hospitals, but >40% of large hospitals
(Table 3).
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Table 3. Summary of the characteristics of small (≤50 hedgehogs admitted in 2016), medium-sized
(51–250 hedgehogs admitted), and large (>250 hedgehogs admitted) wildlife hospitals (n = 148).
Sample sizes vary between individual analyses if respondents had not answered that question.

Characteristics
Small

(n = 108)
Medium
(n = 22)

Large
(n = 18)

Chi-Squared
Results

Registered charity (n = 148)
No 96.3% 86.4% 27.8% X2

2 = 61.98,
p < 0.001Yes 3.7% 13.6% 72.2%

No. of paid staff (n = 146)
% of hospitals with paid staff 4.7% 0.0% 44.4% -
Mean no. of paid staff (range) 1.2 (1–2) 1 - 6.4 (1–30)

No. of unpaid staff (n = 148)

1 volunteer 83.3% 45.5% 22.2%
X2

4 = 74.70,
p < 0.0012 volunteers 14.8% 18.2% -

3 or more volunteers 1.9% 36.4% 77.8%

Veterinary care (n = 148)

None 2.8% - -

X2
8 = 13.03,

p = 0.111

Work with external vet practice 81.5% 100.0% 88.9%

Work with external rescue/hospital 12.0% - -

I am a veterinary nurse/vet 1.9% - -

Have an onsite vet 1.9% - 11.1%

Length of time established
(n = 137)

≤5 years 78.6% 68.2% 11.8% X2
2 = 30.03,

p < 0.001>5 years 21.4% 31.8% 88.2%

Housing (n = 148)

Building in private grounds 3.7% 18.2% 11.1%
X2

4 = 41.53,
p < 0.001Personal residence 94.4% 77.3% 50.0%

Purpose-built facility 1.9% 4.5% 38.9%

Social Media (n = 148)

No social media account(s) 56.5% 4.5% 11.1%

X2
4 = 52.46,

p < 0.001
Only personal account(s) 25.9% 18.2% 5.6%

Business and/or personal
account(s) 17.6% 77.3% 83.3%

Record-keeping (n = 132)
Paper (partly or fully) 78.3% 45.5% 50.0% X2

2 = 12.42,
p = 0.002Computer (partly or fully) 21.7% 55.5% 50.0%

Post-release monitoring (n = 145)
No 58.9% 38.1% 23.5% X2

2 = 9.17,
p = 0.010Yes 41.1% 61.9% 76.5%

1 Two small hospitals based at higher education establishments were excluded from these figures as they listed
the number of paid staff as “lots” and “4000” which presumably refers to the students at these establishment.

Figure 2. Number of years that small (≤50 admissions; n = 98), medium-sized (51–250 admissions;
n = 22), and large (>250 admissions; n = 17) hospitals had been established in 2016.
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Figure 3. Frequency plot of the number of unpaid staff (volunteers) working at small (≤50 admissions;
n = 108), medium-sized (51–250 admissions; n = 22), and large (>250 admissions; n = 17) hospitals
in 2016.

The median number of hedgehogs submitted annually throughout the period from
2012–2016 appeared to increase for small (Figure 4a) and medium-sized (Figure 4b) hospi-
tals, and to a lesser degree for large hospitals (Figure 4c). Considering only those hospitals
where there were 5 years’ worth of data (n = 28), the median number of hedgehogs submit-
ted in 2016 was significantly higher than in both 2012 and 2013 (Friedman test: H = 22.94,
DF = 4, p < 0.001; Figure 4d). There was a significant positive correlation between the
number of juveniles and adult hedgehogs admitted to the four RSPCA wildlife centres
annually (Pearson correlation coefficient: r = 0.753, p < 0.001), with 2016 being associated
with a particularly large number of admissions (Figure 5).

(a) Small hospitals 

(13) 

(18) 

(31) 

(53) 
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Figure 4. Cont.
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(b) Medium-sized hospitals 

(c) Large hospitals 
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Figure 4. Cont.
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(b) 

(b) 

(ab) 
(ab) 

(a) 
(d) Hospitals with 5 years’ data (n = 28) 

Figure 4. Median (±IQR) number of hedgehogs admitted annually to (a) small (≤50 admissions),
(b) medium (51–250 admissions), and (c) large (>250 admissions) hospitals each year in the five-year
period from 2012–2016, inclusive; figures above columns indicate sample sizes. (d) Number of
hedgehogs admitted annually for those hospitals (n = 28) that provided data for all five years; letters
above columns indicate post hoc groups from a Friedman test.

Figure 5. Number of juveniles, adults, and hedgehogs of unknown age admitted annually across the
four wildlife hospitals in England run by the Royal Society for the Prevention of Cruelty to Animals
during the period from 2006–2018, inclusive.

4. Discussion

This study is, to the best of our knowledge, the first to attempt to estimate the number
of practitioners involved in the rehabilitation of hedgehogs in Britain and the number of
hedgehogs admitted into their care. At one level, searching for rehabilitators via the internet
should be straightforward: as members of the public need to be able to locate and contact
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individuals or organisations who take in and care for injured or orphaned hedgehogs,
it would be expected that practitioners would maintain an active social media presence
advertising their services. However, this did not seem to be the case. Overall, we identified
304 active rehabilitators, but only 58.9% were identified in the original online searches;
the remainder were only identified by snowball sampling (i.e., relying on provisionally
identified practitioners to further advertise our request for information to their personal
contacts). This potentially indicates that a large proportion of hedgehog rehabilitators in
Britain rely on indirect contact networks (e.g., referrals from other rehabilitators) or “word
of mouth” in order to be found by members of the public. This increases the possibility
that they will not be identified in studies like this one, such that the numbers presented
below should be considered minimum estimates. In addition, this also means that some
smaller hospitals may be difficult for members of the public to contact in the event that
they discover an injured or orphaned hedgehog.

In terms of the number of hospitals, the hedgehog rehabilitation community in Britain
is dominated by small hospitals (62.6%), with many fewer medium-sized (16.7%) and large
(20.7%) establishments. This does, in part, reflect the approach we used to group hospitals
into different size classes, but it is clear that a very large number of rehabilitators deal
with relatively small numbers of admissions annually (Figure 1). This pattern is further
reflected by a wide range of associated characteristics. For example, small hospitals were
less likely to be registered charities, but more likely to consist of just one unpaid member of
staff, to operate out of their house or associated building on their property, to rely on paper
records rather than a computer, and not to carry out post-release monitoring. Collectively,
these characteristics are consistent with the image of a passionate hedgehog enthusiast
operating from their home address in conjunction with volunteer helpers whilst working
full- or part-time.

Furthermore, most recent growth in the size and structure of this rehabilitation com-
munity was associated with small hospitals: of the 137 hospitals whose establishment time
was known, 94 (68.6%) were <5 years old (77 small, 15 medium-sized, and 2 large). Despite
their prevalence within the community, however, small hospitals only accounted for 4.8%
of 25,540 hedgehogs admitted in 2016 (n = 174 rehabilitators); in comparison, medium-
sized and large hospitals accounted for 12.4% and 82.8% of admissions, respectively. As
such, it could be argued that small hospitals make a relatively minor contribution to the
rehabilitation of hedgehogs in Britain. Yet, there are possible advantages associated with
having a high density of small hedgehog hospitals operating throughout the country, but
also limitations.

First, one factor that may increase the likelihood that an animal survives the rehabili-
tation process is the speed with which it receives care after having been discovered by a
member of the public (hereafter ‘finder’). Having a hospital close to the animal’s initial
location is likely to reduce transport times, especially if the finder was prepared to take it to
the hospital themselves. In these circumstances, affected individuals could potentially be
removed ‘out of harm’s way’ more rapidly (e.g., out of direct sunlight, away from potential
predators/scavengers, reduced risk of flystrike) and could receive appropriate first aid
within a couple of hours of having been discovered, although it must be acknowledged
that they may have been injured or unwell for considerably longer. At one extreme, this
‘time to care’ may be reduced even further if the finder was the person who caused the
injury in the first place (e.g., with a garden strimmer) or who, for example, disturbed a nest
of hoglets while gardening. However, these early advantages are potentially dependent
on finders seeking advice from rehabilitators about the appropriate course of action; if
these are difficult to contact, as may be the case for those hospitals that do not have a social
media presence, then the affected animal may simply be left in an adverse location for
some further period of time. In addition, there is anecdotal evidence that members of the
public can become frustrated when rehabilitators ask them to deliver the animal to their
hospital for treatment, especially if the distance required is large. At one extreme, this
could potentially mean that the animal is subsequently ignored and never receives any
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treatment, or that the finder posts a negative comment on social media which could tarnish
the reputation of the rehabilitator/hospital.

It is important to note that the number of hedgehog rehabilitators identified in this
study is substantially lower than the >1700 veterinary practices in Britain [58]. However,
there is often a degree of confusion relating to the obligation veterinary surgeons are under
when it comes to treating wild animals in this country. The Royal College of Veterinary
Surgeons code of professional conduct states that “all veterinary surgeons in practice must
take steps to provide 24-hour emergency first aid and pain relief to animals according to
their skills and the specific situation” (www.rcvs.org.uk/setting-standards/advice-and-
guidance/code-of-professional-conduct-for-veterinary-surgeons/supporting-guidance/24
-hour-emergency-first-aid-and-pain-relief/, accessed on 10 November 2022). This treat-
ment may be administered free of charge, but they may also be able to claim payment
for this emergency initial treatment through a memorandum of understanding between
the RSPCA and the British Veterinary Association. After this initial 24-hour period, some
practitioners may then expect to be paid for further treatment, whereas others may be
working in partnership with local hedgehog rehabilitators, such that they may offer further
care at a reduced price or for free. This collaboration enables hedgehogs to be cared for
outside of veterinary practices where they would be surrounded by domestic animals and
humans [58]. However, this distinction between free treatment in the initial 24-h emergency
period, but not necessarily afterwards, has led to a degree of confusion by members of the
public, including conflicting information appearing on social media that vets are obliged
to treat hedgehogs and other wild animals for free regardless of the timescale involved.
Consequently, this has led to a degree of antipathy towards vets from some quarters. In
addition, there is also a perception that vets, and some rehabilitation organisations as well,
are “too quick to euthanise.” As a result, some rehabilitators recommend that members
of the public should take injured hedgehogs to them in the first instance rather than to a
vet/other rehabilitation organisation, as the latter are considered to be likely to euthanise
an individual even if it presents with survivable injuries. Paradoxically, this would increase
the amount of time that an animal requiring veterinary attention would have to suffer
before actually being examined by a vet.

The second potential advantage associated with decreased distance between finding
location and hospitals is that rehabilitated individuals may be more likely to be returned to
their original site. However, even this is not always possible, as householders may refuse
to have the animal returned to their garden and/or the rehabilitator may deem a site to
be unsafe (e.g., due to the presence of badgers or busy roads) such that an alternative
location is required. At present, there are insufficient data available on the specific release
practices of different hospitals, although it is clear that hedgehogs are commonly released at
alternative locations for practical or welfare reasons. Whilst this may not affect post-release
survival rates significantly (sensu [26]), it may influence patterns of gene flow [63,64] and
possibly disease transmission within and between populations [65,66].

Despite these putative advantages, small hospitals are also likely to have their limi-
tations. As outlined above, 56.5% of the small hospitals that replied to the questionnaire
survey stated that they did not have any social media accounts, and only 17.6% had a busi-
ness social media account. Furthermore, 125 of the 304 rehabilitators identified, including
96 of 109 small hospitals, were only identified by snowball sampling. These data imply that
members of the public may, therefore, not be able to easily find their nearest rehabilitator
if they do not have a website/social media presence. In addition, small hospitals were
associated with a range of characteristics that could affect their ability to maximise release
rates. For example, only 4.9% of small hospitals had one or two paid staff, only 1.9% had
three or more volunteers, 94.4% were located in the rehabilitator’s private residence, and
2.8% stated they had no veterinary care. Furthermore, practitioners within small hospitals
also need to carry out a wide range of ancillary activities beyond looking after the animals
in their care, such as maintaining an online presence, training volunteers, and raising funds.
As such, small hospitals may experience significantly greater challenges with, e.g., housing
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hedgehogs in hygienic conditions, minimizing stress (sensu [67]), managing disease spread,
and may also have limited capacity at certain times of the year (e.g., when the number of
orphaned juveniles is high or during heatwaves), although they are likely to be in contact
with other nearby rehabilitators who may have space.

At present, however, all of these putative benefits and concerns are conjecture, and
may be unrealised and/or unwarranted, principally because of a lack of data on hedgehog
rehabilitation in Britain (either collectively or from individual rehabilitators) to substantiate
or refute these claims. This is, in part, due to the difficulties associated with identifying
practitioners, but also obtaining access to data for analysis. The latter is further exacerbated
by the fact that most hospitals/centres do not keep fully computerised records, which means
that collating information about numbers admitted, underlying reasons for admission,
cause-specific release rates, and time in care before death, euthanasia, or release is difficult.
Major reasons for this relate to the constraints associated with recording data electronically
where money and manpower are limited, meaning that those data which are accessible
tend to be from the larger centres, but also because hospitals/centres in Britain are not
required to collate such data or make it available to researchers. One potential, but highly
contentious, option would be to make wildlife rehabilitation a licensed activity, with the
submission of data compulsory. However, such a scheme would require funding, and
smaller organisations argue that this additional cost would mean that they would have to
cease operating. As such, additional methods for collecting such data within the current
structure of the rehabilitation community need to be identified.

The Number of Admissions Relative to Population Size

Extrapolating from the data derived from the questionnaire survey, we estimate that
a total of 40,000–59,000 hedgehogs were admitted to the 304 active wildlife rehabilitators
identified in 2016. However, the disparity between these estimates suggests that they are
sensitive to the modelling approaches used. For example, Model 2 was particularly affected
by applying the proportion of large hospitals identified in the online searches (49.2%) in
order to estimate the corresponding number in the sample of 120 hospitals for which no
data were available; this implies that we had missed 59.0 large hospitals in these initial
searches. We consider this to be unrealistic; however, large rehabilitators typically had
business or personal social media accounts (88.9%), meaning that they were relatively
straightforward to identify. This is also reflected in the fact that only three large hospitals
were identified by snowball sampling. Furthermore, the number of active rehabilitators
used in deriving these estimates was substantially lower than the ~600 carers purported
to be held on the BHPS’s directory, although this organisation does not have detailed
information about their status (i.e., whether they are currently practicing, and if so, how
many hedgehogs they take in each year). However, the fact that we were not able to
identify such a large number of rehabilitators in this study does potentially suggest that
these undetected individuals/organisations may not actually be active, but that, if they
are practicing, they are likely to be dealing with small numbers of hedgehogs. For these
reasons, we consider the lower estimate of 40,000 is more plausible, but accept that it may
be higher.

Regardless, this estimate is substantially greater than those from previous studies.
For example, [4,11] reported estimates of 30,000–40,000 and 71,000 admissions per annum
across the full range of bird (>200 species [68]) and mammal (>40 species [56]) species
in Britain, respectively. It is also substantially larger than the number of West European
hedgehogs admitted to wildlife centres in other parts of its range (n = 490 in the 5-year
period from 2009–2013 in three rescue centres in eastern Spain [69]; n = 16,967 in the 10-year
period from 2010–2019 in 34 rescue centres in the Czech Republic [70]; n = 740 in the
17-year period from 2002–2019 to the two main wildlife hospitals in northern Portugal [71]).
Furthermore, our estimate does not explicitly include the 31,000 hedgehogs admitted to
veterinary surgeons each year [58], although there is likely some degree of overlap, since
individual hedgehogs will be taken by rehabilitators to vets for treatment and/or vets will
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pass on hedgehogs to rehabilitators for long-term care and for release. It does not, however,
include those hedgehogs taken directly to vets which are then euthanised or die naturally
in the practice.

The most recent estimate of the pre-breeding hedgehog population in Britain is
879,000 [44,56]. If we assume, based on the data from the RSPCA, which are the only
data available at the current time, that approximately 50% of hedgehogs admitted to hospi-
tals survive to be released [4], our results suggest that rehabilitators may collectively be
saving 20,000 hedgehogs that would otherwise perish, a number equivalent to 2.3% of the
national pre-breeding population. However, the causes for admission given by finders
(Bearman-Brown and Baker, unpublished data) do suggest that most hedgehog casualties
probably originate from urban areas, and that a large proportion of affected animals are
juveniles [72]). If we assume that the pre-breeding population of hedgehogs associated
with gardens and other urban green spaces is 200,000 [44], the adult sex ratio is 1:1, each
adult female produces one litter a year, and mean litter size is 4.5 [36], this figure would
equate to 10.0% of the pre-breeding or 3.1% of the post-breeding urban population. Given
that presence–absence data from different habitats within urban areas suggest that this
population has declined by approximately 2.0% per annum between 2003–2017 [73,74],
it can be argued that hedgehog rehabilitation could have been an important component
affecting the rate at which the urban population has been declining in the last two decades,
rather than being merely a service related to animal welfare, as some authors have sug-
gested previously [14,17–19]. It is important to acknowledge, however, that this estimate
has been based on assumptions that require further examination once more detailed data
are available from a much broader suite of hospitals/centres.

Furthermore, those data from the RSPCA and for those hospitals where we had a
continuous set of data across the five-year survey period suggest that 2016 was a rather
atypical year; in the former, the number admitted in 2016 was 22% higher than the average
across the 13-year time period, whereas in the latter, the number admitted was significantly
higher than in 2012 and 2013. At one level, the number of admissions would be expected to
vary inter-annually, but, for a population that is assumed to be declining [44], we might
expect to observe a general downward trajectory (assuming that the capacity of these
hospitals has been approximately constant over time). In contrast, the pattern observed
has been one for a general increase in admissions (Figures 4d and 5), with periodic peaks
(Figure 5). The underlying reasons for these inter-annual fluctuations are unclear, but
could be related to broad-scale changes associated with over-winter hibernation mortality,
reproductive output, invertebrate prey availability, public awareness, risks related to
anthropogenic activities, and/or inclement weather. As such, future research needs to
focus on identifying how such ecological and human-mediated factors affect population
dynamics and patterns of admission into wildlife hospitals.

5. Conclusions

This study was the first to attempt to directly estimate the number and characteristics
of practitioners rehabilitating hedgehogs in Britain. A minimum of 304 rehabilitators were
identified: most (n = 109) hospitals admitted less ≤50 hedgehogs annually, whereas most
hedgehogs (82.8%) were admitted to the smaller number of large establishments (n = 36).
However, the growth of the hedgehog rehabilitation community was mostly associated
with the creation of these smaller hospitals. Overall, the collective number of hedgehogs
admitted to (40,000–59,000) and potentially released from (20,000–29,500) these wildlife
hospitals was large relative to the size of the pre-breeding population and the estimated
annual rate of decline, especially if we assume that most individuals originated from urban
areas. This implies that wildlife rehabilitation has potentially been an important factor in the
dynamics of hedgehog populations in the last two decades. However, further information is
still required regarding many facets of the rehabilitation process, as well as establishing how
extrinsic ecological and anthropogenic factors affect the numbers of hedgehogs admitted to
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wildlife hospitals. Such future work would benefit particularly from facilitating means by
which rehabilitators could store standardised information electronically.
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Simple Summary: Wildlife rehabilitation centres contribute to the conservation of wildlife by caring
for sick, injured and orphaned animals that would not survive in the wild without human help,
and releasing healthy animals back into the wild in appropriate habitats. A total of 4388 European
hedgehogs, identified as pre-weaned from normally timed litters (NL PRE), post-weaned from
normally timed litters (NL POST), pre-weaned from late litters (LL PRE) and post-weaned from late
litters (LL POST) were admitted to 27 wildlife rehabilitation centres in the Czech Republic in the
period from 2011 to 2020. Where the outcome of rehabilitation care was known, young admitted
before natural weaning were associated with a high mortality rate, especially in those from late litters.
Among the four groups, the juveniles of the NL POST category experienced the lowest mortality
(14%) with the highest release rate (86%). In contrast, LL PRE experienced the highest mortality (46%)
with the lowest release rate (54%).

Abstract: Previous research from several European countries has indicated that the European hedge-
hog (Erinaceus europaeus) is in decline. Wildlife rehabilitation centres contribute toward the protection
of debilitated hedgehogs, including the young. Based on data from 27 wildlife rehabilitation centres,
the mortality rate and the release rate of juvenile hedgehogs were evaluated depending on whether
they were from normally timed litters (admitted from April to September) or from late litters (admit-
ted from October to March). A total of 4388 juvenile European hedgehogs were admitted to wildlife
rehabilitation centres in the Czech Republic from 2011 to 2020. The number of post-weaned young
from late litters admitted (28%) did not differ from the number of pre-weaned young from late litters
(29%). Where the outcome was known, young from late litters had the highest mortality rate (46%) in
the year of admission. The release rate was the highest in post-weaned young from normally timed
litters (86%). Further research should focus on the definition of optimal care and treatment of the
underlying causes for admission of juvenile hedgehogs. The reproductive strategy (the timing of
litters) of European hedgehogs under the climatic conditions of the Czech Republic affects the chance
of survival of young at wildlife rehabilitation centres and likely also in the wild.

Keywords: hoglet; weaning; rescue centre; release

1. Introduction

The western European hedgehog (Erinaceus europaeus) is an insectivore that inhabits
a large part of Europe [1,2]. It is a species that displays true hibernation. It is, therefore,
essential for hedgehogs to reach an optimal body condition to survive hibernation [3–5].
The length of hibernation and the timing of its ending may differ depending on how long
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the winter period lasts in a given area in which hedgehogs are found. Hibernation is
known to be shorter in warmer areas [6], while hibernation is longer in the north due to the
longer-lasting winter and low temperatures, therefore shortening the period of time during
which hedgehogs are active [3,5]. Hibernation may also be affected by local fluctuations in
the weather in the given period, as has been described in Denmark, for example, where the
hibernation of hedgehogs was delayed by unusually warm weather in a particular year [7].

The timing of reproduction in European hedgehogs is also associated with the timing
and length of hibernation. Hedgehogs begin to mate soon after awakening from hibernation
if temperature conditions are optimal, leaving plenty of resources for the hedgehogs [8],
and the body conditions of the females are sufficient. Female European hedgehogs appear
to be seasonally polyoestrous [5], with a succession of oestrus cycles during spring and
summer. Gestation in female European hedgehogs lasts approximately 34 days, after which
usually 4–5 young are born [3], with previously documented examples of litter sizes of
up to 11 individuals [9]. The young are dependent on their mother’s care for a period of
5–6 weeks and are subsequently weaned at a weight of 250 g [10]. This is followed by the
challenging time when the newly independent juveniles must manage to forage, with a diet
comprised primarily of invertebrates, and obtain adequate day and night nests. The timing
of birth influences the mortality rate in hedgehog young [11], which amounts to as much
as 69% of offspring in the wild [3,12–14]. In the Czech Republic, hibernation ends in April
and the first litters of European hedgehogs are usually born between May and August [15].

Usually, female hedgehogs have a single litter a year in areas with a colder climate,
potentially enabling them to have a longer hibernation period [16]. When autumn has a
high abundance of resources available, second litters may be produced in a given year [3–5].
Females that lose the young from the first litter may also have a second litter. They will
go into oestrus again and mate, and wean their young later [10]. Offspring from second
or later litters may be at a disadvantage over earlier-born young as they have less time to
grow and obtain the necessary body condition before hibernation. However, Bunnell [10]
studied juvenile hedgehogs taken into care—81 individuals from early litters and 38 from
late litters—and demonstrated that young born in the late summer compensated for this
delay by gaining weight faster than young from normally timed litters during their time in
captivity with ad libitum food available [10]. It is, however, true of all young that they may
find themselves in a situation in which they will not be able to survive without human help.
This particularly applies to young that lose their mother before weaning. Such a scenario is
sadly common as hedgehogs often live in the vicinity of towns and villages [17] and are
exposed to many risks associated with anthropogenic activities, such as collisions with
vehicles on the roads [18], being attacked by pets or dying as the result of injuries caused
by garden tools and machinery, or from poisoning [3,4,19–23]. Wildlife rehabilitation
centres can play an irreplaceable role in caring for individuals and therefore supporting the
protection of this species [21,24]. Orphaned juvenile hedgehogs found by humans are often
taken to wildlife rehabilitation centres where they are hand-raised with the aim of being
subsequently released back into the wild. Previous research comparing the post-release
survival of hand-raised and wild, juvenile hedgehogs has shown that hand-raised juveniles
appear to have equal prospects as wild, suggesting that hand-raising of orphaned juvenile
hedgehogs is an important contribution to the conservation of this species [13].

The aim of this study was to categorise the groups of juvenile western European
hedgehogs (Erinaceus europaeus) admitted to wildlife rehabilitation centres in the Czech
Republic before weaning and after weaning in the years 2011 to 2020, and to determine
whether the timing of their birth (normally timed or late litters) influenced their survival
chances in care. In addition, interpreting the results in a wider context to discuss how to
optimise the conservation effort based on the hand-raising of orphaned, sick or injured
juvenile hedgehogs.
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2. Materials and Methods

Data on juvenile western European hedgehogs (Erinaceus europaeus) admitted to
wildlife rehabilitation centres in the Czech Republic were obtained from the Ministry
of the Environment, which is responsible for the work of wildlife rehabilitation centres and
keeps records on the animals for which these facilities care. As these rescue centres are
part of the National Network of Rescue Centres, which cooperates with the Ministry of the
Environment, the recording system is unified. The data include information on the number
of admitted animals, the dates and reasons for admission, and voluntary information on the
weight or age of the animal and the place of finding if it is known. These records contained
data on the numbers of juvenile European hedgehogs admitted from 2011 to 2020, the
reasons for their admission to wildlife rehabilitation centres, and the dates on which these
juveniles were admitted to and the outcome, e.g., whether they were released back into the
wild or died (naturally or euthanised). A total of 27 wildlife rehabilitation centres in the
Czech Republic provided data for the study. Identification of admitted species, including
distinguishing between the two native hedgehog species of the Czech Republic (Erinaceus
europaeus and E. roumanicus), and recording characteristics of each individual, were the
responsibility of the rehabilitation centres’ certified experts.

2.1. Categorising Data

We included data on reason for admission into care and weight at admission for
juvenile European hedgehogs for the purpose of this study. The juvenile hedgehogs
were divided by weight at admission into the categories pre-weaned (1–250 g) and post-
weaned (251–400 g) young. Furthermore, the juvenile hedgehogs were divided by date of
admission into the categories “young from normally timed litters” (young admitted from
April to September) and “young from late litters” (young admitted from October to March).
This division was based on calculation of the gestation period (5 weeks) and the age of
weaning (5–6 weeks) according to Bexton [22]: young from normally timed litters came
from hedgehogs that mated during March and April at the earliest, while young from late
litters came from litters for which hedgehogs had mated during August and September at
the earliest, i.e., in the late summer. A weight of 250 g is stated by Bunnell [10] as the weight
of hedgehogs at weaning. The individuals were divided into four groups for the purposes
of comparison: pre-weaned from normally timed litters (NL PRE), post-weaned from
normally timed litters (NL POST), pre-weaned from late litters (LL PRE) and post-weaned
from late litters (LL POST). In some cases, information on the outcome of the care (died
naturally/euthanised or released back into the wild) was lacking, which resulted in the
exclusion of these records from the data analyses on survival and duration of time in care.

For the young with known outcome, the proportion of young released after care and
young that died or were euthanised during care was calculated to establish the release
rate and mortality rate: the proportion of juveniles released and juveniles that died or
were euthanised in care compared to the total number of hedgehogs admitted in the
given group (NL PRE, NL POST, LL PRE, LL POST). Out of the 4388 juvenile hedgehogs
registered in the records, only 3441 individuals had information on the outcome of the
care (died naturally/euthanised or released back into the wild). Therefore, the remaining
947 individuals were excluded from the data analyses on survival and duration of time
in care.

The duration of care at the wildlife rehabilitation centres was analysed for individuals
that were subsequently released back into the wild, in the cases where date of admission
and date of release were stated in the records. The duration of care was calculated as the
number of days between these two dates.

2.2. Data Analysis

Statistical analysis was performed in the statistical program UNISTAT 6.5 for Excel
(Unistat Ltd., London, UK). The data according to the normality test have a non-normal
distribution, thus non-parametric tests were used. Spearman’s coefficient was used to assess
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the trend in the number of young admitted in a given period, and a Fisher’s exact test
was used for evaluation of the difference in the numbers of young admitted in individual
groups (NL PRE, NL POST, LL PRE and LL POST) and for comparison of the numbers of
young released and young that died or were euthanised. Kruskal–Wallis ANOVA was used
for the assessment of the duration of admission to the wildlife rehabilitation centre. In the
tests used, the value of p < 0.05 was determined to be statistically significant.

3. Results

A total of 4388 juvenile European hedgehogs were admitted to 27 wildlife rehabilitation
centres in the Czech Republic in the period from 2011 to 2020, with an increasing trend in the
number of juveniles admitted per year during the entire period (rSp = 0.9879, p< 0.001). A
significantly lower number (p < 0.001) of NL POST (post-weaned individuals from normally
timed litters) young were admitted in comparison with all the other groups (Figure 1).

Figure 1. The number of juvenile European hedgehogs admitted to wildlife rehabilitation centres
in the Czech Republic in the years 2011 to 2020, total 4388, divided into four categories by weight
and timing of litter. Columns or bars with different letters (i.e., a versus b, a versus c, b versus c)
indicate that they are statistically different from each other, while those with same letters (c versus
c) indicate that they are not statistically different from each other. NL PRE = pre-weaned juvenile
hedgehogs from normally timed litters; NL POST = post-weaned juvenile hedgehogs from normally
timed litters; LL PRE = pre-weaned juvenile hedgehogs from late litters; LL POST = post-weaned
juvenile hedgehogs from late litters.

The lowest mortality rate was found in NL POST juveniles (14% of the number of
animals admitted in this category), for which the highest release rate was also found (86%)
(Table 1.). In contrast, the highest mortality rate was seen in the category LL PRE (46%),
which therefore also had the lowest release rate (54%). There was no significant difference
(p > 0.05) in mortality rate and release rate between NL PRE and LL POST.

Table 1. Outcome of juvenile European hedgehogs admitted to wildlife rehabilitation centres from
2011 to 2020 divided into four categories by weight and timing of litter (data are from the 3441 indi-
viduals with known outcome).

Litter Timing Category Admitted (Number)
Mortality Rate Release

Number % Number %

Normally timed litter
pre-weaned 1518 453 a 30 1065 x 70

post-weaned 210 30 b 14 180 y 86
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Table 1. Cont.

Litter Timing Category Admitted (Number)
Mortality Rate Release

Number % Number %

Late litter
pre-weaned 983 455 c 46 528 z 54

post-weaned 730 251 a 34 479 x 66
a–c different letters in a column indicate a statistically significant difference (p < 0.01), with fields marked with a
being statically significantly different from fields categorised as b and c, whereas fields indicated with the same
letter represent data which are not statistically significantly different from each other. x–z different letters in a
column indicate a statistically significant difference (p < 0.01).

The length of stay in NL PRE (median 41 days) and LL PRE (median 41 days) young
was significantly longer (p < 0.001) than in NL POST and LL POST young (median 21 and
24, respectively) (Figure 2).

Figure 2. Period of time spent by released juvenile European hedgehogs at wildlife rehabilitation
centres in the Czech Republic from 2011 to 2020 divided into four categories by weight and timing of
litter (data are from the 3441 individuals with known outcome). Note: columns or bars with different
letters (i.e., a versus b, a versus c, b versus c) indicate that they are statistically different from each
other, while those with same letters (c versus c) indicate that they are not statistically different from
each other. NL PRE = pre-weaned juvenile hedgehogs from normally timed litters (n = 806); NL
POST = post-weaned juvenile hedgehogs from normally timed litters (n = 151); LL PRE = pre-weaned
juvenile hedgehogs from late litters (n = 525); LL POST = post-weaned juvenile hedgehogs from late
litters (n = 443).

4. Discussion

The number of European hedgehogs admitted to wildlife rehabilitation centres has
been on the increase in recent years, with their admission to wildlife rehabilitation centres
in the UK doubling in the period 2005–2017 [19]. The offspring of wildlife make up a
large proportion of all sick, injured and orphaned individuals that are admitted to these
facilities [24,25]. Young accounted for a proportion of almost 20% of all hedgehogs admitted
to three wildlife rehabilitation centres in Spain in the years 2009–2013 [20] and almost 60%
in 34 wildlife rehabilitation centres in the Czech Republic from 2010 to 2019 [21].

4.1. Distinguishing the Species in Care

The Czech Republic is inhabited by two species of hedgehogs, the European hedgehog
(Erinaceus europaeus) and the northern white-breasted hedgehog (E. roumanicus), which can
be challenging to distinguish from each other, as they share a range of similar features.
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Our study focuses exclusively on Erinaceus europaeus. Our data derives from the records of
27 wildlife rehabilitation centres, where the carers have identified the individuals as Euro-
pean hedgehogs. Even though this categorisation cannot be validated, we acknowledge
that all wildlife rescue centre staff in the Czech Republic must have a certificate from the
Ministry of the Environment, which also includes an exam on identifying species living
in the Czech Republic. In the case of E. europaeus, this includes distinguishing them from
E. roumanicus based on morphology.

4.2. Categorising Individuals into Dependent and Independent Juveniles

Due to the lack of background knowledge of the individuals, our categorisation of
juveniles into dependent and independent individuals was based on weight at admission,
with pre-weaned weighing ≤250 g and post-weaned >250 g. There is a general consensus
in the literature on the subject that juvenile hedgehogs tend to weigh around 250 g when
they reach independence. However, there may have been cases where sickness or injury
have caused independent individuals to weigh less than 250 g, which would ultimately
have led them to become recorded as dependent juveniles. This potential bias should be
considered when interpreting the results.

4.3. Independent Juveniles from Normally Timed Litters Have Better Prospects

Individuals belonging to the NL POST young category were admitted to wildlife reha-
bilitation centres least often and had a significantly lower mortality rate in care compared
to the other categories. These individuals are adolescent hedgehogs weighing 251–400 g.
They are already independent, beginning to live the solitary way of life typical of this
species, and learning to forage for themselves and build nests [22]. They must also prepare
themselves for the coming winter when hibernation awaits them, though in view of the
appropriate timing of their birth in the summer months they have enough natural food
and time to attain the necessary weight and body condition, if in otherwise good health.
Therefore, their prospects are generally better compared to independent juveniles. This is
also indicated by the fact that this group spent significantly shorter time in care compared to
pre-weaned individuals from normally timed and late litters. It should, however, be taken
into consideration that the lower sample size of this particular category of individuals,
compared to the rest, may have influenced the results.

4.4. The Potentially Negative Consequences of Care and Alternative Solutions

Our results show that the highest proportions of juvenile hedgehogs admitted into
care are dependent individuals (pre-weaned; NL PRE (38%) and LL PRE (29%)). These
young are still dependent on their mother’s care. However, every small (<250 g) hedgehog
should not necessarily be considered orphaned and in need of care. These results suggest
that dependent juvenile hedgehogs are often admitted to wildlife rehabilitation centres
regardless of the timing of the litter. The ability to identify juvenile hedgehogs truly in need
of human care is important, as they may otherwise be taken to wildlife rehabilitation centres
needlessly. It has been shown that the capture of wild animals may itself lead to their death
due to causes like capture myopathy or infection transmitted from the other patients [13,26].
Furthermore, wild animals placed in captivity, e.g., at a wildlife rehabilitation centre,
encounter a novel, confined and unpredictable environment, which often includes handling
and close proximity to humans [26]. These conditions cause physiological stress responses
in a range of species and these increased stress levels may have severe effects on their
health [13,27,28]. Rasmussen et al. [13] demonstrated that hedgehogs in care experience
higher levels of faecal corticosterone metabolites and saliva corticosterone compared to
wild individuals, suggesting that hedgehogs in care do experience higher levels of stress
than their wild counterparts. Therefore, if a juvenile hedgehog seems to be healthy and
mature enough to provide for itself, despite a small body size, human help in the form of
supplementary feeding and provision of good nest sites in situ, should be recommended as
an alternative to captivity.
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4.5. When to Admit Juveniles into Care and When to Release Them

Several signs can be recognised in pre-weaned young indicating that they could need
care. These include the finding of an isolated juvenile or a litter of juveniles with individuals
weighing less than 200 g, being active during the day, vocalising, or having light-coloured
and soft spines [23]. Such young may have lost their mother due to e.g. car collisions during
the summer, when lactating females are more active and may cross roads more frequently
due to the increased rate of foraging needed to cover their intensified use of resources
caused by lactation [19]. They may also be less viable young that have been abandoned
by their mother [29], in which case any attempt to save them may be more complicated
and perhaps even counterproductive. Caring for pre-weaned young is demanding and
is furthermore an economic burden for the wildlife rehabilitation centre. One principal
problem lies in assuring an adequate milk diet, as is the case for the young of many other
wild animal species [30]. Hedgehog milk is extremely rich in fat and proteins and has a low
lactose content [31], for which reason it may be difficult to find a suitable milk substitute.
Gimmel et al. [32] have drawn attention to the shortcomings of commercially manufactured
mixes for European hedgehogs, though their study did not consider milk substitutes. If
the milk of other mammals is to be used, Robinson and Routh [33] recommend using goat
milk, initially with a syringe, until the juveniles are mature enough to feed individually
from a dish. Presently, the general practice at hedgehog wildlife rehabilitation centres is
to use commercially available puppy milk replacer combined with a careful monitoring
of weight gain. Hand-raising of juvenile hedgehogs should only be carried out by trained
hedgehog rehabilitators as it is a specialist’s task.

The demands of hand-rearing pre-weaned hedgehog young are evidently also associ-
ated with the fact that young admitted to wildlife rehabilitation centres before weaning
spent a significantly longer (p < 0.001) period of time at the centre than young admitted after
weaning. Pre-weaned young from both normally timed and late litters spent a median of
41 days at wildlife rehabilitation centres before being released back into the wild. Hedgehog
young in the wild are weaned at the age of 5–6 weeks [23]. Young are released at a similar
age or an age several weeks older than the age of natural weaning depending on their age
at the time of their admission and their weight before release.

Unfortunately, not all juvenile hedgehogs admitted to the wildlife rehabilitation centres
could be released back into the wild. Some died while in care and some had to be euthanised
due to severe injuries or poor prognosis. Age upon admission and the timing of the litter
also influenced the outcome: Although more than a 70% of young from normally timed
litters admitted were released back into the wild in the same year (70% of pre-weaned and
86% of post-weaned individuals), the numbers of pre-weaned animals released from late
litters were significantly (p < 0.001) lower (53% individuals); the results may also be affected
by fewer number of admitted post-weaned hedgehogs form normally timed litters. The
smaller number of individuals from late litters released may have been influenced by the
fact that the date of their release from the wildlife rehabilitation centre would have fallen in
the winter, i.e., during the hibernation period, leaving the registration as “unknown” in the
record. Despite research demonstrating that hedgehogs can successfully be released during
winter when the conditions are suitable [34], and that hedgehogs in care experience higher
levels of stress which may decrease their welfare and chances of survival [13], opinions
still differ between carers as to whether hibernating animals should be kept at wildlife
rehabilitation centres over the winter or released in the late autumn or during winter. The
question remains as to what impact stress has on animals during their time spent at a
wildlife rehabilitation centre, as it may have a negative effect on the health and normal
behaviour of animals [35], and whether all animals at wildlife rehabilitation centres go
into hibernation. External conditions, and temperature in particular, are important to
the commencement of hibernation [8]. Hibernation is often not possible, or disturbed, in
excessively small juvenile hedgehogs admitted before or during the winter when they
require intensive care that includes frequent weighing and observation of the animals.
Nevertheless, research indicates that weighing of hedgehogs during hibernation and their
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possible wakening does not affect their chance of surviving hibernation as long as it is
not done too frequently [36], particularly in cases in which the energy losses during such
disturbance are compensated for by the provision of food that is available in sufficient
quantities at wildlife rehabilitation centres. South et al. [36] also found that the duration
of hibernation meant greater weight losses in smaller hedgehogs which lost weight more
quickly during hibernation at the wildlife rehabilitation centre. The lower release rate in
the group of LL POST individuals could also be caused by the condition of the individuals
taken into care, as it is expected that individuals from later litters are generally less robust
than individuals from normally timed litters due to the lack of food resources later in the
season. The high release rate in post-weaned young from normally timed litters may also
testify to the fact that rescue centres in the Czech Republic are in practice more likely to
release young in summer and less likely to release them in winter for fear that they will not
survive hibernation, even though previous studies have indicated that this is should not be
a cause for concern [4,17,34,37].

4.6. Optimising the Care

In general, pre-weaned young from normally timed litters and post-weaned from
late litters displayed similar mortality rate at wildlife rehabilitation centres in the Czech
Republic; however, the highest mortality rate was found in pre-weaned hedgehogs from
late litters. Mortality is generally high in animals at wildlife rehabilitation centres [24].
Furthermore, time spent at wildlife rehabilitation centres is a stress factor for hedgehogs
increasing the level of glucocorticoids in the faeces and saliva in comparison with free-
living hedgehogs [13] and the length of time they spend at such centres should be kept to
the absolute minimum.

The results indicate that the timing of hedgehog births may also affect the chances of
survival for juveniles admitted to wildlife rehabilitation centres and suggest that they may
have different care requirements. Therefore, in addition to general care, the aim of wildlife
rehabilitation centres should be to develop procedures and methods to care for hedgehogs
at different ages and consider whether the effort should be adapted according to the period
during which they were born and admitted to wildlife rehabilitation centres. Another task
should be to optimise releases into the wild to ensure the highest possible survival rate
after release and not to unnecessarily prolong the stressful stay in wildlife rehabilitation
centres for these animals.

4.7. The Influence of Members of the Public on Admissions of Juvenile Hedgehogs

The public plays a large role in the admission of animals to wildlife rehabilitation
centres by reporting findings of animals requiring human care to the staff of these centres or
by bringing sick, injured or orphaned animals to the centres. Fewer NL POST than NL PRE
juvenile hedgehogs were admitted to rescue centres, which may be due to public education
stating that only young weighing less than 250 g that are found alone may need help, as
opposed to young weighing more than 250 g. The situation may be different for young
found in autumn, which raises concerns in people as to whether the juvenile hedgehog
will be able to put on the necessary weight needed for hibernation. The results indicated a
significantly (p < 0.001) lower proportion of NL POST hedgehogs admitted than LL POST.
We suggest that even though these animals may have the same weight, the juveniles from
late litters are considered more at risk by the public because of the approaching winter. This
is causing members of the public to regard even large, healthy and independent juvenile
hedgehogs as threatened and requiring human care simply because they remain active
in the late autumn. The admission of seemingly healthy individuals belonging to the LL
POST category could also be explained by the inability of members of the public and even
hedgehog carers to distinguish between independent and dependent juvenile hedgehogs.
The law in the Czech Republic requires rehabilitation centres to provide education to the
public and thus participate in the protection of species in the wild including examples of
the work of these centres and information materials.
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The issue of an adequate weight before hibernation is well known, and many wildlife
rehabilitation centres, along with other organisations contributing to the protection of
European hedgehogs and other wildlife species, issue manuals containing information
about how to identify individuals that require human help. Hibernation is a demanding
period during which the animal uses a large amount of energy [36]. According to Robinson
and Routh [33], hedgehogs weighing less than 450 g in the autumn, found out of the nest
during the day, or showing signs of weakness or health problems may require help to
survive the winter. Morris [38] suggested a hibernation weight of >450 g as a threshold
for winter survival if a 25% weight loss during hibernation occurs. According to Bearman-
Brown et al. [39] hibernation is not a critical period for hedgehogs that hibernate at a weight
of at least 600 g. Wildlife rehabilitation centres can help hedgehogs attain the necessary
weight before hibernation during their time spent in captivity [40]. However, if a hedgehog
is otherwise healthy, supplementary feeding and provision of suitable nest sites in situ is
a much more desirable solution, avoiding taking the individual into care. Awareness of
the risk of death in immature young hedgehogs during the winter may be the cause of
the larger proportion (28%) of LL POST young admitted to rescue centres in the Czech
Republic. Finding a young hedgehog in the autumn more often leads to its admission at a
wildlife rehabilitation centre compared to the finding of a hedgehog of the same weight in
the early summer. Rasmussen et al. [4] demonstrated that healthy juvenile hedgehogs are
perfectly able to reach an adequate body condition to survive hibernation even when born
later in the season, when resources are available. The same study also suggests directing the
focus on body condition before hibernation instead of weight, as a small hedgehog of 600 g
would be in good condition, while a large hedgehog of 600 g could be in a poor condition,
indicating weakness of some sort, making it less likely to survive hibernation. Furthermore,
previous studies exploring the body mass change in hedgehogs before and after hibernation
have shown that the individuals that can afford to lose most body mass do in fact lose most
body mass [3,7,37,41]. This is also related to the timing of hedgehog releases into the wild,
with Yarnell et al. [34] reporting that the survival rates of rehabilitated hedgehogs released
during milder periods of the winter are equal to those of wild individuals.

5. Conclusions

Wildlife rehabilitation centres contribute towards maintaining populations of wild
species of animal by caring for sick, injured or orphaned wildlife. The reproduction of
European hedgehogs in the Czech Republic is influenced by climatic conditions, and
young born in normally timed and late litters may have different care demands and
survival chances. Although juvenile hedgehogs from normally timed litters can be released
successfully back into the wild in most cases, the mortality rate is higher in pre-weaned
young from late litters at the wildlife rehabilitation centres. As female hedgehogs often
give birth to two litters per year in the Czech Republic, and the population of European
hedgehogs is in decline, further efforts must be made to improve the care for juvenile
hedgehogs, particularly before weaning, to increase the survival, and therefore also the
release rate, of these animals.
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Simple Summary: The Western European hedgehog (Erinaceus europaeus) is an insectivorous mammal
with a wide geographic distribution. Owing mostly to climate changes and anthropogenic pressures,
a considerable number of hedgehogs now live in urban areas close to humans, where they are
exposed to contaminants and biological agents that may result in disease with the correspondent
hematological and biochemical alterations. Hedgehogs can work as bioindicators to environmental
pollution and host multiple zoonotic agents, making them relevant for One Health studies. Thus, it
is essential to deepen the knowledge on this species and calculate reference intervals for the usual
hematological and biochemical parameters. This would make it possible to recognize the “normal”
and identify the “disease”. In this study, some significant differences were evident, especially when
comparing age groups (juveniles versus adults), showing the relevance of further investigations in
this species.

Abstract: The Western European hedgehog (Erinaceus europaeus) can work as a bioindicator of
environmental pollution and be a host for multiple zoonotic agents, making it relevant in terms of
One Health studies. It is essential to deepen the knowledge on this species and calculate reference
intervals (RIs) for the usual hematological and biochemical parameters. For this retrospective
study (2017–2022), the archives of the Clinical Pathology Laboratory (LPC) of University of Trás-os-
Montes and Alto Douro (UTAD) Veterinary Teaching Hospital were analyzed. Data of hematology,
clinical biochemistry, and protein electrophoresis from 37 healthy hedgehogs of the Wild Animal
Rehabilitation Center at UTAD, Northern Portugal, were included. It was possible to calculate RIs for
almost all of the variables in the study, using Reference Value Advisor V2.1. Moreover, sex and age
effects were investigated: alkaline phosphatase (p = 0.012, higher in males); total proteins (p = 0.034,
higher in adults); mean cell volume (p = 0.007) and mean corpuscular hemoglobin (p = 0.010) (both
higher in juveniles); and red blood cell distribution width (p = 0.021, higher in adults). Our study
allowed for the first time to define RIs for a population of hedgehogs in Portugal, having a potentially
relevant impact on species conservation and in the human–animal health interface.

Keywords: Western European hedgehog; Erinaceus europaeus; hematology; biochemistry; protein
electrophoresis; reference intervals

Animals 2023, 13, 1009. https://doi.org/10.3390/ani13061009 https://www.mdpi.com/journal/animals259



Animals 2023, 13, 1009

1. Introduction

The Western European hedgehog, Erinaceus europaeus, belongs to the mammal or-
der Eulipotyphla, family Erinaceidae, subfamily Erinaceinae, and genera Erinaceus [1].
There are two species of hedgehog in Europe, Erinaceus europaeus and Erinaceus roumanicus.
E. europaeus may be found in western and central Europe, including Britain, the Mediter-
ranean Islands, southern Scandinavia, and into Estonia and northern Russia [2,3]. It is also
the most common one in Portugal [4,5].

The species E. europaeus is on the International Union for the Conservation of Nature
(IUCN) and Red Book of Vertebrates of Portugal (LVVP) red list, as being “least concern”
because it is common and abundant throughout its wide range [5,6]. However, in the last
decades, there are registers of a decrease in the number of individuals of this species [7]
which can be justified by several factors: the Western European hedgehog has some natural
predators that pose a threat to the survival of the species (badgers (Meles meles) are the most
significant ones) [8,9]; as the hedgehog occupies agricultural areas, it is frequently exposed
to poisoning by pesticides and rodenticides [10]; the transformation and fragmentation of
its habitat, as well as climate changes, affect its survival [11]; they are one of the vertebrates
that frequently suffer mortality owing to road traffic [7]; and finally, they harbor a wide
variety of different parasites and pathogens [8,12,13].

Owing to different pressure factors, hedgehogs are moving close to humans and
urban centers, adapting to new habitats, food resources (as pet food), and refugia (as
public and private gardens) [11,14–16], where they are exposed to contaminants and
biological agents, which may result in disease with the correspondent hematological and
biochemical alterations [17]. Furthermore, hedgehogs’ ecological and feeding habits, as well
as their high population densities and repeated contacts with wild and domestic animals
and humans, make this species a possible sentinel for a One Health approach, mainly
owing to its possible involvement in the ecology of potentially emerging pathogens [18,19],
such as endoparasites (Crenosoma striatum, Capillaria aerophila (syn. Eucoleus aerophilus),
Capillaria spp., coccidia, Cryptosporidium spp., Brachylaemus spp., and Capillaria hepatica) [12].
Published systematic reviews show that E. europaeus may harbor zoonotic pathogens
and that the species can play an important role in the epidemiology of various zoonotic
infections. The prevalence of zoonotic agents in hedgehogs, from both urban and rural
habitats, is of major concern because there is a high probability of contact with humans
and companion animals. Recently, several studies have shown that E. europaeus can harbor
methicillin-resistant Staphylococcus aureus (MRSA) and that this resistance can predate
the human discovery of antibiotics [20,21]. For this reason, studying local E. europaeus
populations is highly relevant [22,23].

Reference intervals (RIs) are ranges calculated from a group or population of healthy
individuals of a given species and are most widely used as a medical decision-making
tool, serving as the basis of laboratory testing, differentiating whether or not a patient
is healthy [24]. In order to determine RIs, the American Society of Veterinary Clinical
Pathology (ASVCP) established guidelines with specific veterinary recommendations
where it is necessary to define the population of interest as well as criteria to confirm the
health status of selected individuals [25]. The studies on hematological and biochemical
profiles for the species E. europaeus are scarce [17,26,27]. The most recent study, performed
in a rehabilitation center in Italy (2014), evaluated hematological and biochemical profiles
in the species, creating their own reference intervals [17].

In Portugal, as far as we know, there are no records on the subject. Therefore, it
was our purpose to carry out a study on the hematological and biochemical (routine
and electrophoretic) profiles of E. europaeus in a population of healthy individuals from
a wildlife rehabilitation center in Northern Portugal, in order to create reference intervals,
and thus contributing to species conservation and a better understanding of the impact in
the human–hedgehogs health interface.
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2. Materials and Methods

This retrospective study was carried out at the Clinical Pathology Laboratory of
the Veterinary Teaching Hospital of the University of Trás-os-Montes and Alto Douro
(LPC-HVUTAD), located in the city of Vila Real, Portugal. A total of 94 registers of
E. europaeus were identified from the LPC archive, corresponding to the routine post-
quarantine evaluation of admitted individuals. The clinical files were reviewed to access
the health status of animals on the date of blood collection. Animals that had normal
physical examinations, no alterations on the diagnostic exams (whole body X-rays, blood
collection, and coprological examination), and no signs of illness until the date of re-
lease were considered healthy. By reviewing clinical files, it was possible to identify
37 cases of healthy animals, thus 57 cases were discarded owing to several causes of disease
(n = 10) or unavailable information (n = 47) (Figure 1). All of the hedgehogs included
in this study originated from the region of northern Portugal, including the Douro River
basin, and were received at the Wild Animal Rehabilitation Center of the Veterinary Teach-
ing Hospital of UTAD (CRAS-HVUTAD) between 1 March 2017 and 31 August 2022.
Age was evaluated at admission by a veterinarian, based on morphometrics, after Haigh
et al. (2014) [28]. Only independent juveniles and adult animals were admitted to this
study, being assigned on the day of blood collection to one of the two categories [28]. Sex
was determined visually by the observation of the external genital organs. The entire
process of animal capture and sample collection was carried out by veterinarians and
qualified auxiliary personnel. Only animals considered healthy were enrolled. For this
study, no ethical approvals were required, as all blood samples were routinely collected
for official diagnostic and monitoring purposes and subsequently made available to this
retrospective study.

Figure 1. Flowchart of the retrospective analysis of this study.

2.1. Sample Collection

Animals were anesthetized by mask administration of 5% isoflurane in an oxygen
flow of 2 L/min. After the loss of reflexes, the isoflurane concentration was diminished to
2% and maintained during the physical exam and sample collection. Blood samples were
obtained through a cranial vein cava punction with 25 G needles and 1 mL syringes, always
with the animal under anesthesia. Blood was transferred into 0.5 mL lithium heparin
tubes (FL Medical). A complete record was kept for each animal, including sex, age group,
and date of capture. After collection, all samples were transported to the LPC-HVUTAD
for analysis.
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2.2. Sample Treatment and Processing

For hematology, blood samples were analyzed in the ProCyte Dx (IDEXX) hematology
analyzer and the following parameters were determined: red blood cells (M/μL), hemat-
ocrit (%), hemoglobin (g/dL), mean cell volume (fL), mean corpuscular hemoglobin (pg),
mean corpuscular hemoglobin concentration (g/dL), red blood cell distribution width (%),
reticulocyte percent, reticulocyte count (K/μL), white blood cell (K/μL), neutrophil percent,
lymphocyte percent, monocyte percent, eosinophil percent, basophil percent, neutrophil
count (K/μL), lymphocyte count (K/μL), monocyte count (K/μL), eosinophil count (K/μL),
basophil count (K/μL), platelet count (K/μL), mean platelet volume (fL), and plateletcrit
(%). There is no predefined menu for hedgehogs in this analyzer; in addition, the option
used was “others”, with no associated reference ranges for any parameter.

Plasma samples were obtained through routine centrifugation at the SELECTA Centromix-
BLT centrifuge, for 5 min at 2618× g. Then, it was transferred into 2 mL aliquots, properly
identified, and kept at −20 ◦C until analysis. According to laboratory standards, strongly
hemolyzed or lipemic samples were rejected. For the biochemical analysis, the DiaSys
Respons920 Clinical Chemistry Analyzer was used and the following parameters were
determined: glucose (mg/dL), total proteins (g/dL), albumin (g/dL), alanine aminotrans-
ferase (U/L), alkaline phosphatase (U/L), creatinine (mg/dL), urea (mg/dL), phosphorus
(mg/dL), total calcium (mg/dL), cholesterol (mg/dL), triglycerides (mg/dL), gamma-GT
(U/L), globulins (g/dL), aspartate aminotransferase (U/L), total bilirubin (mg/dL), sodium
(mmol/L), potassium (mmol/L), and chloride (mmol/L).

The remaining plasma was then used for protein electrophoresis on the Elephor8S
automatic electrophoresis analyzer, following the manufacturer’s instructions.

2.3. Data Collection Methodology, Statistical Analysis, and Reference Intervals

Data were registered in an Excel sheet and RIs were established according to the
ASVCP guidelines using the Reference Value Advisor V2.1 program [16].

To investigate the influence of sex and age in the analyzed parameters, a statistical
analysis was performed using the SPSS program, version 27. The Shapiro–Wilk test was
performed for testing samples’ normality and then samples were subjected to analysis of
variance (ANOVA) to investigate the influence of sex and age. A value of p < 0.05 was
considered significant.

3. Results

3.1. Descriptive Analysis of the Total Number of Animals

Regarding sex, information was only available for 35 of the 37 animals: 13 (35.14%)
males and 22 (59.46%) females; information was missing in 2 cases (5.41%).

For age, information was available in 34 cases of the 37 cases: 20 (54.05%) juveniles
and 14 (37.84%) adults; it was not possible to obtain the respective information for the
remaining 3 (8.11%) samples.

3.2. Reference Intervals

For hematology, Table 1 describes the RIs of the evaluated parameters in the total
sample (n = 37).

Table 1. Reference intervals of hematological parameters in 37 healthy animals of the species
Erinaceus europaeus.

Parameters N Mean ± SD Median Min–Max RI LRL 90% CI URL 90% CI

RBC (M/μL) 37 7.10 ± 1.50 7.20 4.07–11.01 4.1–10.2 3.5–4.8 9.5–10.9

HCT (%) 37 30.20 ± 5.30 29.40 17.30–41.40 19.4–41.1 16.7–21.9 38.6–43.6

HGB (g/dL) 37 10.20 ± 1.80 10.00 5.70–13.90 6.6–13.8 5.7–7.5 13.0–14.6
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Table 1. Cont.

Parameters N Mean ± SD Median Min–Max RI LRL 90% CI URL 90% CI

MCV (fL) 37 42.90 ± 5.40 40.90 35.50–57.50 34.3–55.8 33.7–35.2 50.5–59.7

MCH (pg) 37 14.40 ± 1.70 14.00 11.70–19.20 12.0–19.1 11.8–12.3 17.4–20.9

MCHC (g/dL) 37 33.60 ± 1.30 33.60 31.40–36.70 30.9–36.4 30.2–31.6 35.8–37.0

RDW (%) 37 29.00 ± 3.20 28.90 24.20–37.80 22.5–35.6 21.0–24.1 34.0–37.1

%RETIC 37 3.60 ± 3.40 2.40 0.20–14.00 * * *

RETIC (K/μL) 37 222.70 ± 168.30 183.10 10.60–645.30 11.5–705.7 2.6–29.0 549.2–892.2

WBC (K/μL) 37 9.10 ± 3.20 8.60 2.22–15.31 2.5–15.7 1.0–4.0 14.2–17.3

%NEU 37 52.70 ± 14.10 54.50 5.00–74.20 23.8–81.6 16.1–30.6 74.4–88.6

%LYM 37 37.20 ± 11.00 36.20 19.30–60.10 14.6–59.9 9.6–20.0 54.5–65.1

%MONO 37 7.90 ± 6.20 6.70 2.80–42.30 3.5–24.4 3.1–4.2 14.3–44.9

%EOS 37 1.80 ± 1.80 1.00 0.00–6.50 2.4–26.9 2.0–3.0 14.7–75.2

%BASO 37 0.30 ± 0.40 0.20 0.00–1.00 * * *

NEU (K/μL) 37 4.90 ± 2.30 4.50 0.11–9.89 0.8–10 0.2–1.5 8.2–11.5

LYM (K/μL) 37 3.30 ± 1.40 3.30 1.15–6.28 0.4–6.3 0.0–0.9 5.5–6.8

MONO (K/μL) 37 0.60 ± 0.30 0.60 0.22–1.40 0.2–1.4 0.2–0.3 1.1–1.6

EOS (K/μL) 37 0.20 ± 0.20 0.10 0.00–0.48 * * *

BASO (K/μL) 37 0.00 ± 0.00 0.00 0.00–0.11 * * *

PLT (K/μL) 37 268.30 ± 129.90 237.00 6.00–620.00 31.3–567.1 3.2–71.5 472.2–660.3

MPV (fL) 33 15.60 ± 1.10 15.50 12.40–17.80 13.2–17.9 12.7–13.9 17.4–18.4

PCT (%) 33 0.40 ± 0.20 0.40 0.05–0.91 0.1–0.8 0.0–0.2 0.7–0.9

SD, standard deviation; Min, minimum; Max, maximum; LRL, lower reference limit; URL, upper reference limit;
CI, confidence interval. * Non-computable. RBC, red blood cells; HCT, hematocrit; HGB, hemoglobin; MCV, mean
cell volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW,
red blood cell distribution width; %RETIC, reticulocyte percent; RETIC, reticulocyte count; WBC, white blood
cell; %NEU, neutrophil percent; %LYM, lymphocyte percent; %MONO, monocyte percent; %EOS, eosinophil
percent; %BASO, basophil percent; NEU, neutrophil count; LYM, lymphocyte count; MONO, monocyte count;
EOS, eosinophil count; BASO, basophil count; PLT, platelet count; MPV, mean platelet volume; PCT, plateletcrit.

For routine plasma biochemistry and protein electrophoresis, the results are presented
in Table 2 (n = 37).

Table 2. Reference intervals of biochemical parameters in 37 healthy animals of the species
Erinaceus europaeus.

Parameters N Mean ± SD Median Min–Max RI LRL 90% CI URL 90% CI

Glucose (mg/dL) 21 108.50 ± 24.10 109.00 44.20–141.91 57.0–160.0 43.0–72.2 144.0–175.3

TP (g/dL) 34 5.80 ± 1.20 5.90 3.55–8.59 3.4–8.3 2.8–3.9 7.6–8.9

Albumin (g/dL) 33 3.30 ± 0.60 3.20 2.29–4.46 2.1–4.5 1.8–2.4 4.2–4.8

ALT (U/L) 33 129.20 ± 61.20 125.00 36.40–298.00 * * *

ALP (U/L) 34 74.80 ± 48.00 59.50 18.00–203.10 19.2–217.8 17.8–22.7 166.3–281.4

Creatinine (mg/dL) 33 0.40 ± 0.20 0.30 0.10–0.77 0.1–0.9 0.1–0.1 0.7–1.0

Urea (mg/dL) 23 76.50 ± 42.70 68.00 16.20–215.40 * * *

Phosphorus (mg/dL) 33 7.70 ± 2.40 7.40 4.29–15.01 2.7–12.7 1.6–3.9 11.4–14.0

T. Calcium (mg/dL) 33 9.40 ± 1.60 9.90 2.55–11.35 5.6–11.5 1.4–7.4 11.0–11.7
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Table 2. Cont.

Parameters N Mean ± SD Median Min–Max RI LRL 90% CI URL 90% CI

Cholesterol (mg/dL) 15 134.90 ± 50.00 132.00 24.00–224.00 * * *

TG (mg/dL) 14 55.70 ± 14.70 56.00 18.00–79.00 22.9–88.5 10.6–35.7 75.1–100.9

Gamma-GT (U/L) 18 19.80 ± 17.90 8.70 2.60–56.00 1.8–151.8 * *

Globulins (g/dL) 23 2.30 ± 1.00 2.10 0.00–3.97 0.4–4.7 0.1–0.9 3.6–5.9

AST (U/L) 9 19.60 ± 5.90 19.00 13.90–30.70 10.8–38.7 9.6–13.4 27.0–53.0

T. Bilirubin (mg/dL) 10 0.00 ± 0.00 0.00 0.01–0.03 * * *

Sodium (mmol/L) 20 142.90 ± 5.50 142.70 127.00–152.00 129.8–153.1 124.1–135.1 150.3–155.6

Potassium (mmol/L) 20 3.90 ± 0.70 3.80 2.15–5.44 2.5–5.4 2.0–2.9 4.9–5.9

Chloride (mmol/L) 20 110.20 ± 4.60 109.40 104.00–123.40 100.3–120.1 97.2–103.6 117.0–123.2

Protein electrophoresis in 12 cases

Albumin (g/dL) 12 2.60 ± 0.40 2.50 1.91–3.14 1.7–3.5 1.4–2.1 3.1–3.8

α1-Globulin (g/dL) 12 0.60 ± 0.10 0.60 0.42–0.94 0.3–0.9 0.2–0.4 0.8–1.1

α2-Globulin (g/dL) 12 0.60 ± 0.10 0.60 0.32–0.76 0.2–0.9 0.1–0.4 0.8–1.0

β-Globulin (g/dL) 12 1.20 ± 0.50 1.10 0.70–2.37 0.6–3.4 0.5–0.8 1.8–8.9

γ-Globulin (g/dL) 12 0.20 ± 0.10 0.10 0.03–0.49 0.0–0.1 0.0–0.0 0.4–2.5

SD, standard deviation; Min, minimum; Max, maximum; LRL, lower reference limit; URL, upper reference
limit; CI, confidence interval. * Non-computable. TP, total proteins; ALT, alanine aminotransferase; ALP, al-
kaline phosphatase; T. Calcium, total calcium; TG, triglycerides; AST, aspartate aminotransferase; T. Bilirubin,
total bilirubin.

In Figure 2, an example of the electrophoretic pattern of a healthy E. europaeus individ-
ual is presented. Medium values for each category are expressed in Table 2.

Figure 2. Electrophoretic pattern of a healthy individual of the species Erinaceus europaeus, respectively.
Green—albumin; for globulins: dark blue—α1; red—α2; pink—β; light blue—γ.

3.3. Influence of Sex and Age

Based on the Shapiro–Wilk test, it was determined that the parameters followed
a normal distribution (p > 0.05).

Considering the sex of the animals, only ALP revealed a statistically significant differ-
ence between groups, being higher in males. No other parameters revealed a statistically
significant association with sex.

Considering the animals’ age, regarding hematology, statistically significant differ-
ences were observed for MCV, MCH (both higher in juveniles), and RDW (higher in adults).
Regarding clinical biochemistry, a statistically significant difference was observed for TP

264



Animals 2023, 13, 1009

that was higher in adults. No other parameters revealed a statistically significant association
with the age.

The results described above are expressed in Table 3.

Table 3. Influence of sex and age on hematological and biochemical parameters in the species
Erinaceus europaeus.

Category Parameters Mean ± SD Mean ± SD p

Hematology

Age Juveniles Adults

MCV 44.95 ± 5.79 39.65 ± 3.88 0.007

MCH 15.02 ± 1.72 13.49 ± 1.30 0.010

RDW 27.99 ± 2.79 30.63 ± 3.41 0.021

Clinical Biochemistry

Sex Females Males

ALP 58.50 ± 36.86 101.79 ± 55.84 0.012

Age Juveniles Adults

TP 5.47 ± 1.11 6.51 ± 1.34 0.034

4. Discussion

The Western European hedgehog (Erinaceus europaeus) is an insectivorous mammal
widely distributed across Europe. A high number of hedgehogs live around urban areas,
close to humans, where they are exposed to contaminants and biological agents that may
affect their health status [17]. Moreover, hedgehogs can work as bioindicators and host
multiple zoonotic agents, making them relevant in terms of a One Health approach [18,19].
The determination of RIs for usual hematological and biochemical parameters in wild
healthy animals is the first step to identify potentially ill individuals. This is an important
approach because those parameters, when altered, may be related to the presence of toxic
or zoonotic agents in the environment [29,30]. That is the case of heavy metals such as zinc
(Zn) and cadmium (Cd) that affect the liver and kidneys and can be detected by elevated
levels of the biochemical parameters ALT and creatinine, respectively [31]. Identifying
alterations in hedgehogs will allow the identification of other animal populations at risk
of suffering the same type of exposure. In this way, the importance of the present study
becomes clear in the context of One Health [24].

Existing works on RIs for hematology in this species are scarce. To the best of our
knowledge, our study reports RIs for a wide range of parameters in comparison with
previous investigations [17,27] and, to the best authors’ knowledge, is the first to calculate
RIs for RDW, MPV, and PCT in E. europaeus.

In our study, considering age, statistically significant differences were found in MCV,
MCH, and RDW. In MCV and MCH, the mean value was higher in juveniles than in adults
and, in RDW, it was higher in adults compared with juveniles. In the study by Lewis et al.
(2002) [27], a statistically significant difference was found only for HCT. The fact that the
present study was carried out 2 decades after that of Lewis et al. [27], and used different
instruments, may help to justify the differences found. However, the authors cannot rule
out the possibility that environmental changes, exposure to biological or toxic agents, as
well as access to new food sources due to repeated contact with humans may also explain
the differences found [18,19]. Another justification for the differences found has to do with
the genetic variability that occurs in animals of the same species in different geographic
locations, as recently confirmed in a study carried out in different regions of the Iberian
Peninsula [32].

The study by Rossi et al. (2014) [17] only included juvenile animals, so it was not
possible to make this type of comparison.
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Considering sex, in our work, there were no statistically significant differences for
the analyzed parameters. The same observation was described by Lewis et al. (2002) [27].
However, Rossi et al. (2014) [17] obtained a difference for MCV, but it was considered not
biologically relevant, and justified as a possible bias, a consequence of sex overlapping in
their sample.

Studies describing RIs for biochemical parameters for E. europaeus are also scarce [17,26],
as previous mentioned for hematology studies. The study by Rossi et al. (2014) [17]
describes RI values for some biochemical parameters in this species. However, Rossi and
collaborators analyzed fewer parameters when compared with our study. Additionally,
Rossi and collaborators did not investigate the age effect (because only juveniles were
included in their study), nor the sex effect, which is comprehensible given the fact that,
using only juveniles, the animals did not reach sexual maturity. The study by Larsen and
Tönder (1967) describes values of electrophoresis, but without RI determination.

To the best of our knowledge, our study is the first to describe RI values for AST, total
bilirubin, sodium, potassium, and chloride for the species E. europaeus. It is important to
note that this is the first time, in the literature, that information about the electrolyte panel
is made available for this species.

Throughout our work, several important biochemical parameters were studied, pro-
viding valid information at the level of different organs and systems such as the liver and
kidney, among others. Additionally, an investigation into the age and sex effect on the ana-
lyzed biochemical parameters was also performed. Considering age, statistically significant
differences were found in TP, where the mean value was higher in adults compared with
juveniles. TP refers to all proteins in plasma that are made up of albumin and globulins.
Higher TP values in adults may be related to a greater number of globulins owing to a more
developed immune system in adults compared with juveniles [33]. Although, in our study,
we did not find a significant difference for globulin values between adults and juveniles,
these values were in fact higher in adults, supporting this hypothesis.

Considering the sex effect, statistically significant differences were found in ALP,
where the mean value was higher in males than in females. Typically, a higher ALP value
is related to the presence of liver, bone, and other diseases [34]. However, there are no
investigations in this species or others that indicate an increase or decrease in this parameter
associated with sex. Therefore, we can conclude that the fact that this value is higher in
males in our study is a coincidence related to the studied population and could be due to
diet or some distinct environmental conditions [35].

Concerning protein electrophoresis, in a study in Bergen, Norway, by Larsen and
Tönder (1967) [26], a paper protein electrophoresis analysis was conducted, in a population
of 13 animals of the species E. europaeus. Contrary to our study, serum was used instead
of plasma. Because of the differences in sample type and methodology, it was impossible
for us to compare results. There are no more protein electrophoresis studies conducted in
this species.

Although all animals included in this study were wildlife casualties, the samples used
were collected only after a quarantine period, which would vary between 15 days and
3 months, depending on the cause of admittance. This time lapse between admittance and
blood collection would give animals time to recover from illness, but also subject them
to stress derived from captivity. Rasmussen et al. (2021) [36] showed that rehabilitated
hedgehogs had higher levels of endogenous corticosterone when compared with wild-
caught individuals. Although endogenous steroids can impact physical responses and lead
to unbalances, the act of blood collection is considered a stressor and will contribute to
this endogenous response [37]. Changes in the hematocrit and leucocyte count have been
identified in a large set of species. This stress leukogram, however, varies from a transitory
leukopenia, like in the rabbit, leukocytosis, as in camelids, or it can have no noticeable
changes, as in rats [38]. It is also expectable to find increased blood levels of glucose
and ALP with stress [39]. Isoflurane anesthesia can have an impact on measured blood
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parameters as it is known to increase serum glucose, AST, urea, nitrogen, and creatinine
levels in rabbits [40] and to decrease erythrocyte parameters in ferrets [38].

Several of the results presented in both the Western European hedgehog and other
species disagree with those observed in our work, supporting the existing differences
between species and justifying the relevance of performing further studies. In addition,
differences between methods and laboratories can also influence the results [41]. Moreover,
the effects of stress in captivity and during handling on the hedgehogs investigated should
be taken into consideration when interpreting the results, as it could influence the results
and, thereby, the RIs determined [36].

It should be noted that the effects of sex and age on hematological and biochemical
parameters are not necessarily uniform across geographic locations. So, for further studies,
the inclusion of several different locations in an assessment or a meta-analysis should
be noted. Therefore, it is really important that investigations are carried out in distinct
countries/regions for a clear understanding of normal values, and thus cooperate for the
improvement of the species’ conservative status.

5. Conclusions

The Western European hedgehog is a mammal with an extensive geographic distribu-
tion that, because of climatic changes and other aspects, began to live in urban areas near
humans, where it is exposed to several anthropogenic pressures, suffering a progressive
reduction in population. Hematological and biochemical RIs are scarce and there is a need
to continue performing such types of investigations.

In this study, it was possible to establish reference intervals for a wide range of
hematological and biochemical parameters covering the majority of the values used in the
clinical practice. Moreover, we found out that the RIs obtained in this study do not always
fit those previously published in the literature, for populations with different geographic
locations, concluding the necessity to create appropriated RIs for the target population.
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Simple Summary: The Western European hedgehog Erinaceus europaeus (Linnaeus, 1758) is one of
the most common mammals in urban areas. We collected data over 17 years (2002–2019) regarding
outcomes and causes of mortality on this species from two of the main wildlife rehabilitation
centers in the north of Portugal. A total of 740 animals were admitted; the majority were juveniles,
with the highest admission rate occurring during summer (36.8%). The main cause of admission
was debilitation (30.7%). Of the total number of individuals admitted to these centers, 66.6% were
released successfully. The main cause of death was trauma of unknown origin (32.7%).

Abstract: This study aimed to analyze the admission causes, outcomes, primary causes of death,
and main lesions observed in the post mortem examinations of Western European hedgehogs,
Erinaceus europaeus (Linnaeus, 1758), in the north of Portugal. The data were obtained by consulting
the records from the two main wildlife rehabilitation centers located in the north of Portugal (Wildlife
Rehabilitation Centre of Parque Biologico de Gaia and the Wildlife Rehabilitation Centre of the
University of Trás-os-Montes and Alto Douro). Over 17 years (2002–2019) a total of 740 animals were
admitted. Most of the animals were juveniles, with the highest number of admissions occurring
during summer (36.8%) and spring (33.2%). The main reasons for admission were debilitation
(30.7%) and random finds (28.4%). Of the total number of individuals admitted to these centers,
66.6% were successfully released back into the wild. The most relevant causes of death were
trauma of unknown origin (32.7%), nontrauma causes of unknown origin (26.6%), and nutritional
disorders (20.2%). The main lesions observed were related to trauma, including skeletal and skin
lesions (fractures, hemorrhages, wounds) and organ damage, particularly to the lungs and liver.
The hedgehog is a highly resilient and adaptable animal. The urban environment has many benefits
for hedgehogs, yet the presence of humans can be harmful. In the future, the public needs to become
even more involved in the activities of the wildlife centres, which will make a positive difference for
these populations.

Keywords: Erinaceus europaeus; hedgehog; Portugal; mortality; trauma; pathology
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1. Introduction

The Western European hedgehog, Erinaceus europaeus (Linnaeus, 1758), is a generalist nocturnal
mammal, widely distributed across the European continent [1–3]. It hibernates from November to
March, with some periods of awakening to forage or move in its nest [4]. Its diet consists mainly of
macroinvertebrates, although, due to their great trophic adaptation potential, they can be generalist
feeders [1,5]. This species has been classified as Least Concern (LC) in Portugal, according to
the International Union for Conservation of Nature’s (IUCN) Red List of Threatened Animals [6].
Recent monitoring data from the Netherlands, Sweden, United Kingdom (UK), Belgium, and Germany
show that its population has suffered a decline in recent decades [7,8]. Agricultural intensification,
habitat fragmentation, road traffic accidents, molluscicide and rodenticide poisoning, and predation
(e.g., by foxes, badgers, dogs) have been suggested amongst the major causes of this decline [5,7–9].

E. europaeus is one of the species that seem to prefer urban areas as their current habitat. These
animals are commonly found on green spaces in constructed areas such as gardens and parks [4,7].
Some studies in the UK have suggested that the hedgehog decline is more severe in rural than in urban
areas. Urban areas have become a suitable habitat for hedgehogs due to the higher food densities
associated with human occupation, the existence of additional nest sites, and a decreased risk of
predation by their natural predators [4,6,7,10].

Hedgehogs are one of the most common mammal species admitted to wildlife rehabilitation
centers, sanctuaries, or veterinary hospitals. The main reasons for admission described in the literature
include skin, respiratory and gastrointestinal diseases, malnutrition, hypothermia, and traumatic
injuries [4,5]. Due to their preference to inhabit urban areas, hedgehogs are subjected to a higher risk
of human-related traumatic injuries, which can include drowning, injuries inflicted by domestic pets,
poisoning, entrapment, and road injuries [4,5,7].

Even though data on causes of mortality and morbidity of hedgehogs have been published
previously, long-term studies about admissions of these animals to rehabilitation centers are quite
scarce, particularly in southern Europe.

The main purpose of this study was to collect data from hedgehog admittance records from the
two major wildlife rehabilitation centers located in the north of Portugal, describing admission causes,
outcomes, primary causes of death, and main lesions observed in the post mortem exams.

2. Materials and Methods

This study was conducted at the Wildlife Rehabilitation Centre of Parque Biológico de Gaia
(WRC-PBG) (41◦05′48.50” N–8◦33′21.34” W), which is located on the northern Portuguese coastline,
and at the Wildlife Rehabilitation Centre of University of Trás-os-Montes and Alto Douro (CRAS-UTAD)
(41◦17′18.13” N–7◦44′21.94” W) in inland northern Portuguese.

For this study, we examined all hedgehog (E. europaeus) admittance records from these WRCs
between 2002 and 2019. The variables analyzed were the arrival date, age (categorized as young or
adult, based on their external characteristics), sex, the primary reason for admission, outcome, and post
mortem examinations of the dead animals.

For each animal, the reason for admission was determined as one of the following: random find
(healthy animals that were found in gardens, roads, or inside buildings), orphaned, debilitated, held in
captivity (animals that were kept in captivity by people as pets for a period of time), dead, or injured,
according to previous studies [11–13].

The outcome of each animal was categorized as follows: euthanized (EU), died during the recovery
process (DE), and released into the wild (RE). The cause of death was determined based on clinical
signs and post mortem examination, including a histopathological exam. The cause of death was
categorized as infectious and parasitic disease, nutritional disorder, poisoning, nontraumatic death of
unknown origin, collision with vehicles, predation (both from natural predators and dog/cat attacks),
neoplasia, trapping, or trauma of unknown origin.
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The post mortem examinations were performed in line with the established technique and safety
procedures for this species [14]. The macroscopic exams were performed by I.P., A.G., V.S., and S.L.,
and the histopathological exams by I.P. All the macroscopic findings were recorded in a written protocol
and using photographs. For the histopathological examinations, representative samples were collected
from each animal. Samples were fixed in buffered 10% formalin solution, embedded in paraffin wax,
sectioned at 3 μm, and stained with HE (hematoxylin-eosin).

All data collected were organized in Excel sheets, and the descriptive statistics, normality test,
and inferential analyses were performed using SPSS Advanced Models TM 21.0 (SPSS Inc. 233 South
Wacker Drive, 11th Floor Chicago, IL 60606-6412, USA). To study the differences between the observed
and expected frequencies of categories of a field, one-sample nonparametric tests were used (binomial
test or chi-square test, depending on the number of categories of the categorical field).

3. Results

3.1. Descriptive Data

A total of 740 animals were admitted to the WRC-PBG (n = 636) and CRAS-UTAD (n = 104),
between 2002 and 2019. Figure 1 shows a map with the distribution of the admitted animals by the
different district of origin in northern Portugal, based on the location from which they were collected.
The majority came from Porto (n = 565) and Vila Real (n = 95).

Figure 1. The number of animals distributed across different districts of origin in the north of Portugal,
based on the locations from which they were collected. The locations of the Wildlife Rehabilitation
Centre of Parque Biológico de Gaia (WRC-PBG) (41◦05′48.50′′ N–8◦33′21.34′′ W) and the Wildlife
Rehabilitation Centre of University of Trás-os-Montes and Alto Douro (CRAS-UTAD) (41◦17′18.13′′
N–7◦44′21.94′′ W) are marked.

In only 90 out of the 740 animals was it possible to determine their sex, with 52% (n = 47) being
females and 48% (n = 43) males. The differences observed between animal sexes were not significant
(p = 0.706).

Regarding the age, 155 animals were juveniles, 49 were adults, and in the remaining 536 age was
not identified. The difference between adults and juveniles was statistically significant (p < 0.0001).

272



Animals 2020, 10, 1305

The season with the highest hedgehog admission rate was the summer (36.8%) followed by spring
(33.2%), autumn (22.3%), and winter (7.6%). Statistically significant differences were observed between
seasons (p < 0.001).

The animals admitted to both WRCs and later released back to the wild represented 66.6% (n = 492)
of the cases, and 33.3% (n = 248) died. Figure 2 represents the total number of animals admitted from
2002 to 2019, along with the number of dead and released animals per year.
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Figure 2. The number of animals admitted from 2002 to 2019, with the number of dead and released
animals per year.

3.2. Reasons for Admission to the WRCs

The main reasons for admission were as follows: 30.7% (227) debilitated, 28.4% (n = 211) random
finds, 21.4% (n = 158) injured, 17.3% (128) orphaned, and 2.2% (n = 16) held in captivity. There was a
significant difference between the reasons for admission (p < 0.01). (Figure 3, Table S1) represents the
distribution, in percentages, of the reasons for admission over the different years.

Table 1 displays the frequency and percentage of the reasons for admission by season, sex, age,
and outcome.

As shown in Table 1, the seasons with the highest number of admissions were summer and spring
for the categories random find, orphan, and debilitated (p < 0.0001). The injured and held in captivity
categories had slightly higher numbers of admissions during autumn.

Regarding age and season, there were significant differences. During winter, most of the animals
admitted were adults, while in the other seasons juveniles were the most common (p < 0.001). Although
more females were admitted in spring and summer, and more males in winter and autumn, there were
no significant differences (p = 0.55).

Except for injured animals, the predominant outcome across all categories was the release back to
the wild.

There were statistically significant associations between cause of admission and the seasons
(p < 0.001); in the winter and spring, most animals were admitted due to a debilitating physical
condition, in the autumn due to injuries, and in the summer due to random finding.
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Figure 3. Distribution of the reasons for admission of Erinaceus europaeus to both wildlife rehabilitation
centers from 2002 to 2019.

Table 1. Frequency and percentage of the reasons for admission by season, sex, age, and outcome.

Random Find Debilitated Captivity Injured Orphaned

Season
Winter 12 (21.4) 33 (58.8) 2 (3.6) 6 (10.7) 3 (5.4)

Autumn 41 (24.8) 44 (26.7) 6 (3.6) 52 (31.5) 22 (13.3)
Spring 68 (27.6) 75 (30.5) 5 (2.0) 50 (20.30) 48 (19.50)

Summer 90 (33.0) 75 (27.6) 3 (1.1) 50 (18.4) 55 (20.2)

Sex
Female 20 (42.6) 7 (14.9) 1 (2.1) 11 (23.4) 8 (17.0)
Male 21 (48.8) 4 (9.30) 1 (2.3) 8 (16.8) 9 (20.9)

Age
Adult 31 (63.3) 8 (16.3) 2 (4.1) 8(16.3) 0

Juvenile 22 (14.2) 3 (1.9) 0 8(5.2) 122(78.7)

Outcome
Death 30 (14.3) 76 (33.0) 2 (12.5) 105 (65.8) 35 (27.4)

Released 180 (85.7) 152 (67.0) 14 (87.5) 54 (34.2) 92 (71.9)

3.3. Causes of Death

Of the 248 animals that died, 83.5% (n = 207) died during treatment and 16.5% (n = 41) were
euthanized. Of those animals 7.7% (n = 19) were females, 9.2% (n = 23) were males, and in the
remaining 83.1% (n = 206) sex was not identified. Pertaining to the age, 8.1% (n = 20) were adults,
21.7% (n = 54) were juveniles, and in the remaining 70.2% (n = 174) the age was not determined.

The highest percentage of death occurred during summer (n = 92, 37.1%), followed by spring
(n = 74, 29.8%), autumn (n = 64, 25.8%), and winter (n = 18, 7.3%) (Table 2).

In decreasing order of frequency, the causes of death were as follows: 32.7% (n = 81) trauma of
unknown origin, 26.6% (n = 66) nontraumatic death of unknown origin, 20.2% (n = 50) nutritional
disorder, 8.1% (n = 20) infectious or parasitic disease, 4.8% (n = 12) predation, 4.8% (n = 12) collision
with vehicles, 1.6% (n = 4) poisoning, 0.8% (n = 2) trapping and 0.4% (n = 1) neoplasia. (Figure 4,
Table S2) represents the distribution of the different causes of death from 2002 to 2019. Table 3 presents
the frequency and percentage of the causes of death by the type of death and cause of admission.
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Figure 4. Distribution of the main causes of death of Erinaceus europaeus in both wildlife rehabilitation
centers from 2002 to 2019. The category “others” includes predation, neoplasia, trapping, collision with
vehicles, infectious and parasitic diseases, and poisoning.

3.4. Post Mortem Findings

Post mortem exams were performed on the 248 animals. Post mortem injuries were observed
in different organs and systems. This section describes the main macroscopic lesions observed,
complemented with some microscopic findings.

Upon external examination, 170 animals revealed signs of dehydration and emaciation. In all
animals, the presence of ectoparasites such as fleas, mites (the most common being Caparinia tripilis),
and ticks (mainly Ixodes hexagonus) was registered to various degrees. Three animals presented a
high degree of parasitism, which led to emaciation, dehydration, and anemia and death. One animal
presented a fungal infection due to dermatophytes (Figure 5).
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Figure 5. Schematic representation of lesion observed during the post mortem exams of Erinaceus
europaeus. A1—skin wound; A2—pelvis fracture; A3—cervical abscess; A4—pododermatitis;
A5—skull fracture; A6—posterior limb amputation; B1—lung hemorrhage; B2—fibrinous
bronchopneumonia; B3—emphysema; B4—parasitic pneumonia; B5—hemothorax; C1—hemorrhagic
cystitis; C2—altered urine pigmentation; C3, C4—kidney congestion; D1—pyometra; E1—gastric
dilatation; E2—enteritis; E3—hepatic fracture and lipidosis; E4—evisceration; F1—myocardial
discoloration; F2, F3—myocardial congestion.
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One hundred and seven animals had skeletal and skin lesions (Figure 5A1–A6). They presented
mild to severe traumatic injuries: skin lacerations (50), evisceration (2) (Figure 5E4), spine fractures
(6) tibial fracture (4), fracture of the femur (2), sacrum fracture (6), limb amputation (1) (Figure 5A6),
pododermatitis (2), and fracture of the skull (3) (Figure 5A5). Twelve animals presented polytrauma
associated with a vehicle collision. Twelve animals had a cerebral concussion lesion. At least
five animals presented eye evisceration prolapse or enucleation and ear hemorrhage. Among the
muscular lesions, we found pallid muscles, hemorrhagic muscles, and subcutaneous hematomas
associated with the fractured bones. In one animal, an abscess was observed in a cervical vertebra
(Figure 5A3), causing an abnormal angulation of the neck (45◦) in the caudal direction and causing
severe respiratory distress.

At the level of internal organs, several animals presented congestion (115) and had free sanguineous
liquid in the thoracic (47 hemothorax) (Figure 5B5) and abdominal (80 hemoperitoneum) cavities
associated with traumatic lesions. One animal presented ascites and several ruptures of the diaphragm
(7). The majority of these animals had been run over by vehicles.

Concerning the respiratory system, the lesion most commonly observed was congestion (50),
followed by hemorrhage (44), edema (10), hydrothorax (1), and emphysema (2). Additionally,
histological examination revealed bronchopneumonia (4), fibrinous bronchopneumonia (2),
emphysematous areas of unknown etiology (3), interstitial pneumonia (3), aspiration pneumonia
(15), hydrothorax (1), parasitic pneumonia (25), bronchitis (3), and emphysema (2) (Figure 5B1–B4).
One animal presented a mucoid exudate in the nose and eyes.

In the cardiovascular system, observations included alterations in the shape of the heart (1),
myocardial discoloration (2), hemopericardium (6), and myocardial hemorrhage (9) (Figure 5F1–F3).
Histological examination of areas of myocardial discoloration also revealed vacuolization in isolated
myocytes (1).

In the gastrointestinal tract, observations included split teeth (13), gingivitis, small wounds in the
oropharynx and esophagus, hemorrhage (40), gastric ulcers (5), parasites (40), tympany (7) (Figure 5E1),
enteritis of unknown origin (12) (Figure 5E2), hemorrhagic enteritis (2), intestinal rupture (5), and rectal
prolapse (1). In the liver, nonspecific congestion (47), hepatic fractures (55), pale-discoloration lipidosis
(116), subcapsular hemorrhages (1), and focal necrosis (5) (Figure 5E3) were observed. Additionally,
in the histological exams, eosinophilic hepatitis, lipidosis, focal necrosis and hepatocellular atrophy
were revealed (Figure 5).

Splenic fractures (43), splenomegaly (5), and, upon histological examination, the presence of
megakaryocytes (2) and granulomatous splenitis (1) were detected in the spleen.

Two animals presented an enlargement of the adrenal gland with cortical hyperplasia.
In the urinary system, the main organ affected was the kidney, with nonspecific congestion and

hemorrhage or circulatory lesions associated with trauma (97) (Figure 5C2–C4). Hemorrhagic cystitis
(1) (Figure 5C1) and bladder rupture (3) were also observed. The histological examination exposed one
focal non-purulent nephritis (1).

In the genital tract, two females presented lesions, one with a closed pyometra (Figure 5D) and
other with neoplasia in the mammary gland.

In some individuals (n = 17), it was not possible to investigate any lesions of the internal
organs because the carcasses were too autolytic. The majority of the animals’ histopathological
examinations were impaired, mostly by severe autolysis, and some were not performed due to lack of
financial resources.

4. Discussion

The present study was the first investigation on outcomes, reasons for admission, mortality and
pathological findings on wild hedgehogs in Portugal. Studies concerning wild hedgehogs’ mortality
are very scarce and almost nonexistent. To our knowledge, within the Mediterranean region, there was
a similar study performed by Martinez et al. (2014) [5] in Spain. In most cases, information regarding
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outcomes or mortality is dispersed in the grey bibliography such as annual reports of the wildlife
rehabilitation centers [11,12] or related to a specific cause of death such as collisions with road
vehicles [10,13,14].

Our data were drawn from the records of a large number of cases admitted to two wildlife
rehabilitation centers, WRC-PBG and CRAS-UTAD, over 17 years (2002–2019). These institutions
are the main centers that receive and treat wild terrestrial vertebrates on the north of the country.
These centers directly depend on the national government branch that regulates the wildlife services,
ICNF. They are equipped with adequate facilities to accommodate wildlife and a team of technicians
and veterinarians that rehabilitate the animals (Portaria n. ◦ 1112/2009, 2009). The injured animals are
received from different official organizations (Serviço de Proteção da Natureza e do ambiente (SEPNA),
police, etc.) and directly from the general public. Both possess a large database that registers the
maximum possible information about the admissions.

A total of 740 hedgehogs were admitted during this period, with most of the animals being
collected in the district of Porto and Vila Real. This was expected since these are the WRCs’ locations,
and there is therefore a higher probability of their receiving injured and debilitated animals from the
neighboring area; this was also noticed in similar studies concerning other species in this region [15,16].

There was no significant difference between the sexes of the animals admitted, in contrast to what
was perceived in other studies [1–3]. Regarding age, most of the animals were juveniles. The main
seasons of admission were summer (36.8%) and spring (33.2%). Similar data were observed in other
studies, and are expected based on the animals’ natural behavior [4,6,7]. In spring, they emerge from the
hibernation period and are more dispersed on the search of food. During the months of February–March
and again in August–September, the males become more active during the reproductive season (in
Portugal they can reproduce two times a year) [4,5]. In the months July–August (summer), females are
more actively feeding and enlarging their home ranges after weaning their young, and the first juveniles
start to disperse at the same time [4,6,7].

The main reasons for admission to the WRCs were debilitation, random finds, and injury.
Admissions due to random finds and injury have been increasing in recent years. A similar trend has
been observed in Spain [3] and the United Kingdom [2]. Nonetheless, in Spain, the main reasons for
admission were random finds (40.8%) and orphaned young (19.4%). This difference could be related to
many factors, such as differences in the habitat, human population, urbanization density, and how
aware the public is of how to respond to an accidental find of wildlife.

Regarding the outcomes of the animals admitted to the two WRCs, 66.6% were released back
to the wild, following the results described by Martinez et al. (2014) [5], with 69% of the admitted
hedgehogs returned to the wild. Indeed, most of the admissions corresponded to healthy animals
found accidentally or animals kept for a short period in the WRC when they were slightly underweight,
dehydrated, or the weather was too cold [1]. Hedgehogs are resilient animals, which are relatively
easy to keep in captivity, and recover well [5]. Most studies indicate that these animals, when released
back in the wild, adapt and survive well [1,3,5].

Of the 248 dead animals, the vast majority, 83.4%, died during treatment. Several studies have
suggested that there is no significant sex- or age-related specific mortality [1], and the same was
observed in this study. The greatest peaks of mortality were in summer and spring, for the same reasons
as explained previously. The main three causes of death were trauma of unknown origin (32.7%),
nontraumatic death of unknown origin (26.6%), and nutritional disorder (20.2%). Unfortunately, one of
the most common limitations of retrospective studies is the incomplete data. A large percentage of
animals in this study presented unidentified cause of death, sex, or age. This could be related to the
lack of information taken on the admittance form, scarce human and financial resources to perform
complete examinations, and the absence of a digital system in which to store the data in the early years.
The causes of death observed were oriented towards those described in the bibliography, where the
main causes of death were associated with trauma, malnutrition, and dehydration [5,17–19]. The latter
was present almost exclusively in juveniles, and is related to inexperience and early loss of their
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parents for diverse reasons [5,20]. Mortality in different years and regions can be related to variations
in the surrounding environment. Some studies have shown that rigorous winters lead to greater
mortality of individuals; this phenomenon has been observed in countries located in northern Europe
such as Sweden, Denmark, Finland, and the United Kingdom [7,8,17,18]. Similarly, in urban areas,
after hibernation, animals can become more susceptible to accidental finds by humans and pets (traps,
predation, collision, and others) when foraging. The availability of resources can be lower and more
disputed in certain areas, such as those that are more industrialized [21–23]. As a result of the curious
nature of hedgehogs, it seems that they are somewhat accident-prone and death through misadventure
is not uncommon. It is common to observe hedgehogs drowning in garden ponds, entangled in netting,
falling into holes (particularly cattle grids), or licking poisonous substances [20]. Since hedgehogs
seem to enjoy living in our gardens [3,18], it is common to observe these accidents. In our study, it was
possible to identify some examples. Furthermore, direct contact with humans leads to a higher level of
death related to anthropogenic sources, as traps, roadkill, and poisons, as was observed.

The pathological findings confirmed the main causes of mortality of these animals to be associated
with trauma. The main lesions observed were related to trauma, with skeletal and skin lesions
(fractures, hemorrhages, open wounds) and organ damage, particularly of the lungs and the liver.
In this study, there was probably a greater number of animals with parasitic and infectious disease, but,
due to the lack of complementary exams, it was not possible to confirm all diagnoses. In one case it
was possible to identify the first case of a pyometra described in this species in a wild individual [24].

From 2002 to 2019, it was possible to observe an increase in the number of hedgehog admissions
to the WRCs. This phenomenon could be related to the increase in the general public interest in
wildlife and greater knowledge of the daily work of the WRCs [25]. An important part of the WRCs’
mission is to educate the general public (particular youngsters) regarding wild fauna and flora, being a
powerful tool for environmental awareness [26,27]. In terms of hedgehogs, the WRCs are making
an effort to generate greater involvement of members of the public in the rehabilitation process of
these animals. Due to the animal’s peculiar aspect, small size, and friendly behavior, it is often used
in environmental campaigns as a symbol, allowing the public, mostly children, to get involved in its
recovery. These activities have great conservation value by allowing the public to understand more
about WRCs’ daily work and projects, acquiring knowledge about natural history, ecology, and threats
on these wild species, particularly those severely affected by anthropogenic factors [1,4,28]. They also
help to provide adequate information to people living in peri-urban and residential areas, allowing
them to identify situations when rescue is necessary and to deliver animals to WRCs whenever special
care is needed [4,5,18].

5. Conclusions

In conclusion, of the 740 animals admitted to two wildlife rehabilitation centers in the north of
Portugal, more than half recovered and were released back to the wild. The main causes of admission
were related to random finds and debilitating physical conditions. In this region, the main causes
of death of these animals were associated with trauma, and in most cases linked to anthropogenic
sources. The hedgehog is a highly resilient and adaptable animal. This is the first time that such a long
study related to outcomes and mortality has been performed for this species. The urban environment
has benefits for hedgehogs, offering supplementary sources of food and shelter, but the presence of
humans may harm them. It is important that in the future, the public can become even more involved
in the activities of wildlife centers and similar environmental associations, allowing them to make a
positive difference to hedgehog populations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/8/1305/s1,
Table S1: Distribution of the reasons for admission of Erinaceus europaeus in both wildlife rehabilitation centers
from 2002 to 2019, Table S2: Distribution of the causes of death of Erinaceus europaeus in both wildlife rehabilitation
centers from 2002 to 2019.
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Simple Summary: Populations of the European hedgehog, Erinaceus europaeus, are declining in the
UK. This small mammal is frequently admitted to rescue centres in the UK to be treated for a variety
of illnesses or injuries. With many spending the winter in captivity, clear guidelines about how to
look after hedgehogs during their hibernation would be very useful. We studied 35 hedgehogs over
two winters to learn about their sleeping behaviour and how they change weight. We measured
the total length of hibernation and the periods during hibernation when hedgehogs are more active
(called spontaneous arousals). There were three main results. (1) The longer the hibernation, the more
weight was lost. (2) Previous studies show that arousal is energetically expensive. Despite this,
weight-loss was more related to the amount of time spent sleeping than to the number of times the
hedgehog woke up, perhaps because they could easily feed each time they woke up. (3) Larger
hedgehogs lost proportionally less weight per day, perhaps because they woke up and fed more often
than did smaller hedgehogs. Behaviour by hibernating hedgehogs in captivity differs from that in the
wild. Patterns revealed in this study are used to make some recommendations for guidelines that can
be adapted for individual hedgehogs according to their size and behaviour during hibernation.

Abstract: The European hedgehog, Erinaceus europaeus, is frequently admitted to rescue centres in
the UK. With many overwintering in captivity, there is cause to investigate hibernation patterns in
order to inform and improve husbandry and monitoring protocols. Thirty-five hedgehogs were
studied over two winters. Weight change during hibernation for the first winter was used to test
for effects of disturbance on different aspects of hibernation, including total duration, frequency
and duration of spontaneous arousals. There was no significant difference between the two winters
for any of the four aspects studied. Significant positive correlations demonstrated that weight-loss
increased with the duration of the hibernation period and with percent of nights spent asleep, but not
with the number of arousal events. Thus, weight-loss appears more strongly associated with the
proportion of time spent asleep than with the number of arousal events. This was surprising given
the assumed energetic expense of repeated arousal and was potentially due to availability of food
during arousals. In contrast with previous studies, larger hedgehogs lost less weight per day than did
smaller hedgehogs. They also woke up more often (i.e., had more opportunities to feed), which may
explain the unexpected pattern of weight-loss. Hibernatory behaviour in captivity differs from that in
the wild, likely because of non-natural conditions in hutches and the immediate availability of food.
This study provides a basis for further research into the monitoring and husbandry of hedgehogs
such that it can be adapted for each individual according to pre-hibernation weight and behaviour
during hibernation.

Keywords: hedgehog; hibernation; spontaneous arousal; metabolism; wildlife rehabilitation;
rehabilitation protocols; wildlife rescue
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1. Introduction

The Western European hedgehog (Erinaceus europaeus) is the most common mammal species
admitted to wildlife rescue centres across the UK [1]. Their rehabilitation and release have the potential
to contribute to conservation of this declining species. Whilst there are challenges with assessment of
population sizes [2,3], the most recent estimate is 522,000, a 66% reduction from the 1995 estimate [3].
Reasons for rescue and rehabilitation are numerous, including: injuries from pets or gardening activities,
entrapment, car-strikes, poisoning from pesticides and parasitic burdening [4,5]. Many hedgehogs
undergoing or following rehabilitation are overwintered or hibernate at rescue centres [4,5].

1.1. Hibernation

In the UK, hibernation (a period of greatly reduced activity, temperature, respiration and
metabolism) [6] by wild hedgehogs, commonly occurs in outdoor nests (or hibernacula) between
November and March. It is triggered primarily by consistently low temperatures (<8 ◦C) [7], although
photoperiod, body-condition and food availability may also be involved [8]. Date and duration of
hibernation periods can be influenced by climate, individual condition and sex [7–9].

For wild hedgehogs, mortality during hibernation can be a major component of overall mortality [7,9]
with as few as 30% of young surviving their first winter. Other estimates of survival probabilities
during hibernation are more favourable, ranging from a mean of 0.66 in southern Sweden [10] to 0.89
(n = 18) in Denmark [9] and even 1.0 in Denmark (n = 6) [11]. Survival of winter may not occur if an
individual is in poor condition and/or has small body weight [5,9,12]. Estimates of percent loss of
weight during hibernation vary even within a country. For instance, in Britain, mean (±s.e.) weight-loss
has been estimated as 14.11 (±3.08)% [13] and as 0.2% of original body-weight (or 0.8–2.0 g day−1) being
lost for each day spent in hibernation [14]. In southern Ireland, loss of body-weight was 17 (±0.53)%
over hibernations lasting 148.9 (±0.5) days [15]. In Denmark, Jensen [11] recorded weight-loss during
hibernation of 22.1 (±10.1)% for juveniles (during a mean of 79 days hibernation, n= 6) and 30.2 (±10.1)%
for adult females (during a mean of 198 days, n = 3). Furthermore, also in Denmark, Rasmusson [9]
measured juvenile weight-loss as 16 (±2.9)%. Weight-loss will depend on pre-hibernation weight
and lighter individuals typically lose smaller percentages of their pre-hibernation mass than do
larger individuals [11,16]. Where durations of hibernation vary among individuals, the % change in
weight will also vary and so to make fair comparisons among individuals or studies, it may be more
informative to consider change in weight day−1.

1.2. Spontaneous Arousals

All hibernating mammals exhibit brief awakenings called spontaneous or periodic arousals
during hibernation, where normal temperatures are regained and activity-levels increase [17].
Such spontaneous arousal is energetically expensive, with up to 75% of total energy requirement
during hibernation being associated with arousals [18]. Considering how energetically expensive
arousal during hibernation appears to be, the exact function and effects remain poorly understood.
Possible functions are speculated to involve recovery from physiological costs accrued during metabolic
depression, which may include oxidative stress, reduced immunocompetence and neuronal damage [17].
In the wild, hedgehog activity during these periods of arousal varies considerably. Walhovd [19]
observed multiple arousals during hibernation (indicated by spontaneous increases in nest temperature),
but no departure from the nest. Other studies report that arousals involve changing nest, sometimes
several times [8,9,11]. Yarnell et al. [13] observed hibernation of 57 British hedgehogs in the wild,
recording between one and seven nest changes per hedgehog. The types of nest and nesting material
used (e.g., compost heap, twigs, under a bush, under a building) also vary among individuals and
within a hibernation [9,20,21]. Arousal duration in outdoor hibernacula can last between 34 and
44 h [19] and frequency of spontaneous arousal has been recorded at 2.9 events per month (n = 29
individuals) [22]. Other similar figures are reported, yet demonstrate a large range, with 3–15 days
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between arousals and a total arousal duration during hibernation of 12–18 days [19]. Similarly,
Buckle [23] reported a range of between 5 and 15 days between arousals whilst Kristoffersson and
Soivio [24] reported that the longest periods between arousals lasted from 10–13 days.

Not all hedgehogs lose weight during hibernation. Of 10 radio-tracked hedgehogs in Copenhagen,
five increased in weight during hibernation [9], almost certainly because of opportunities to feed during
periods of arousal. If arousals are required regularly (for physiological reasons) then the number of
arousals should increase with the duration of the total hibernation period. Different frequencies and
durations of arousal may influence weight-loss, because feeding is possible during arousal and/or
because arousal is energetically expensive. Evidence is contradictory for whether the number of arousals
is positively or negatively correlated with weight-loss, as summarised nicely by Haigh et al. [15].

1.3. Threshold Mass to Survive Hibernation

Given all this variation, there is much discussion about the minimal body-weight that would
allow a hedgehog to survive hibernation. From post-hibernation weights of 105 hedgehogs, Morris [25]
estimated each individual’s pre-hibernation weight, by assuming a likely loss of 25% of their
body-weight during hibernation. With a buffer of 50 g to ensure sufficient fat reserves to survive
the unpredictable British winters, he suggested a minimal weight for otherwise healthy individuals
would be 450 g. In rural Denmark, a greater body-weight of 513 g was needed to survive hibernation,
likely due to the harsher winter conditions [11]. In Ireland, late juveniles could survive the winter
with a pre-hibernation weight of 475 g or more [15]. The minimal body-weight needed to survive
hibernation at present may differ from these estimates, due to regional variation in climate and the
passage of time since publication with the effects of climatic change on winter temperatures [9,26].

The health of a hedgehog and its probability of surviving winter in the wild is almost certainly
down to more than just its absolute weight. A large, skinny hedgehog may weigh the same as a
small fat hedgehog, but the former is in poor condition and may be more prone to mortality over
winter than the latter. For those concerned with over-winter rehabilitation of hedgehogs in captivity,
knowledge of hedgehog condition and likely patterns of behaviour will influence decisions about
treatment. For example, body-weight prior to hibernation and anticipated change in weight may
determine whether individuals are released to hibernate in the wild, or whether they are to hibernate
in captivity or if they should be kept warm, awake, feeding and undergoing any necessary veterinary
treatment. At present, in the UK, a minimal body-weight of 550 [7] or 600 g [5,12] is used as the
threshold below which individuals are not released from rescue centres before winter and instead
allowed to gain weight and hibernate in the centre.

1.4. Hibernation in Captivity

Conditions for hibernation in captivity are, however, clearly different to those in the wild.
For instance, captive hedgehogs cannot move far during arousal, cannot change nest, have only one
type of nest material and food is readily available in the enclosures. Handling during hibernation
for weighing or health checks may also artificially induce arousal [8,27]. Whether or how captive
conditions will affect hibernatory behaviours when compared to those in the wild is not certain.

Given the large numbers of hedgehogs hibernating in rescue centres over winter, knowledge of
how weight will be lost and variation in behaviours among individuals is required because they have
implications for husbandry (specifically mid-hibernation health-checks, weighing and artificial arousal).
Thus, relationships between pre-hibernation mass, spontaneous arousal frequency and mass-loss
during hibernation at rescue centres need further exploration. This will help ensure that appropriate
intervals for weighing (and associated disturbance) are used, minimising the risk of fatalities during
hibernation and improving the success of rehabilitation and release.

We used data on weight and activity of healthy juvenile hedgehogs available from records of
existing husbandry protocols kept by a specialist hedgehog rescue centre, to test the following sets
of hypotheses.
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Hibernation with or without weighing: To test whether disturbance by weighing in
mid-hibernation affected overall hibernation, we predicted that there would be a difference in
mean total hibernation periods (nights), mean number of arousal events, mean duration of arousal
events (nights) and mean number of nights sleep between arousal events between the two winters.

Associations with total hibernation period: We predicted that there would be correlations between
the total hibernation period and the number of arousal events; or with percentage of time spent in
arousal. More specifically, we expected that the longer the hibernation, the more arousal events there
would be (a positive correlation) and that there could be more or less time spent asleep (a two-tailed
correlation).

Associations with percent weight-loss: We tested hypotheses that weight-loss would be
associated with: total hibernation period, number of arousal events, and percentage of nights
asleep. Our expectation was that weight-loss would increase with the length of hibernation (a positive
correlation), but we had no particular prediction for how it would change with number of arousal
events or the proportion of time spent asleep (two-tailed correlations)

Associations with pre-hibernation weight: Finally, we tested whether pre-hibernation weight
would be associated with: daily % weight-loss, actual weight-loss, total hibernation period, number of
arousal events, mean number of nights awake per arousal event, and mean number of nights asleep
between arousal events. In each case, we were uncertain about how the variables might change with
pre-hibernation weight (i.e., all correlations were 2-tailed).

2. Materials and Methods

The study was conducted on 35 healthy, juvenile hedgehogs in good condition (17 males, 18 females)
undergoing rehabilitation at Prickles and Paws Hedgehog Rescue Centre, Cornwall, UK, over the
2015/2016 and 2016/2017 winters. The centre, which works closely with a local veterinary practice, is a
registered charity which operates to the standards of, and admits hedgehogs from, the Royal Society
for the Prevention of Cruelty to Animals (RSPCA). The centre does not hold a UK Home Office licence
under the Animal (Scientific Procedures) Act 1986, and data were collected only through the normal,
approved operating protocols of the centre.

Individuals used in the study were admitted to the centre for a range of reasons and, if necessary,
appropriate medical treatments, as prescribed by the centre’s veterinarian, were administered
(Supplementary Material 1). Historically, many rescue centres have opted to keep rehabilitated
hedgehogs over winter, rather than releasing them before spring, even if in full health [7], and this
has been the approach adopted by Prickles and Paws. No individual was considered for use in this
study and allowed to hibernate unless it fulfilled the conditions of the centre’s Hibernation Protocol
(Supplementary Material 2) including having all medications completed, being >600 g in weight
and in good body condition. To account for mass relative to size, a simple body-condition index
specifically for hedgehogs was developed [28]. Testing the application of this index, Rasmussen et al. [9]
recently found it to be of uncertain reliability due to the need for precise measurements, difficult to
achieve on hedgehogs. In the present study, body condition was determined by visual assessment of
body-shape; near-spherical shape when curled-up indicates good body-condition, a triangular rear-end
indicates underweight condition [28]. Hedgehogs in the study were housed individually in outdoor
hutches (floor area 0.31–0.49 m2), where illumination, food and nesting material (shredded newspaper),
were standardised as much as possible. Paper, whilst different to natural nesting materials, is readily
available, dust-free, widely used in British rescue centres and recommended by other authors [7].

Between November 2015 and March 2016, weight-change and hibernatory behaviour were
monitored for 21 healthy individuals. Prior to hibernation, individuals were weighed at least weekly to
the nearest g using digital scales. When individuals displayed signs of entering hibernation (reduced
food-intake and dark green faeces) all handling was ceased. There are several clinical reasons for
green faeces, but in otherwise healthy hedgehogs, they may be an indicator of incipient hibernation
and, therefore, a fair cue for changes in husbandry. If they had not entered hibernation within the
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next three days, they would then be weighed again. Thus, the time between last recorded weight and
the start of hibernation varied from 1 to 6 days. When in hibernation, hedgehogs were checked daily
by viewing through a mesh door and spontaneous arousals were noted when there was evidence of
recent disturbance in the hutch (e.g., spread of nesting material, presence of faeces, food disturbed),
which indicated the individual had left the nest area. After 6 weeks in hibernation, individuals were
weighed; if their mass had fallen below 400 g, then arousal was induced artificially. This mass was
considered a minimal threshold to ensure survival of the remainder of hibernation if there were
no further spontaneous arousals. Dried food for small carnivores (e.g., cat biscuits) was available
throughout, but food consumption during arousal was not recorded.

To assess potential effects of mid-hibernation weighing, frequencies and durations of spontaneous
arousals, but not mid- or end-hibernation weights, were recorded for 14 individuals during a second
winter (December 2016 to March 2017). The sample-size for 2016/17 was smaller, due to fewer healthy
individuals of adequate mass being at the centre.

Entry into hibernation was defined as the first night that the individual did not leave the nest area
(as determined by no disturbance in the hutch). The date of final arousal from hibernation was the first
of five consecutive nights of activity outside the nest area. Total hibernation period was the number
of nights between first entry into hibernation and final arousal (i.e., including nights in spontaneous
arousal). A spontaneous arousal event constituted a series of consecutive nights spent active during
the total hibernation period. Periods of spontaneous arousal began when an individual left the nest
area and ended when the individual returned to the nest and no further disturbance was observed.
The percentage time in spontaneous arousal was the total number of nights in spontaneous arousal
as a percentage of the total hibernation period. The duration of an interval between arousals was
the number of nights between the end of one arousal and the start of the next. Behaviours tending
to indicate spontaneous rather than final arousal (e.g., minimal food intake and activity) meant that
sometimes, several days elapsed before final arousal was certain. Thus, post-hibernation weight was
recorded as soon as final arousal was confirmed (typically within 3 days and always within 6 days).

Statistical analysis: Weight change was measured as percentage or actual weight-loss relative to
pre-hibernation weight, with positive or negative values representing decreases or increases in weight,
respectively. Spontaneous arousal events were counted, measured for duration (number of nights
per event) or total duration (sum of all events per hedgehog converted to a percentage of the total
hibernation period). For correlations, Shapiro-Wilk normality tests were used to assess frequency
distributions of data. Where distributions of data were non-normal or where at least one variable was a
percentage, Spearman’s rank correlation coefficients were used to establish significance of associations.
When comparing variables between years, Fisher’s F-tests were used to test for heteroscedasticity.
Where variances were homogeneous, Student’s t-test was used. All analyses were done in R version
4.0.2 [29].

3. Results

3.1. Hibernation with or without Weighing

Mean total hibernation periods were of similar duration in 2015/16 and in 2016/17 (Figure 1, Table 1).
Maximal total hibernation periods for the two winters were 111 nights (106:5 nights asleep:awake) and
70 nights (68:2), respectively. Minimal durations were 13 nights (9:4) and 5 nights (5:0). Spontaneous
arousals were observed in all but one individual (which hibernated for only 5 nights). The most
spontaneous arousal events for a single individual in 2015/16 was 15 and in 2016/17, three individuals
displayed six arousals. The mean number of arousals did not differ between the two winters (Figure 1,
Table 1). Some spontaneous arousals lasted multiple nights, the longest being 9 nights, but neither
the mean number of nights per event nor the number of nights between events differed between the
two winters (Figure 1, Table 1). Variances were homogeneous for each variable (Table 1). The lack of
differences between years meant that data from 2015/16 and 2016/17 were pooled.
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Figure 1. Mean (±s.e.) components of hibernation by hedgehogs in Cornwall between the winters of
2015–2016 (n = 21) and 2016–2017 (n = 13); (a) total hibernation period, (b) number of spontaneous
arousal events, (c) duration of spontaneous arousal events, (d) interval between spontaneous arousal
events i.e., number of consecutive days asleep.

Table 1. Fisher’s F tests for heteroscedasticity and Student’s t-tests to compare means for total
hibernation period, number of arousal events, duration of arousal events (nights) and number of nights
between arousal events between the winters of 2015/16 and 2016/17.

Variable
Fisher’s F Test Student’s t-Test

F d.f. p t d.f. p

Total hibernation period 1.20 20, 12 >0.70 −0.08 32 >0.90
No. of arousal events 1.80 20, 12 >0.20 0.72 32 >0.40

Duration of arousal events 0.39 20, 12 >0.05 −1.04 32 >0.30
Duration of interval between arousal events 1.31 20, 12 >0.60 −0.28 32 >0.70

3.2. Associations with Total Hibernation Period

Total hibernation period was positively correlated with the number of arousals (rs = 0.40, n = 34,
p < 0.01) and negatively correlated with the percentage of nights awake (rs = −0.35, n = 34, p < 0.05,
Figure 2). This meant that the longer the hibernation period, the greater the number of arousals and
the smaller the proportion of time spent awake, which prompted a further analysis for which we had
no a priori hypothesis. Because the number of arousals increased and the proportion of time awake
decreased, the longer the total hibernation period, we predicted that arousals would on average be
shorter, the longer the total hibernation period. There was a tendency towards this prediction, but the
relationship was not significant (rs = −0.22, n = 33, p > 0.1). None of the variables were normally
distributed (Shapiro-Wilks, p < 0.05), so Spearman rank correlation coefficients were used.
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Figure 2. Correlations between total hibernation period and (a) number of spontaneous arousal events
and (b) percentage of nights spontaneously aroused (n = 34).

3.3. Associations with Percent Weight-Loss

As predicted, the longer the total period of hibernation, the greater the percentage weight-loss
(rs = 0.67, n = 21, p < 0.001, Figure 3a). Weight-gain during hibernation, demonstrated by four
individuals, shows that hedgehogs can eat during arousals. This pattern remained when hedgehogs
that gained weight were removed from the analysis (rs = 0.69, n = 17, p < 0.001), i.e., animals that gained
weight by eating during arousals were not causing this pattern. Unexpectedly, percent weight-loss was
not associated with the number of arousal events (rs = 0.12, n = 21, p > 0.60, Figure 3b), but there was a
significant positive correlation between percent weight-loss and percent of nights asleep (rs = 0.66,
n = 21, p < 0.01, Figure 3c). So, the proportion of time spent asleep in the hibernation period is
more strongly associated with weight-loss during hibernation than is the number of arousal events.
Variables were not normally distributed (Shapiro-Wilk, p < 0.05) or were percentages, so Spearman
rank correlation coefficients were used in all cases.
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Figure 3. Correlations between percent weight-loss and (a) total hibernation period, (b) number of
arousal events and (c) percentage of nights spent asleep (n = 34).

3.4. Associations with Pre-Hibernation Weight

There was a significant negative correlation between pre-hibernation weight of hedgehogs
and the daily percentage weight-loss and with actual weight-loss; larger hedgehogs lost smaller
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proportions of their bodyweight each day than did smaller hedgehogs. This pattern was unaltered if
hedgehogs that gained weight were excluded (Figure 4a, Table 2). There were no associations between
pre-hibernation weight and total hibernation period, mean duration of arousal events or mean duration
of intervals between arousal events (Table 2), but there was a significant positive correlation between
pre-hibernation weight and the number of arousal events (Figure 4b, Table 2). So, the larger the
hedgehog, the more often it wakes up during hibernation, but the less weight it loses. Variables were
not normally distributed (Shapiro-Wilk, p < 0.05) or were percentages, so Spearman rank correlation
coefficients were used in all cases.

Figure 4. Correlations between pre-hibernation weight (g) of hedgehogs in the winter of 2015/16 (n = 17)
and (a) number of arousal events, (b) percent daily weight-loss and (c) actual daily weight-loss (with
(b,c) excluding individuals that gained weight).
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Table 2. Correlations between pre-hibernation weights and daily weight-loss, total hibernation period,
number and durations of arousal events and the duration of intervals between arousal events. Significant
results are in italics.

Correlation of Pre-Hibernation Weight with rs n p

% daily weight-loss (incl hedgehogs that gained weight) −0.80 21 <0.001
% daily weight-loss (excl hedgehogs that gained weight) −0.80 17 <0.001

Actual daily weight-loss (excl hedgehogs that gained weight) −0.67 17 <0.01
Total hibernation period 0.24 21 >0.2

No. of arousal events 0.45 21 <0.05
No. of nights per arousal event 0.23 21 >0.3

No. of nights between arousal events −0.30 21 >0.1

4. Discussion

Patterns of weight-loss and activity by hedgehogs during hibernation described in this study can
inform over-winter husbandry of hedgehogs at rescue centres, for which there are no set or widely-used
guidelines or recommendations about frequency of weighing and handling, nor robust evidence for
how to anticipate weight-loss. We recommend that monitoring (e.g., frequency of weighing) should be
tailored to individuals, particularly those likely to lose weight faster based on their pre-hibernation
weight and hibernatory behaviour.

4.1. Disturbance and Weighing

When comparing data from two winters, one with and one without weighing in mid-hibernation,
there were no significant differences in the mean duration of total hibernation period, number of
spontaneous arousal events, duration of these events or of the interval between these events (Table 1).
This suggests that a single mid-hibernation weighing at the rescue centre did not influence important
components of the hibernation. Of 21 hedgehogs weighed mid-hibernation in 2015–2016, only one
woke soon afterwards and this may have coincided with a ‘normal’ spontaneous arousal. This suggests
that concerns about effects of disturbance may be less serious than previously believed [8,27].

4.2. Spontaneous Arousals

The mean number of arousals per hedgehog fell within previously described ranges [19,24].
The mean and lower end of the range of number of nights between arousals was similar to those in
Walhovd [19], but the upper end of the range (36 nights) was greater than elsewhere (15 nights [19];
13 nights, [24]). The determinants of patterns of arousal are not yet known, but might include: differing
methodologies used to observe these arousals (e.g., thermal measurements, visual observations,
radiotracking); variation in environmental conditions; or variation in pre-hibernation mass or
body-condition among studies. In the present non-invasive study, spontaneous arousal was only
measured or recorded when an individual left their nest. This means that arousals that did not involve
leaving the nest [8,19], could not be identified, and were not recorded. This could explain the apparently
greater maximal number of nights between spontaneous arousals.

Although the mean duration of arousal events was typically <2 nights, some individuals woke for
as long as nine consecutive nights, considerably longer than the 34–44 h reported by Walhovd [19] or
the mean of 33.7 h (n = 6) observed by Kristoffersson and Soivio [24]. The latter did, however, observe
one spontaneous arousal event lasting 121 h. Formal comparisons of published mean durations of
spontaneous arousal with the present study cannot be made due to the different ways of measuring this
variable. The long duration of some arousal events (up to 9 nights) could indicate that some individuals
are not entering deep hibernation, perhaps due to conditions in the centre (food, nesting materials,
disturbance) being different to those in the wild or to the relatively benign winter conditions in Cornwall.
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4.3. Weight-Loss

Spontaneous arousal is energetically expensive [18,30] and so more frequent switching between
metabolic states of hibernation and arousal should add to the total energy ‘bill’ for the hibernation.
The expectation was that the number of spontaneous arousal events would increase linearly with
the length of the total hibernation period (as demonstrated here, Figure 2a). If their purpose
is to prevent oxidative stress, reduced immunocompetence and neuronal tissue damage [17],
longer hibernation would increase these risks and so more arousals are ‘required’ to offset physiological
costs. The percentage of time spent awake decreased (Figure 2b) as hibernations got longer. A logical
inference from this is that mean duration of arousal event should also be shorter when hibernations
are longer, but the physiological basis for this is not clear. Whilst our data tend towards this pattern,
there was no significant negative correlation. Larger sample-sizes from data collected over more years
would provide greater statistical power when testing this prediction.

As predicted, weight loss (a proxy for energetic cost) increased the longer the hibernation
(Figure 3a). This strongly suggests that when making further comparisons between weight-loss and
other variables (e.g., sex, body condition, starting weight, etc.) weight-loss should be presented as
loss per day (g·d−1) rather than total weight-loss. In contrast with expectations, daily weight-loss was,
however, associated more strongly with amount of sleep (Figure 3c) rather than the number of arousal
events (Figure 3b). This may indicate that leaving and entering hibernation is not as energetically
expensive as previously thought [18,30], but is perhaps more easily explained by the ready availability
of food. In rescue centres, a small amount of food is provided throughout hibernation, so hedgehogs
could feed each time they wake. The more often a hedgehog wakes and eats, the costs of arousal
could be offset and less weight would be lost. Four individuals in this study even gained weight
during their hibernation period (Figure 3). Such increases in weight may be explained by feeding
during periods of arousal and/or taking on food in the time between final arousal and post-hibernation
weighing. For reasons of certainty about final arousal, weighing post-hibernation can happen up to
6 days after waking, but is typically less than half this. Those that gained weight were also those that
spent amongst the smallest proportion of their time asleep (Figure 3c), meaning that they had relatively
more time available to feed during their hibernation. Although recording food consumption was not
part of the original protocols, it merits further investigation as it may influence aspects of husbandry
such as frequency of weighing required, and the amount of food provided during hibernation.

Body-weight is an important variable that helps determine types and amounts of medication
prescribed by a veterinarian and administered by rescue centres to unwell hedgehogs. It also influences
whether healthy hedgehogs should be allowed to enter hibernation and whether they should be
released [5]. We expected there to be some association between pre-hibernation weight and five
different characteristics of hibernation (Table 2). We present evidence that hedgehogs of different weight
do hibernate differently. For instance, the number of arousal events increased with pre-hibernation
weight (Figure 4a), but length of hibernation did not (Table 2). If larger hedgehogs need to wake more
often during hibernation, then they may be developing relatively more physiological costs than smaller
individuals and therefore need to off-set these costs with more regular arousals. This is in contrast
with broad recognition that metabolic rates scale inversely with body-size [31]; however, it may be that
hibernation creates different physiological costs than just calorific expenditure for arousal.

If weight is an underlying determinant of arousal, a regression (using a larger sample over
multiple years) of number of arousals against pre-hibernation weight would allow prediction of how
often hedgehogs will wake. Although not strictly statistically rigorous (due to values of the x-variable
not being fixed), this could be used to anticipate the total (and different) amounts of food required for
each animal (for potential consumption during arousal).

Daily weight-losses (mean ± s.e.; 1.18 ± 0.48 g·d−1) fell within Wroot’s [14] values of 0.8–2.0 g·d−1,
but our range (3.5 to −6.2 g·d−1) was much greater. Daily weight-loss in the present study (in terms of
percentage and absolute amounts) were negatively related to pre-hibernation weight (Figure 4b,c).
So, larger hedgehogs woke up more often (Figure 4a), but lost less weight than did smaller hedgehogs

293



Animals 2020, 10, 1418

(Figure 4b,c). This is the opposite to previous studies [9,11,32], which showed that individuals that had
more mass to lose tended to lose more mass. This unexpected pattern is, again, perhaps best explained
by the ready availability of food. Heavier individuals wake up more often and can, therefore, feed more
often, meaning that they lose less weight, highlighting the need to monitor food consumption during
captive hibernation.

4.4. Captive vs. Wild Hibernation

Conditions for hibernation in captivity are clearly rather different to those in the wild. Captive
hedgehogs have no ability to move nests or select different nesting materials (as are observed in wild
hedgehogs [9,15,21]. In the wild, animals have the opportunity to move around and forage during
periods of arousal, but food may not be readily available because it is wintertime. Although captive
hedgehogs can move around their hutch when awake, they cannot move the distances observed
for wild hedgehogs. Decreases in food availability may well be one of the cues for hibernation [8],
and moving nests may consume considerable energy. Thus, artificial conditions where food is plentiful
and movement is restricted may cause hibernation by juveniles in captivity to be different from those
in the wild. In particular, the duration and depth of hibernation may be less. Fruitful areas of research
might include regional variation in duration and initiation of hibernation and how these may respond
to climatic change. There is already evidence that the ‘trigger’ temperature for hibernation varies across
Europe [8] and unseasonally mild conditions, potentially the consequence of a warming world [26],
can delay the onset the hibernation [9,15]. For example, when the Autumn of 2014 was far milder than
normal, juvenile hedgehogs in Denmark initiated hibernation a month later than shown in previous
studies [9]. In the present study, durations of hibernation were similar between years (Figure 1a),
but the maximal hibernation period was much shorter in the 2016/17 winter (70 nights) than in 2015/16
(111 nights). This may have been a consequence of the warmer mean minimal temperatures in February
and March 2017 (6.1 ◦C and 8.0 ◦C) than in the previous year (5.1 ◦C and 5.1 ◦C; [33]). Unseasonably
warm periods during hibernation may stimulate arousals and additional energy expenditure [34].
With increasingly mild winters [35], and unseasonably mild episodes in winter, the occurrence of
multiple distinct periods of hibernation per winter, separated by abnormally long arousal events
appear to be more evident. It would be useful to evaluate whether these behaviours occur more
broadly. Long-term changes in the timing and duration of hibernation may require physiological
and behavioural adaptation as well as phenological adjustments to altered availability of prey items.
Such changes could have implications for rehabilitation methods and practice in order to maximise
both welfare and its contribution to species conservation.

4.5. Recommendations for Overwinter Monitoring

The implications of these patterns observed here for over-winter husbandry of hedgehogs in
rescue centres are several. We recommend closer monitoring of arousals and of food consumption
during arousals.

Provision of food: Availability of food in captivity appears to reduce the amount of weight lost
during hibernation; at least, those individuals that woke (and thus could feed) more often lost less
weight per day than those that woke less frequently. If arousal is energetically expensive [18,30],
but necessary for other physiological reasons [17], then these costs can be offset by eating. Food should
certainly be made available for hedgehogs hibernating in captivity for consumption during periods of
activity, to help offset weight-loss and improve likelihoods of surviving hibernation. The possibility
that availability of food is encouraging shorter hibernations and more frequent, longer arousals requires
greater investigation.

Monitoring weight and behaviour: The lack of evidence that mid-hibernation weighing causes
disturbance could be interpreted as meaning that this level of monitoring should not be of major
concern for the welfare of overwinter hedgehogs and supports the notion of weighing at intervals
more frequent than 6 weeks. This could be particularly valuable for smaller hedgehogs (that lose
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weight faster than larger individuals) that may be approaching weights (e.g., ≤400 g) where the risk
of not surviving hibernation is greater. This approach would benefit from further studies to test for
any cumulative effects of multiple disturbances. Durations of hibernation vary amongst individuals,
so weight-loss is better presented as g·d−1 or %.d−1 rather than total loss.

Weights and duration of hibernation should not be the only variables to be monitored during
over-winter care of hedgehogs at rescue centres. Frequency and duration of spontaneous arousals,
indicated by disturbance outside the nest area, are easily and non-invasively observable, without
disturbing the animal. Unfortunately, recording consumption of food was not part of the protocol
that provided the data for the present study. Given the negative association between weight-loss
and number of arousals, knowing how often and how much food is consumed would have been
informative. Individuals waking regularly but not eating may well lose weight much faster than
those that do eat and maybe even faster than those that wake infrequently. Such individuals may
benefit from more frequent weighing to ensure they are artificially woken if they approach the minimal
threshold for weight. Protocols for observations should be expanded to include the routine collection
of data on frequency and duration of arousals and consumption of food, thereby allowing comparisons
among locations, sex and prior conditions (weight, disease, medication, etc.). Further investigation is
required to determine how these multiple variables influence hibernation.

5. Conclusions

Rescue centres can collect large amounts of data and have the potential to create evidence-based
monitoring protocols intended to improve welfare of patients and success of rehabilitation. Key points
that were demonstrated include: (i) mid-hibernation weighing did not seem to affect hibernation;
(ii) weight-loss increased with duration of hibernation, but appeared more strongly associated with the
proportion of time spent asleep than with the number of arousal events; (iii) in contrast with previous
studies, larger hedgehogs lost less weight per day than did smaller hedgehogs; (iv) mean values for
components of hibernation were similar to values recorded from individuals in the wild, but extremes
for weight-loss (or gain) and duration of arousal events were much greater for animals being managed
in a rescue centre. Much of (ii) and (iii) can be ascribed to plentiful availability of food. Differences in
hibernatory behaviour between captive or wild hedgehogs may well be due to a range of non-natural
conditions in hutches. There is increasing evidence that milder winters associated with climatic change
are changing the ways in which hedgehogs hibernate. This has uncertain implications for the long-term
future of declining populations. The patterns described here provide much-needed information for
rescue centres caring for hedgehogs and highlight areas for further research. Hibernation protocols for
rescue centres should be updated following the recommendations we make. We hope that this will
allow more successful rehabilitation which will, in turn, help support populations of this charismatic,
threatened species.
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Simple Summary: The European hedgehog (Erinaceus europaeus) is a popular visitor in gardens and
recreational areas all over Europe, but hedgehog populations are declining. Research exploring the
causes of the decline, including exposure to potentially harmful pollutants and metals, may provide
relevant information to improve conservation initiatives to protect this species in the wild. Hedgehogs
are ground-dwelling mammals, feeding on a range of different food items such as insects, slugs, snails,
and earthworms but also eggs, live vertebrates, and carrion, and therefore come into close contact
with pollutants present in their habitats and in their prey. This review investigated published research
on the occurrence of metals and pollutants in hedgehogs and found that a vast range of different
pesticides; rodenticides; persistent organic pollutants (POPs), including organochlorine compounds
and brominated flame retardants (BFRs); as well as toxic heavy metals could be detected in samples
from hedgehogs representing different European countries. Due to their ecology, combined with the
opportunity to apply non-invasive sampling techniques through the collection of spines as sampling
material, we suggest that the European hedgehog is a relevant bioindicator species for monitoring the
exposure of omnivorous terrestrial wildlife to potential toxicants in urban and rural environments.

Abstract: Monitoring data from several European countries indicate that European hedgehog
(Erinaceus europaeus) populations are declining, and research exploring the causes of the decline,
including exposure to potentially harmful xenobiotics and metals, may inform conservation initia-
tives to protect this species in the wild. Hedgehogs are ground-dwelling mammals, feeding on a
range of insects, slugs, snails, and earthworms, as well as eggs, live vertebrates, and carrion, includ-
ing carcasses of apex predator species representing higher levels of the food chain. Consequently,
hedgehogs come into close contact with contaminants present in their habitats and prey. This review
investigated the studies available on the subject of the occurrence of metals and organic xenobiotics
in hedgehogs. This study found that a vast range of different pesticides; persistent organic pollutants
(POPs), including organochlorine compounds and brominated flame retardants (BFRs); as well as
toxic heavy metals could be detected. Some compounds occurred in lethal concentrations, and some
were associated with a potential adverse effect on hedgehog health and survival. Due to their ecology,
combined with the opportunity to apply non-invasive sampling techniques using spines as sampling
material, we suggest that the European hedgehog is a relevant bioindicator species for monitoring
the exposure of terrestrial wildlife to potential toxicants in urban and rural environments.

Keywords: European hedgehogs; Erinaceus europaeus; xenobiotics; heavy metals; environmental
pollution; toxicants; target screening; non-target screening; bioaccumulation; wildlife conservation
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1. Introduction

According to the United Nations Environment Programme [1] and the European
Environment Agency [2], an estimated 40,000–60,000 different industrial chemicals are
globally used in commerce to produce a vast range of commodities and goods, including
chemical-intensive products such as computers, mobile phones, furniture, and personal
care products. The European Environment Agency also estimated for 2016 that 62% of the
total volume of 345 million tonnes of chemicals consumed in the European Union were
hazardous to human health [2]. Several programmes have been established to monitor
the occurrence of hazardous chemicals in the environment, such as the European Union
Water Framework Directive [3], the Arctic Monitoring and Assessment Programme [4], or
the Partnership for the Assessment of Risks from Chemicals [5]. Where biota are included,
measurements often focus on the aquatic environment—in particular, fish species—whereas
relatively few monitoring initiatives exist for (terrestrial) wildlife [6].

Xenobiotics are chemical substances that do not occur naturally in the organism that
is studied [7]. There are several origins of xenobiotics, including industrial, household,
pharmaceutical, agricultural, and transportation sources [8]. They are used in a vari-
ety of products of modern-day society and include compounds such as pharmaceuticals,
personal care products, food additives, pesticides and biocides, plastic additives, and
detergents [9]. Some xenobiotic compounds may have problematic properties, including
toxic effects on wildlife [8]. The xenobiotics represented in this review include organochlo-
rine industrial chemicals (e.g., polychlorinated biphenyls), brominated flame retardants
(BFRs), pesticides—i.e., insecticides (including phased-out persistent ones such as DDT),
rodenticides, fungicides, herbicides, nematicides, and biocides.

Metals are defined as solid substances with high electrical and thermal conductiv-
ity. They occur naturally in the lithosphere, and their compositions and concentrations
vary among different localities [10]. Heavy metals are metals with relatively high atomic
weights and specific densities (e.g., ≥5 g/cm3). In low concentrations, some metals play
an essential role in maintaining various biochemical and physiological functions in living
organisms (i.e., essential metals), but they become harmful when threshold concentrations
are exceeded [10], similar to non-essential metals. This can lead to adverse effects on living
organisms and the environment, specifically with exposure to lead, cadmium, mercury, and
arsenic as the main threats [11]. Simultaneously, some metals are essential and therefore oc-
cur naturally in vertebrates such as hedgehogs [12]. These include sodium (Na), potassium
(K), magnesium (Mg), calcium (Ca), iron (Fe), manganese (Mn), cobalt (Co), copper (Cu),
zinc (Zn), and molybdenum (Mo), and it is currently also accepted that metal elements such
as chromium (Cr) and nickel (Ni) should be included in that category, as vertebrates show
certain deficiency symptoms when these metals are absent or in low concentrations [12].
Therefore, being mindful of this, distinguishing between naturally occurring low levels and
elevated toxic levels remains important when interpreting results for chemically screening
and detecting metals in hedgehogs.

The European hedgehog (Erinaceus europaeus), hereafter referred to as hedgehog, is
widely distributed across Europe [13,14]. Nowadays, it primarily resides in habitats with
human activity and occupation [15–19], including habitats with a potential exposure to
xenobiotic chemicals, such as urban areas. As hedgehogs prey on a variety of insect species,
earthworms, and slugs, occasionally supplementing their diet with carrion, eggs, and live
vertebrate prey when available, they are potentially exposed to xenobiotic compounds
from a variety of sources such as soil (topic absorption) and different types of prey species,
including apex predators (carrion), by ingestion [20–24]. Hedgehogs have small home
ranges and tend to stay in the same area throughout their lives [13–15]. It is therefore likely
that xenobiotics in hedgehogs represent local pollution levels from the area from which the
hedgehogs originated. Despite a mean suggested life expectancy of around two years (see
Rasmussen et al. (2023) [25] Table 1 for an overview), hedgehogs have the potential to reach
16 years of age [25], which means they could experience long-term exposure to different
xenobiotics and metals, potentially causing harmful effects in some individuals. Previous
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studies have found that insectivores have a greater risk of metal intoxication compared to
other small mammal species like rodents [26,27]. Hedgehogs are likely exposed to metals
during foraging, as they prey on a variety of insect species, earthworms, and slugs [22], all
of which are known to accumulate high metal levels [28].

Hedgehogs are easy to catch and handle, and their spines and hair can be used for
chemical analyses, which allows for non-destructive sampling methods [29,30]. Although
these arguments make hedgehogs good candidates for monitoring programmes, few studies
have focussed on their exposure to environmental xenobiotics and metals in urban and
rural environments. Furthermore, substantial evidence, based on monitoring data from a
range of European countries, indicates that hedgehog populations are declining [16,31–40].
The suspected causes for the decline include habitat loss; habitat fragmentation; inbreeding;
intensified agricultural practices; road traffic accidents; a reduction in biodiversity and,
hence, food items; lack of suitable nest sites in residential gardens; accidents caused by
garden tools; netting and other anthropogenic sources in residential gardens; badger
predation; and infections with pathogens and endoparasites [15,17,32,41–53].

Research exploring the potential causes of the decline and conservation initiatives to
protect this species in the wild should consider the role of potentially harmful chemicals.
Consequently, we consider it relevant to review the existing data on the occurrence of
xenobiotics and metals in hedgehogs. Thus, our objective was to provide an update on the
occurrence of organic xenobiotics and metals in hedgehogs, which may inspire and inform
future studies on exposure to xenobiotics and metals, including their effects in hedgehogs.

2. Materials and Methods

To produce this literature review, the Google Scholar and Web of Science (WOS) search
tools were used with these keywords: Erinaceus europaeus OR hedgehog AND a combi-
nation of 19 different search words, each entered separately, e.g., Erinaceus europaeus OR
hedgehog AND toxicology (toxicology OR ecotoxicology OR accumulation OR xenobiotics
OR bioindicator OR chemicals OR target screening OR non-target screening OR metals
OR pollutants OR rodenticides OR pesticides OR herbicides OR insecticides OR mollusci-
cides OR acaricides OR brominated flame retardants OR persistent organic pollutants OR
organochlorine compounds).

A total of 25 results were obtained, although some were unpublished conference ab-
stracts or reports mentioning the poisoning of hedgehogs without presenting concentration
levels or specific chemicals detected [29,30,54–76]. These studies used a variety of sam-
ple types from hedgehogs to detect chemical compounds such as rodenticides, persistent
organochlorine compounds, brominated flame retardants, metalloids, and metals. Figure 1
provides an overview of the different sample types and compounds studied.
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Figure 1. Overview of sample types used for research on xenobiotics in European hedgehogs. Ab-
breviations: brominated flame retardants (BFRs). Pesticides (rodenticides, insecticides, fungicides,
herbicides, and nematicides) analysed: rodenticides: warfarin, coumatetralyl, difenacoum, broma-
diolone, brodifacoum, flocoumafen. A total of 55 different insecticides, fungicides, herbicides, and
nematicides [65]. Organochlorine compounds analysed: polychlorinated biphenyls (PCBs), dichloro-
diphenyl-trichloroethanes (DDTs), hexachlorobenzene (HCB), octachlorostyrene (OCS), chlordane
(CHL), hexachlorocyclohexanes (HCHs). BFRs analysed: polybrominated diphenyl ethers (PBDEs)
and brominated biphenyl 153 (BB 153). Metalloids analysed: selenium and arsenic. Metals anal-
ysed: silver (Ag), aluminium (Al), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), iron
(Fe), mercury (Hg), magnesium (Mg), manganese (Mn), molybdenum (Mo), nickel (Ni), lead (Pb),
zinc (Zn).

3. Results

3.1. Insecticides, Fungicides, Herbicides, and Nematicides

In 2021, Schanzer et al. [65] published their research screening for 55 pesticides (in-
secticides, fungicides, herbicides, and nematicides) in livers from six hedgehogs, dying
at a wildlife rehabilitation centre in Germany. In these liver samples, the fungicides fen-
propimorph and tebuconazole, the insecticides dieldrin and permethrin, as well as the
metabolites fipronil sulfone (originating from the insecticide fipronil) and p,p’-DDE (orig-
inating from the persistent organic pollutant insecticide p,p’-DDT) were detected [65].
A data summary is provided in Table 1. Adding to these investigations of pesticides,
Luzardo et al. (2014) [75] detected six unspecified carbamate insecticides in liver samples
from six hedgehogs collected from wildlife poisoning episodes in 2010–2012. Additionally,
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a study reported one incidence of poisoning with the herbicide paraquat in a hedgehog in
the UK and one case of poisoning of a hedgehog with the rodenticide chlorophacinone in
France [72]. Carbamate insecticides and organophosphate insecticides were detected in one
hedgehog, and anticoagulant rodenticides were detected in two individuals in a study on
wildlife dying from suspected poisoning in Italy [73]. Gemmeke (1995) [76] experimented
with the dosage of metaldehyde in live hedgehogs to determine the risk of secondary
poisoning with metaldehyde. The author served 200 slugs poisoned with metaldehyde
to six adult hedgehogs. Of the six hedgehogs tested, four ate all, or close to all, of the
200 slugs served, and two ate 0 and 12, respectively. None of the hedgehogs were reported
to show any adverse symptoms, behavioural differences, or signs of poisoning. However,
Keymer et al. (1991) [77] diagnosed metaldehyde poisoning in three dead hedgehogs col-
lected from the UK between 1976 and 1986, and detected concentrations of up to 80 mg/kg
of acetaldehyde (a by-product and metabolite of metaldehyde).

Table 1. Results from the screening for insecticides, fungicides, herbicides, and nematicides in liver
samples from German hedgehogs by Schanzer et al. (2021) [65]. The sampling material was six livers
from German hedgehogs dying in care, and they were analysed by gas chromatography coupled to
tandem mass spectrometry (GC-MS/MS).

Compound Pesticide Type Levels Detected μg/g Frequency of Positives % Frequency of Positives N/n

p,p’-DDE Metabolite of the insecticide
p,p’-DDT 0.001–0.22 50 3/6

Fenpropimorph Fungicide 0.0005–0.002 66.67 4/6

Fipronil sulfone Insecticide 0–0.05 100 6/6

Tebuconazole Fungicide 0–0.008 33.33 2/6

Dieldrin Insecticide 0.003–0.0031 16.67 1/6

Permethrin Insecticide 0.007–0.0073 16.67 1/6

3.2. Rodenticides

Rodenticides are widely used and are known to accumulate within food chains,
posing a threat to the survival of birds of prey and predatory mammals [78]. Given that
the hedgehogs’ natural diet includes vertebrate cadavers [20–24], scavenging on poisoned
rats and mice is not an uncommon behaviour for hedgehogs, potentially causing secondary
poisoning with rodenticides. Furthermore, hedgehogs may also scavenge on carcasses
of predatory species preying on rodents or ingest rodenticide pellets directly, if these are
accessible to the hedgehogs in, e.g., bait boxes with holes large enough to fit a hedgehog
head or by spreading the pellets directly on the ground [79–81]. Rodenticides are also
detected in non-target invertebrates such as beetles and slugs [82,83], which constitute a
considerable proportion of the natural diet of hedgehogs [22,23].

The occurrence of rodenticides in hedgehogs has been examined in a few studies
described in this section. Dowding et al., 2010 [60] analysed 120 livers from hedgehogs
dying in care in the UK for first-generation anticoagulant rodenticides (FGAR) and second-
generation anticoagulant rodenticides (SGAR). They detected rodenticides in a total of
67% of the samples (Table 2), with a low detection frequency of flocoumafen (1/120) and
the highest detection frequency of difenacoum (57/120). Detectable levels of rodenticides
in liver samples from European hedgehogs ranged from 0.03 to 0.25 μg/g wet weight
(Table 2). Lopéz-Perea et al. (2015) [70] screened for six anticoagulant rodenticides in
liver samples from 48 hedgehogs dying in care in Spain in 2011–2013. The results showed
a detection frequency ranging from 0% (warfarin) to 50% (brodifacoum), with anticoag-
ulant rodenticides detected in 28 out of 48 individuals and a total mean concentration
of 0.122 μg/g anticoagulant rodenticides detected per individual [70]. A study of livers
from two hedgehogs from Spain, dying of suspected poisoning at a wildlife rehabilitation
centre in 2005–2010, screened for six different rodenticides [64]. The screening detected
bromadiolone (N = 2/2, mean 0.026 μg/g wet weight, range 0.013–0.049 μg/g wet weight)
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and brodifacoum (N = 1/2, mean 0.092 μg/g wet weight). A conference poster, presenting
a study screening for anticoagulant rodenticides in six hedgehogs from Scotland collected
in 2003–2013, showed a detection range of 33% and a median residue of 0.047 μg/g for
unspecified anticoagulant rodenticides [69].

Based on the high levels of rodenticides detected in some of the hedgehogs,
Dowding et al. (2010) [60] suggested that lethal poisoning by rodenticides was likely to oc-
cur in some hedgehogs. In the study by Sánchez-Barbudo et al. (2012) [64], it was described
that, in the wildlife carcasses chosen for rodenticide screening, death was suspected to have
occurred from poisoning by anticoagulant rodenticides due to discernible haemorrhages
detected during necropsies, which presumably then also applied to the hedgehog carcasses
included in the study, suggesting that the concentrations of rodenticides found in the
two individuals were lethal. Rasmussen et al. (2019) [15] used radio tracking to monitor
independent juvenile hedgehogs in the suburbs of Copenhagen (Denmark) and found
one suspected case of lethal rodenticide poisoning, but the carcass was in an advanced
state of decay when retrieved, preventing a chemical analysis of rodenticides. In New
Zealand, where the European hedgehogs introduced are considered pests, publications
have described how hedgehogs are efficiently controlled with rodenticides through the
application of aerial baits and bait stations containing sodium fluoroacetate (1080) [66],
which is not approved for use in European countries [84], and brodifacoum [67,68]. In one
of these studies, 32 of the targeted hedgehogs were found dead and later confirmed as
having been poisoned [68]. In a study conducted under laboratory conditions to investigate
blood coagulation factors and the effect of warfarin, ten hedgehogs were injected with
0.4 mg/kg body weight warfarin on three consecutive days [71]. No individuals died, but
the effect was a large decrease in coagulation factor activity after warfarin treatment [71].
However, even if the rodenticide doses analysed in the studies in Table 2 may not be lethal
for the hedgehogs, repeated exposure, or a certain bioaccumulation, has the potential to
cause different toxicological effects, which may compromise the fitness and survival of the
hedgehogs. With detection frequencies of rodenticides reaching up to 99% in predatory
species [81] and >90% in slugs [85], the secondary exposure to rodenticides in hedgehogs
through the ingestion of poisoned prey could potentially lead to an even higher prevalence
in hedgehogs than the 67% found by Dowding et al. (2010) [60].
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3.3. Organochlorine Compounds

Many of the organochlorine compounds that have been detected in hedgehogs are
regulated by the UN Stockholm Convention on persistent organic pollutants (POPs), which
covers chemicals that are persistent, bioaccumulative, toxic to humans and wildlife, and
can be transported over long distances [86].

The compounds that have been analysed in hedgehogs include polychlorinated biphenyls
(PCBs), dichloro-diphenyl-trichloroethane (DDT and its metabolites), hexachlorobenzene
(HCB), octachlorostyrene (OCS), chlordane (CHL), and hexachlorocyclohexanes (HCHs).
All of these compounds, except OCS, are considered POPs according to the UN Stock-
holm Convention.

They were originally synthesised for industrial purposes (e.g., PCBs,) or as agrochemi-
cals (DDT, chlordane, lindane (an HCH isomer)), while octachlorostyrene mainly forms
unintentionally [87]. A common characteristic of these organochlorine compounds is their
hydrophobic and lipophilic nature, leading them to bind strongly to solids such as organic
matter in soil and aquatic systems and accumulate in fatty tissues of the organisms exposed
to the chemicals. Lipolysis triggered by exercise can release PCBs from adipose tissue
into the bloodstream [88]. As a result, the concentration, distribution, and metabolism of
PCBs in plasma can differ significantly among individuals due to variations in lifestyle
and behaviour.

Polychlorinated biphenyls can biomagnify [89], which has caused concern about
their impact on organisms, especially on those higher up in the food chain. Exposure
to organochlorine compounds can result in severe health effects, including specific can-
cers [90,91], birth defects, compromised immune function [92], and reproductive system
dysfunction [93–96]. Additionally, it may lead to increased susceptibility to diseases [97]
and damage to both the central and peripheral nervous systems [86]. Due to potential
synergistic effects, it is challenging to determine the ecotoxicological influence of POPs, as
a range of different POPs typically co-occur and accumulate simultaneously in biota due to
their omnipresence in the environment [89].

As hedgehogs are ground-dwelling mammals, feeding on earthworms [13], they
frequently come into close contact with soil, where hydrophobic organochlorines tend to
accumulate, and are therefore also potentially exposed to POPs from this particular source.

Hedgehog muscles, fat, hair, livers, and kidneys have been used to study the accumu-
lation of these organochlorine compounds [30,54–56] (Table 3 and Figure 1).

With sample sizes ranging from 6 to 77 individuals and sampling taking place in
Belgium, the Netherlands, and Italy in 1994–2008, the different studies found a high detec-
tion frequency of organochlorine compounds in hedgehog samples in general, reaching
close to 100% or 100% in many cases (Table 3), with a few exceptions in the hair samples.
The occurrence in hair samples appears to be lower compared to the other sample types
such as the liver, kidneys, fat, and muscle, which may be explained by the fact that these
compounds accumulate in fatty tissues. The levels varied between not detected up to
31,780 ng/g dry weight and 0.1–2.8 ng/mL wet weight in blood samples. Furthermore, but
not included in Table 3, the organochlorine compound p,p’-DDE (a metabolite of p,p’-DDT)
was detected in three out of six hedgehog livers from Germany at concentrations ranging
from 1.03 to 22.23 ng/g [65].

D’Havé et al. (2006a) [30] targeted the PCB congeners 28, 31, 74, 95, 99, 101, 105, 110,
118, 128, 138, 149, 153, 156, 163, 170, 180, 183, 187, 194, and 199 in their analyses. They
found that the majority of PCB congeners in all the tissues were PCBs 153, 138/163, and
180, with a joint mean concentration of 53–63% out of the total PCB concentration in each
tissue analysed.

D’Havé et al. (2007) analysed the PCB congeners 28, 31, 74, 99, 101, 105, 110, 118, 128,
138, 149, 153, 156, 170, 180, 183, 187, 194, and 199 in the hair samples from hedgehogs
tested in the study. They found that PCB 118, PCB 138, and PCB 153 were dominant in the
hair samples.
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Vermeulen et al. (2010) [54] targeted the PCB congeners 99, 101, 118, 138, 153, 156,
170, 180, 183, and 187. Except for PCB 101, all the congeners were detected in the blood
and hair samples used in the study, but PCB 118, PCB 138, PCB 153, and PCB 180 were
dominant, which is in agreement with the studies by D’Havé et al. and generally presented
a group of the most bioaccumulating PCB congeners. Alleva et al. (2006) [56] found that
European hedgehogs had the highest levels of PCBs of the mammal species analysed in the
study (mean ± SE: 6430 ± 4330 ng/g weight) and that this level was equivalent to those
of insectivorous bird species, whereas the levels of fish- and small-mammal-eating bird
species were considerably higher (see Table 1 in Alleva et al. (2006) [56] for an overview
of the species included in the study). The authors suggested that the lower concentration
of organochlorine compounds found in mammals compared to fish- and mammal-eating
birds is due to the fact that mammals metabolise organochlorine compounds more readily
than birds [98]. They also argued that the higher levels detected in the insectivorous species
in general compared to, e.g., herbivorous species could be caused by the direct poisoning of
their prey with organochlorine pollutants. Other factors to consider in the interpretation of
POPs in wildlife is the sex differences found in species like the polar bear [99] and striped
dolphin [100]. The POPs tend to accumulate in fat tissue, exhibiting a notable distinction
between males and females in terms of a generally lower BMI index in males with more
muscle mass compared to fat tissue [101]. In periods of stress, where an animal is starving,
the fat is metabolised, and the accumulated POPs are then transferred from the fat to
the blood stream [102,103]. However, females offload POPs via pregnancy and lactation,
especially in species like the polar bear with high-nutrition milk (between 27.5 and 35.8%
fat) [104,105]. However, the fat percentage in the mother’s milk of European hedgehogs is
only 10% [14], which may therefore not have a similarly strong effect on the levels of POPs
detected in female versus male hedgehogs. In comparison, Chu et al. (2003) [74] found that
OCS concentrations in the fat tissue of the hedgehogs (mean 0.34 ng/g ww, n = 5) were
similar with levels in the liver (mean 0.39 ng/g wet weight, n = 10), whereas mean HCB
levels in the fat tissue (mean 20.08 ng/g lipid weight, n = 5) were markedly higher than
in the liver, kidney, and muscle tissue (means ranging from 0.09 to 5.03 ng/g wet weight,
n = 10–11) analysed.

3.4. Brominated Flame Retardants (BFRs)

Several families of BFRs have been listed as POPs in the UN Stockholm Convention,
including polybrominated diphenyl ethers (PBDEs) and hexabromobiphenyl (HBB) [86].
They were listed later than the most prominent organochlorine compounds, such as PCBs
and DDT. HBB and two technical PBDE mixtures, Penta- and OctaBDE, were regulated
in 2009, while the third technical PBDE product, DecaBDE, was added to the Stockholm
Convention in 2017.

PBDEs and polybrominated biphenyls (PBBs) are two classes of BFRs, which have been
used to improve the fire safety of synthetic polymers used in, e.g., electronic equipment,
cars, building materials, and textiles [106,107]. The described toxic effects of these BRFs
in vertebrates are developmental neurotoxicity, altered thyroid hormone homeostasis,
liver conditions (hepatotoxicity), limb deformities in foetuses, and carcinogenic effects
(tumours) [108,109]. Two studies so far have analysed the occurrence of PBDEs and the
hexabrominated biphenyl BB 153 in hedgehogs [54,61] (Table 4).

Using fat, hair, kidney, liver, and muscle samples from individuals collected in Belgium
and the Netherlands, with samples sizes ranging from 6 to 44, BB 153 and PBDEs were
detected in all the samples, with median values of <0.10 ng/g wet weight for BB 153 and
1.2–9.5 ng/g wet weight for ∑PBDE.
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D’Havé et al. (2005b) [61] reported a positive correlation between BFRs in hair and
organs when considering the sum of PBDEs, concluding that hair can be used as a non-
invasive alternative to organs for the monitoring of PBDE accumulation in hedgehogs. The
chosen PBDE congeners 28, 47, 99, 100, 153, 154, and 183 were detected in all the sample
types from the hedgehogs (hair, liver, kidney, muscle, and fat tissue) [61]. Except for the
hair samples, the PBDE pattern in hedgehogs was dominated by the PBDE 47, followed
by PBDEs 153 and 99. Compared with other species of wildlife, the most common PBDE
congeners found in a selection of terrestrial herbivorous mammals (rabbits, moose, and
reindeer) were BDEs 47, 99, and 100 [110], but, in predatory bird species, BDE 153 was
the predominant congener [111,112]. These differences in the detection patterns of PDBEs
between the terrestrial wildlife species may be explained by species-specific differences in
PBDE metabolism and accumulation as well as food preferences, as hedgehogs and birds
of prey are positioned at a higher trophic level than herbivorous species, causing diets and
metabolisation to differ [112]. Furthermore, different studies were conducted in different
decades, and the composition of PBDE mixtures may have changed during that period,
exposing wildlife to different congeners.

3.5. Metals

Research has indicated that insectivores have a greater risk of metal intoxication
compared to other small mammal species like rodents [26,27]. As hedgehogs prey on a
variety of insect species, earthworms, and slugs [22], all of which are known to accumulate
high metal levels [28], they are likely exposed to metals during foraging.

Some metals are essential and therefore occur naturally in vertebrates such as hedge-
hogs [12]. These include sodium (Na), potassium (K), magnesium (Mg), calcium (Ca),
iron (Fe), manganese (Mn), cobalt (Co), copper (Cu), zinc (Zn), and molybdenum (Mo),
and it is currently also accepted that metal elements such as chromium (Cr) and nickel
(Ni) should be included in that category, as vertebrates show certain deficiency symptoms
when these metals are absent or in low concentrations [12]. Therefore, being mindful
of this, distinguishing between naturally occurring low levels and elevated toxic levels
remains important when interpreting results from chemical screening and detection of
metals in hedgehogs.

In our literature search, we found six studies that investigated the presence of metals
in hedgehogs, using sample material ranging from hair; spines; and tissues such as kidney,
liver, fat, and muscle to blood [29,56–59,63]. The metals tested were silver (Ag), aluminium
(Al), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), mercury (Hg),
magnesium (Mg), manganese (Mn), molybdenum (Mo), nickel (Ni), lead (Pb), and zinc
(Zn) (see Supplementary Materials for an overview).

The detection of metals was based on samples of blood, spines, livers, muscles, kid-
neys, hair, and fat, with sample sizes between 7 and 83. The levels detected (blood
samples excluded) were Ag (ND–0.62 μg/g, mean ND–0.12 μg/g), Al (ND–230 μg/g,
mean 8–76 μg/g), Cd (ND–337 μg/g, mean 0.04–45.17 μg/g), Co (ND–1366 μg/g, mean
0.01–0.99 μg/g), Cr (0–30.9 μg/g, mean 0–5.4 μg/g), Cu (0.2–200 μg/g, mean 1.8–64 μg/g),
Fe (ND–2849.76 μg/g, mean 22.94–2339 μg/g), Hg (0.19 μg/g, mean 0.06 μg/g), Mg
(46.33–1086.24 μg/g, mean 144.88–731.04μg/g), Mn (ND–31.11μg/g, mean 1.85–6.33 μg/g),
Mo (ND–5.12 μg/g, mean ND–2.55 μg/g), Ni (ND–35 μg/g, mean 0.07–0.73 μg/g), Pb
(ND–31.5 μg/g, mean 0.54–10.9 μg/g), and Zn (0.1–7.47 μg/g, mean 0.06–228.97μg/g).

Including information on the age of the individuals in their study, Rautio et al. (2010) [57]
found significant increases in the levels of several metals (Cd, Mo, Cu, Fe, Mn) with increasing
age, although this depended on the tissue types analysed, suggesting an age-related bioac-
cumulation of metals in hedgehogs. This was supported by Jota Baptista et al. (2023) [63],
showing that concentrations of Cd and Co were significantly lower in juvenile compared to
adult individuals. At present, it appears that no values describing physiologically normal
concentrations of essential metals exist for European hedgehogs, which complicates an
interpretation and discussion of the concentrations of essential metals in hedgehogs. How-
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ever, Jota Baptista et al. (2023) [63] detected biliary hyperplasia in 16 of the 45 hedgehogs
examined, concluded that concentrations of metals were higher in individuals with this con-
dition, and suggested that heavy metals and metalloids may be the primary contributing
factor causing biliary hyperplasia in hedgehogs.

3.6. Selenium and Arsenic Metalloids in Hedgehogs

Selenium is an essential trace element and has several important functions in the
metabolism of animals, e.g., as an antioxidant constituting a component of glutathione
peroxidase (GSHPx), assisting in intracellular defence mechanisms against oxidative dam-
age [113]. However, selenium poisoning, or selenosis, has been described in production
animals through conditions called “blind staggers” and “alkali disease” [114], causing
impaired vision, ataxia, and deformities in nails, hooves, and hair [114–116]. However,
research also suggests that selenoproteins and other selenium metabolites are important in
regulating immune function and reducing cancer risk [117]. Selenium deficiency is known
to cause a range of health conditions in vertebrates [118,119], which is why selenium is
used extensively in fertilizers, especially as an enrichment of livestock feed crops [120].
Natural sources of selenium include marls, gypsum, volcanic eruptions, sea spray, and the
weathering of rocks and soils containing selenium. Anthropogenic sources, constituting
the majority of the influx of selenium to the environment, include mining, agriculture, coal
combustion, insecticide production, oil refining, photocells, and glass production [119].
Industrial and agricultural activities are the dominant anthropogenic sources of selenium
pollution in, e.g., soil and drinking water [119].

Arsenic is a widespread element occurring worldwide [121], which originates from
natural geogenic sources, as it is a major constituent of more than 245 minerals [122], and
from anthropogenic sources. Anthropogenic activities contribute three times as much as
natural sources to the accumulation of arsenic in the environment [122]. Out of these,
industrial effluents constitute the largest contribution. Most of the arsenic is used for the
preservation of wood, but the manufacturing of paints, dyes, ceramics and glass, electronics,
pigments, and antifouling agents also include arsenic. Agricultural inputs from chemicals
such as insecticides, herbicides, desiccants, and fertilizers are a major source of arsenic in
soils. Insecticidal products containing arsenic have previously been used extensively for
the treatment of ectoparasites in livestock [123].

Arsenic appears in several chemical forms, all with different degrees of toxicity. In-
organic forms of arsenic (arsenite and arsenate) are more toxic, while methylated forms
(methylarsonate (MMA) and dimethylarsinate (DMA)) are moderately toxic [121]. Other
arsenic species, like trimethyl-arsine oxide (TMAO) and tetramethyl-arsonium (TETRA) are
also considered moderately toxic. By contrast, the forms arsenobetaine (AsB), arsenocholine
(AsC), and other arsenosugars (AsS) appear to have low or very low toxicity [124]. The
toxicity caused by arsenic exposure is linked to an imbalance between pro-oxidant and
antioxidant homeostasis, which results in oxidative stress [125]. The general mechanism
behind the toxic effects of arsenic is the oxidative deterioration of polyunsaturated fatty
acids, a process known as lipid peroxidation [126]. Research on the health aspects of arsenic
exposure has revealed how chronic exposure may cause cancer in the skin, lungs, bladder,
and liver [127].

Given the potential toxicity of arsenic and selenium exposure, and the presence
of these metalloids in the soil and water, it is relevant to explore the occurrence and
bioaccumulation of these compounds in hedgehogs. Five different studies so far have
addressed the prevalence of the specific metalloids selenium [57] and arsenic [29,57–59,63]
in hedgehogs. Table 5 provides an overview of the findings.
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The sampling took place in Finland, Belgium, and the Netherlands in the years
2002–2006 and in Portugal in 2019–2021, with sample sizes ranging from 7 to 83 hedgehogs,
representing the sample types of hair, kidney, liver, spine, muscle, blood, and fat. For
selenium, the detection levels ranged between not detected to 11.36 μg/g dry weight, with
means ranging from 0.18 to 4.63 μg/g. Arsenic had detection levels from ND to 23.6 μg/g
in the hair, kidneys, livers, spines, muscles, and fat, with means ranging from 0.08 to
1.24 μg/g. In the blood samples, levels of arsenic ranged from 0.1 to 155.5 μg/mL. The
data presented in the studies unfortunately did not allow for a representation of detection
frequencies for the two metalloids.

Rautio et al. (2010) [57] found that selenium concentrations increased significantly
with increasing age in all the tissue types studied, suggesting a gradual accumulation
of this compound in hedgehogs with age. Jota Baptista et al. (2023) [63] described how
levels of arsenic were significantly lower in independent juveniles compared to adults and
dependent juveniles.

4. Discussion

4.1. More Research on Exposure to Xenobiotics

Hedgehogs are increasingly inhabiting areas of human occupation [15–19], such as
residential gardens and urban parks, where they navigate through dense shrubberies,
flower beds, vegetable gardens, and open green spaces. Facilitated by their short stature,
rarely reaching > 15 cm in height, they may be exposed to many sources of herbicides
and insecticides, as they come into close contact with plants during foraging, in addition
to consuming prey items living and feeding on these plants, which are then targeted by
insecticides [20,22,23,128]. Dietary studies have also revealed remnants of plants and fruit
in the stomachs of hedgehogs, although it is unknown whether they intentionally fed on the
plants or whether they were ingested during an attempt to catch prey items positioned on
the plant material [13,20]. The use of insecticides in residential gardens serving to eliminate
species of, e.g., ants and aphids, is common. Hedgehogs may be exposed to insecticides
through foraging on poisoned prey items but also by moving through treated shrubs and
areas (in the case of aerosol or liquid insecticidal products) or by ingesting the poison
through oral intake, if the poison is placed in the open.

Hedgehog populations in rural areas appear to face the highest decline [37,39], in-
cluding agricultural landscapes, with a possible pathway of exposure during foraging to
herbicides and insecticides used in cultivated fields [129].

Hedgehogs admitted into care at a wildlife rehabilitation centre may furthermore
become exposed to insecticides through flea treatments in cases where their ectoparasite
burdens have become extensive enough to cause a reduction in fitness, such as anaemia,
requiring treatment. Evidence from wildlife rehabilitation centres has led to a general
consensus among hedgehog rehabilitators and veterinarians treating hedgehogs that per-
methrin is likely lethal to hedgehogs, as it is to cats [130], with its documented critical effect
concentration (PNEC) of 120 mg permethrin/kg food for small mammals [131] and an
oral lethal dose of 50 (LD50) for rats of 480 mg permethrin/kg bodyweight [131], with an
estimated LD50 of 480 mg permethrin/kg bodyweight for mammals in general, in case of
primary poisoning [132]. But are hedgehogs otherwise exposed to insecticides intended
for the treatment of ectoparasites in pets? As these substances are excreted from dogs and
cats through urine and faeces [133–135], there is a risk that hedgehogs may come into close
contact with the compounds, as they sometimes cover themselves in faeces from dogs and
cats, likely as an attempt to disguise their own smell for predators. Furthermore, sharing
sources of fresh water with pets could also lead to an exposure of insecticides used for
treatment against endoparasites, if a dog swims or rolls in a small puddle or a lake or
stream from which the hedgehog drinks, as a range of the products against ectoparasites
are nowadays “spot on” products, which are applied directly onto the skin and fur of the
pets [136]. Schanzer et al. (2021) [65] detected permethrin in one individual and a metabo-
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lite of fipronil in all of the six hedgehogs analysed, which may indicate that exposure to
insecticidal treatments for ectoparasites in cats and dogs is widespread in hedgehogs.

4.2. Food and Waterborne Contaminants

As hedgehogs are frequently offered supplementary feeding with commercial cat
food in residential gardens [137], it would also be relevant to analyse cat food for different
potentially toxic compounds, as recent research discovered that perfluoroalkylated sub-
stances (PFASs) were found, especially in organic chicken eggs, likely due to the addition
of fish meal in commercial chicken feed [138,139]. Fish meal is also a common ingredient in
commercial cat and dog food [140], which may cause PFASs to accumulate in hedgehogs
feeding on these products, in addition to the exposure of PFAS from other sources, such
as contaminated sites and wastewater [141]. Even though the toxic effects of PFASs are
currently unknown for hedgehogs, previous research indicates negative health impacts of
the bioaccumulation of PFASs in wildlife, e.g., a significant association between infectious
diseases and elevated concentrations of perfluorooctanesulfonate (PFOS) and perfluorooc-
tanoic acid (PFOA) in the livers of southern sea otters (Enhydra lutris nereis) [142].

Municipal wastewater is well known to contain a range of xenobiotics, including
pesticides, PFAS, and flame retardants but also pharmaceutical products [143], excreted
through urine and faeces from their human users. Sewage sludge is also a common fertiliser
that contains a range of compounds such as heavy metals [144], pharmaceuticals [145], and
pesticides [146]. The same applies to manure from livestock treated with different types
of medical drugs. When sludge or manure is spread as fertilisers on the fields in which
hedgehogs forage, a possible exposure pathway for hedgehogs is created. Furthermore,
there may also be residues of pesticides, PFAS, pharmaceuticals, and other pollutants in
the plain drinking water [147] provided for hedgehogs in people’s gardens in, e.g., ponds
and water bowls.

4.3. Non-Target Screening

Traditionally, analytical chemistry applies trace-level chemical analytical methods for
a specific type of sample and group of substances. This form of targeted analysis is used
for the identification and quantification of specific compounds, especially at low levels.
However, target analyses only identify compounds that have been defined in advance,
potentially overlooking other compounds with toxic potential. New analytical techniques,
such as non-target screening based on high resolution mass spectrometry (HRMS), offer a
possibility to scan for unknown compounds in a sample (e.g., Hollender et al. (2017) [148]).
HRMS can be coupled with different types of chromatographic separation methods, i.e.,
liquid chromatography (LC) and gas chromatography (GC), for polar and non-polar com-
pounds, respectively. Thus, a combination of both will be required to cover a broad
spectrum of organic chemicals [149]. Following the recording of high-resolution mass
spectra, bioinformatic analysis is applied to identify the compounds via comparisons with
mass spectra libraries. Non-target screening would be a useful complementary approach
for research on xenobiotics in hedgehogs, as it would allow for a more comprehensive
screening of substances in hedgehog samples, providing insights into potentially over-
looked compounds. If analytical standards are available for the identified compound, a
target method for quantification can be developed as a second step. Due to the potentially
high number of chemicals hedgehogs can be exposed to, we would like to advocate for the
use of non-target screening in future studies on xenobiotics in hedgehogs.

4.4. The Health- and Age-Related Effects of the Occurrence of Contaminants in Hedgehogs

So far, research has primarily focused on quantifying the extent of contaminants in
hedgehogs, detecting levels and frequencies of toxic, and potentially lethal, compounds
but has, until recently (2023), not related these exposure levels to health effects in hedge-
hogs. However, Jota Baptista et al. (2023) [63] detected biliary hyperplasia in 16 of the
45 dead hedgehogs examined in their study and concluded that concentrations of metals
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were higher in individuals with biliary hyperplasia. We encourage future studies to in-
vestigate the potential toxicological effects of the widespread occurrence of rodenticides,
organochlorine compounds, and BFRs in this declining species and expand this to currently
understudied compounds, such as insecticides and PFAS. Since hedgehogs are exposed to
multiple compounds at the same time, their combined effects will be relevant to address as
well. Rautio et al. (2010) [57] found evidence of an age-related increase in concentrations of
different metals (Cd, Se, Mo, Cu, Fe, and Mn) in hedgehogs, which is also a relevant subject
in need of further study, including the health effects of bioaccumulation of multiple metals,
especially given the fact that European hedgehogs have the potential to reach 16 years of
age [25].

4.5. Selecting the Relevant Sample Types

The published studies investigated in this review used different approaches and
sample types for studying the occurrence of xenobiotics and metals in hedgehogs, including
spines, hair, muscles, fat, livers, kidneys, and blood (Figure 1). Depending on the compound
in focus, its physical–chemical characteristics, and physiological processes, some sample
types seemed more representative than others. As an example, Vermeulen et al. (2009) [58]
found that the levels of As, Cd, and Pd were correlated in the hair, spines, and blood, but,
by contrast, this did not apply to Al, Cr, Cu, Fe, Mn, Ni, or Zn. D’Havé et al. (2006B) [29]
discovered the highest concentrations of metals in internal tissues compared to the hair
and spines, with Ag, Fe, Pb, and Zn concentrations being dominant in the livers, and
Cd and Co measured in the highest levels in liver and kidney tissue. Furthermore, the
authors concluded that external tissues, such as the hair and spines, may accumulate
substantial concentrations of certain metals (Al, Cr, Cu, and Ni) and As. They recorded
the highest concentrations for Al in spines, while As was predominant in the hair and
spines. Rautio et al. (2010) [57] found that As, Cd, and Se concentrations were the highest
in the kidneys, compared to Fe, Mg, Mn, Mo, Pb, and Zn, which were the highest in the
livers, and Cu and Ni levels being the highest in the hair. In this study, there was a general
tendency for the concentrations of the chemical compounds investigated to be lower in
spine samples compared to samples from internal organs [57]. Lipophilic compounds
typically accumulate in lipid-rich tissues, and the concentrations of liposoluble toxicants
may vary due to morphological and behavioural differences between the sexes.

We encourage harmonised approaches for monitoring purposes, including an align-
ment of protocols regarding tissue types selected for analyses and sampling techniques,
as well as quality control measures for the harmonisation of analytical methods. These
combined efforts would improve the comparability of the results. However, while the
standardisation of tissue types is important, there is also a need for analyses of different
organs and tissues to improve the toxicokinetic understanding of xenobiotics and metals
in hedgehogs.

4.6. Non-Destructive Measures and Hibernating Mammals as Bioindicators

Several of the research papers reviewed suggest that hedgehogs may serve as potential
bioindicators for studies on the presence and accumulation of different environmental
pollutants, as they share habitats with a wide range of vertebrates, and their spines appear
to be a valuable and non-invasive sample type for the analysis of selected chemicals.
However, for a correct interpretation of the detection of chemical compounds, a better
understanding of the metabolism of contaminants in hedgehogs would be useful. It should
also be considered that the direct causes of exposure to chemicals in humans and hedgehogs
are not necessarily identical even though they share habitats, as humans generally do not
tend to eat insects in Europe. Instead, humans may eat the same plants as the insects, which
are then consumed by the hedgehogs. However, signals of potentially harmful compounds
in hedgehog samples may indicate exposure sources in specific areas that would benefit
from closer investigation to prevent or reduce exposure to other species.
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Using spines from hedgehogs may serve as an important non-invasive alternative to
traditional organ analyses of sacrificed animals [150]. The spines can be collected through
a non-invasive method, as they do not contain any nerves [13], and can be sampled very
rapidly with a minimum duration of handling, potentially only causing a low degree of
acute stress to the hedgehog being sampled [151]. However, it should be considered that
the concentrations and chemical compounds found in spines are not necessarily directly
comparable to those found in organs [57,58]. Additionally, the use of dead hedgehogs for
research collected by volunteers in the wild is also widely applied, and citizen science
projects like The Danish Hedgehog Project have provided large numbers of samples from a
wide range of habitat types for a variety of different research purposes [25,47,48,50,51]. The
public adoration of hedgehogs makes large-scale citizen science projects possible, where the
use of dead hedgehogs collected in the wild could also serve as a non-invasive sampling
technique for future studies of xenobiotic exposure and ecotoxicology.

In contrast to actively wintering small mammals that are forced to increase their food
intake during colder temperatures, potentially leading to a higher exposure of pollutants
during the winter, hedgehogs hibernate for up to six months a year in most of their
geographical distribution [13,14]. This may influence the accumulation of xenobiotics in
their tissues. The potential lack of metabolisation of different chemical compounds during
the state of torpor in hedgehogs could perhaps affect the levels detected in hedgehogs
compared to non-hibernating species. Additionally, they are also likely to be affected
by “delayed toxicity” through the metabolisation of adipose tissue with accumulated
pollutants during hibernation.

Therefore, we advocate for research investigating these potential influences on the
levels of xenobiotics and metals detected in hedgehogs compared to other small mammal
species, enabling a more robust comparison between future studies with hedgehogs utilised
as bioindicator species.

5. Conclusions

This review aimed to provide a comprehensive overview of the available studies
screening for xenobiotics and metals in hedgehogs. Our findings revealed that a vast range
of different pesticides, POPs, including organochlorine compounds and BFRs, metals, and
metalloids, could be detected in samples from hedgehogs collected from different locations
throughout Europe. In some cases, the compounds reached lethal concentrations, causing
fatal poisoning in hedgehogs, and, in other cases, adverse health impacts, such as biliary
hyperplasia, were described in the poisoned hedgehogs. Since some studies included
animals that had died from poisoning, it is important to note that these might present a bias
towards high concentrations, rather than representing general exposure levels. Moreover,
given the lack of information on lethal doses for European hedgehogs, the interpretation of
the concentrations of xenobiotics and metals present in the hedgehogs with regard to toxic
effects is challenging and restricts us to drawing conclusions about the presence of these
compounds in the hedgehogs.

Because we share habitats, toxicological screenings of hedgehogs could also indicate
the potential exposure of xenobiotics to other terrestrial vertebrates. Hedgehogs are ground-
dwelling mammals, feeding on a range of insects, slugs, snails, and earthworms and
thereby come into close contact with contaminants present in the soil. They also feed on
carrion, potentially accumulating compounds found in higher levels of the food chain from
apex predator species. Combined with the opportunity to apply non-invasive sampling
techniques through the collection of spines as sampling material, as well as the large
potential for citizen science projects collecting dead hedgehogs in the wild, the European
hedgehog should be regarded as a relevant bioindicator species. Furthermore, hedgehogs
are declining in Europe, and insights gained through research on the role of xenobiotics
and heavy metals in this decline will help inform future conservation actions directed at
this species.
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Due to this important potential, we advocate for more research into the exposure
to and potential bioaccumulation of xenobiotics and metals in hedgehogs with a stan-
dardisation and harmonisation of sampling techniques, sample types, and methods of
analysis in future studies, which would be imperative for facilitating robust comparisons.
Additionally, incorporating non-target screening techniques will enable the detection of
hitherto overlooked relevant and potentially toxic substances.
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Occurrence and Characteristics of Cut Injuries in Hedgehogs in
Germany: A Collection of Individual Cases

Anne Berger

Leibniz Institute for Zoo and Wildlife Research, Alfred-Kowalke-Straße 17, 10315 Berlin, Germany;
berger@izw-berlin.de

Simple Summary: The European hedgehog is a protected species, but its populations are declining
across Europe. This decline has various causes, such as lack of food, habitat loss and fragmentation
or life-threatening injuries caused by human activities. Hedgehog rescue centres increasingly report
hedgehogs found with severe cuts, presumably caused by garden tools. Responsibility for hedgehog
injuries caused by robotic lawnmowers and possible technical or political solutions to prevent such
injuries are currently being discussed between wildlife conservationists, mower manufacturers and
politicians. This discussion has so far lacked basic data on the extent of cutting injuries in hedgehogs.
In this study, data on hedgehogs with cut injuries were collected throughout Germany in order to
gain an impression of where, when and how frequently these injuries occur. The number of reporting
hedgehog care centres and thus the number of hedgehogs reported per federal state varied highly.
Out of the total of 370 injured hedgehogs reported, at least 60% were found over 12 h after the
accident and at least 47% did not survive as a result of the injury. Overall, this study shows that
cutting injuries caused by garden maintenance equipment pose an additional lethal danger to this
declining, protected wildlife species.

Abstract: The number of European hedgehogs (Erinaceus europaeus) is in long-term decline across
Europe. Recently, an additional threat to hedgehogs’ lives has been cutting injuries caused by garden
care equipment, but to date, there have been no reliable data on their spatial and temporal occurrence
as well as characteristics such as mortality rate. Usually, found injured hedgehogs are admitted to
care centres. In this study, data on hedgehogs with cutting injuries were collected from care centres
throughout Germany. Over a period of 16 months, data on a total of 370 hedgehogs with cut injuries
were reported by 71 care centres. At least 60% of these hedgehogs were found more than 12 h after the
accident and at least 47% did not survive as a result of the injury. The comparatively high mortality
rate coupled with a possible high number of unreported cases of hedgehogs with laceration injuries
show that these accidents pose an additional, serious danger to hedgehogs, both impacting the
welfare of individual animals and having a broader effect on the conservation potential of this species.
Moreover, the data collected objectify the current discussion on the need for possible technical or
political solutions to prevent such injuries.

Keywords: European hedgehog; Erinaceus europaeus; rehabilitation centre; cut injuries; mortality rate;
wildlife conservation; human–wildlife conflict; animal suffer; animal welfare

1. Introduction

The West European hedgehog (Erinaceus europaeus, hereafter referred to as “hedgehog”)
is a solitary, nocturnal insectivore and is one of the most popular and well-known wild
animals among the general population [1]. People’s interest in these animals is probably
due to the fact that they are often found in close proximity to humans. Human habitations,
especially gardens, have structures that are particularly attractive to hedgehogs, such as a
high proportion of green areas, bushes or additional sources of water and food [2]. Despite
their high popularity, hedgehog populations have experienced a serious and continuous
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decline in recent decades [3–7], especially in rural areas [8,9]. Reasons for this decline
include habitat loss and fragmentation [9–11], reduced food availability, partly due to
the use of pesticides and insecticides [12,13], in some areas, also intra-guild predation
by badgers [8,14–16] and possible climate-related effects [17]. Moreover, there are often
various fatal accident hazards to which hedgehogs are exposed, such as road traffic or
entanglement in garbage [18–20].

Hedgehogs are subject to protection in large parts of Europe; in Germany, they are
specially protected wild animals that cannot be hunted and may not be caught, injured
or killed [21]. However, the law does grant one exception to the ban on possession: it
states that injured, helpless and/or sick animals may be taken into human care in order
to nurse them back to health. As soon as the hedgehogs are able to maintain themselves
independently, they must be released into the wild immediately. Caring for sick, injured
or orphaned wild animals and their preparation for release back into the wild are usually
carried out in wildlife rehabilitation centres. The rehabilitation of wild animals requires
large investments of time, personnel and money [22] and therefore it is often important to
ask which animals can be taken in at all, that is, if they have a high chance of surviving
well during care and also after release [23]. Hedgehogs are among the European wildlife
species that are most frequently rehabilitated by humans [24], often not even in public
rehabilitation centres, but on a private, voluntary, non-profit basis.

Many of these hedgehog care centres report a significant increase in the incidence of
cutting injuries caused by garden maintenance equipment (scythes, string trimmers, robotic
lawnmowers). As the global market for robotic lawnmowers is expanding at an annual
growth rate of more than 12% in the period 2019 to 2025 [25], and as the use of robotic
mowers is increasing significantly compared to other maintenance equipment, it could be
hypothesised that the increase in the number of cut injuries in hedgehogs is associated
with the use of these robotic mowers. An initial study has already shown that—contrary to
the manufacturer’s specifications—many models of robotic lawnmowers can cause serious
cutting injuries to hedgehogs [26]. A great attractiveness of robotic lawnmowers stems from
the fact that, unlike other lawnmowers, these devices can be used legally for an unlimited
period of time (i.e., also at night and on public holidays and on Sundays) due to their low
noise emissions. They can also work unattended (i.e., in the absence of humans). These
two characteristics in particular make it very likely that many collisions between robotic
lawnmowers and nocturnal hedgehogs occur and that these are often not even noticed by
humans, especially in cases where the hedgehog is only slightly injured and still able to
run away from the scene after the collision.

In Germany, there have already been many petitions and political efforts by hedgehog
protection and care organisations calling for a general ban on the night-time use of mowing
robots [27–29]. So far, these have all failed due to a lack of public interest, a lack of data
on the extent of cut injuries in hedgehogs or a lack of legislation to enforce these rules at
the regional level. The aim of this study is to collect and quantify concrete data on the
temporal and spatial distribution of these injuries, specific characteristics of the wounds,
the probability of survival and the extent of the care required for hedgehogs found with
cut injuries in Germany. These figures are intended to add an objective perspective to
the emotionally charged debate on hedgehogs with cut wounds and are fundamental to
the current discussion on the need for possible technical or political solutions to prevent
such injuries.

By statistically analysing the individual cases collected, the following questions
were investigated:

(A) Are there days of the week when there are significantly more cases of cut injuries
in hedgehogs or when injured hedgehogs are found more frequently? On Sundays and
public holidays, and generally between 8 p.m. and 6 a.m. (at night, during the natural
activity period of hedgehogs), the use of garden maintenance devices is prohibited by
law for noise protection reasons and no maintenance work is carried out by public green
maintenance authorities at weekends (Saturday and Sunday). An exception to this is robotic
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lawnmowers, which are not subject to these time restrictions, as they are usually quieter
than the noise limits to be observed [30] and are therefore also used on Sundays and at
night and are preferable in private areas. An above-average incidence of hedgehogs injured
by cutting on Sundays would suggest that they are predominantly injured by robotic
lawnmowers, especially those for private use;

(B) How are the cases of hedgehogs found with cutting injuries distributed across
different age and sex groups?

(C) Are there individual characteristics of the injuries that lead to an increased mortal-
ity risk?

2. Materials and Methods

2.1. Data Collection

All data on cases of hedgehogs with cut injuries in this study were collected via a
Facebook group set up on 28 June 2022. Due to graphic nature of the photos of reported
animals and to protect personal data, the Facebook group was not accessible to the general
population but individually to people who had come into direct contact with cut hedgehogs
and could provide information about them. Every report of a cut hedgehog contained the
following minimal information:

• Date on which the animal was found;
• Place where the animal was found;
• One or more photos showing the injuries;
• Who treated or diagnosed the animal or who provided initial treatment and care for

the injured hedgehog (this was asked to ensure that additional diagnostic information
was provided by expert veterinarians or experienced hedgehog carers).

The following additional information was provided, where known:

• Sex of the animal;
• Estimated age of the animal;
• Fate of the animal (euthanasia/died while in care/recovered/released back into

the wild).

All information from the reports that contained at least the minimal information was
transferred to a table; thereby, information on the wound characteristics was taken from
the photos or diagnostic descriptions sent in. The table contained the following columns
with the following (categorical) content entries:

• Hedgehog identification number: xxx;
• Date (day of found): YYYYMMDD;
• Day of the week: Monday/Tuesday/Wednesday/Thursday/Friday/Saturday/Sunday;
• Location: exact address or at least the postcode;
• Sex: male/female/reproducing female (means pregnant, lactating)/unknown;
• Age: adult (from the survival of the first hibernation, note: all animals found from

January to May were always considered adult here)/juvenile (heavier than 100 g and
before the first hibernation)/nestling (less than 100 g)/unknown (age was not reported
or cannot be estimated from the reported information);

• Fate: euthanasia/died (during treatment or rehabilitation)/survived or released into
the wild/unknown (this includes cases where no information was provided, but also
all cases that are still open with regard to survival, e.g., still undergoing treatment);

• Characteristics of the wound:
• Size of the cut surface larger than 2 × 2 cm: yes/no/unknown (all cases were listed as

“unknown” for which the photos did not allow a clear size estimation, as reference
size objects—such as the fingers or hands of the treating person—were missing);

• Presence of maggots: yes/no/unknown;
• Presence of necrosis: yes/no/unknown;
• Presence of abscesses: yes/no/unknown;
• Bone damage (e.g., fractures, splintering): yes/no/unknown;
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• Loss of body parts: yes/no/unknown;
• Age of the wound: <12 h (the injured animal was noticed during the accident and

taken to the vet or no maggots or necrosis were recognisable on the wound or men-
tioned in the reports)/>12 h/already healed (cut wound is already scarred and over-
grown)/unknown (all cases were classified here in which an assessment could not be
clearly made on the basis of the photos and reports). This wound age estimate could
be made “remotely” from photos and reports based on the knowledge that fly maggots
need 8–12 h to hatch from the fly eggs even under ideal conditions [31–33], thus
wounds with maggots had to be at least 8–12 h old. According to textbooks on wound
healing processes in wild animals [34,35] and to personal reports on the duration of
successful wound healing in hedgehogs from care stations, the age of wounds that
have already healed can be estimated at around 1 week up to several months.

Body parts affected:

• Head (in front of the imaginary line between the ears): yes/no/unknown;
• Neck and shoulders (starting behind the imaginary line between the ears): yes/no/unknown;
• Back (spines on the back up to the edge): yes/no/unknown;
• Extremities: yes/no/unknown;
• Flank/belly (from the edge of the spines towards the belly): yes/no/unknown.

2.2. Statistical Analysis

Analyses were performed using the basic package R Studio [36]. Pearson’s chi-square
tests were used to check whether (1) all animals were found and (b) all animals with a
wound age <12 h were found at the expected frequency on each day of the week (p = 1/7).

For the following data analysis, the category “fate” was pooled into two definitions:
“died” (all animals that were euthanised or died during care) and “survived” (all animals
that survived). All cases where the fate of the animals was not known (either not reported
or the animals are still under treatment) were excluded from the following calculations.

For the following parameters (A) wound size, (B) maggots, (C) necrosis, (D) injured
bones, (E) abscess, (F) severed body parts, (G) head, (H) neck, (I) back, (J) extremities, (K)
flank/abdomen and (L) wound age, the number of “died” (g) versus “survived” (s) animals
was counted and the mortality rate (mr = g × 100/(g + s)) was calculated.

To investigate whether the age of the wound, the presence of certain wound characteris-
tics (A–F) or the affected body part (G–K) influenced the fate of the animal “died”/”survived”,
the statistical significance for each of these frequency ratios was tested using chi-square tests.

3. Results

The Facebook group was set up on 28 June 2022. By 31 October 2023 (during
16 months), a total of 370 cases of hedgehogs with cut injuries were reported by 71 re-
porters (average: 5.2, median: 2.0). Figure 1 shows the locations where the hedgehogs
were found on the map of Germany, separated by colour and by symbol according to
the information on their fate (euthanised or died during care versus survived or still in
care or fate is unknown). Figure 1 also shows the 17 hedgehog care centres that reported
an above-average number (n > 5) of hedgehogs. The majority of the 71 reporters were
small hedgehog care centres with only a few hedgehogs in their care; thus, more than half
reported only one hedgehog (n = 27) or two hedgehogs (n = 14). Table 1 shows the number
of hedgehogs found and the number of hedgehog care centres that reported more than five
hedgehogs in each German federal state.

The earliest find data are from 2013; Figure 2 shows how many hedgehogs were found
per year and Figure 3 shows the find data per month, also showing the proportion of
animals found in 2023, in 2022 and in previous years.
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Figure 1. Map of the locations in Germany in which the 370 reported hedgehogs with cut injuries
were found, divided according to their fate (black cross = did not survive, blue dot = did survive or
fate is unknown), and of 17 hedgehog care centres that reported more than 5 of these hedgehogs.
Uppercase letters give the German federal state abbreviations, see Table 1.

Table 1. Overview of the number of reported hedgehogs injured by cuts and the number of hedgehog
care centres reporting more than 5 hedgehogs in several German federal states.

Federal State
Federal State
Abbreviation

Number of
Reported

Hedgehogs

Number of
Reporting Care

Centres

Baden-Württemberg BW 42 3

Bavaria BY 54 2

Berlin BE 1 0

Brandenburg BB 8 0

Bremen HB 5 1

Hamburg HH 2 0

Hesse HE 14 1

Mecklenburg-West Pomerania MV 24 2

Lower Saxony NI 80 2

Northrhine-Westphalia NW 107 5

Rhineland Palatinate RP 0 0

Saarland SL 5 0

Saxony SN 12 1

Saxony Anhalt ST 2 0

Schleswig Holstein SH 14 0

Thuringia TH 0 0
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Figure 2. Number of 370 reported hedgehogs plotted according to the year in which they were found.

Figure 3. Number of 370 reported hedgehogs plotted according to the month in which they were
found. The respective proportions of finds from 2023 (orange), 2022 (blue-grey) and the years before
2022 (grey) are colour-coded.

Although the distribution of hedgehogs found by day of the week shows that fewer
animals were found on Fridays than on other days and that a particularly large number were
found at weekends and on Tuesdays, these differences are not significant (chi-square test
for given probabilities for hedgehogs found within 12 h of the accident: x-squared = 7.6333,
df = 6, p-value = 0.2662; for hedgehogs which were found later than 12 h after the accident:
x-squared = 2.3457, df = 6, p-value = 0.8853) (Figure 4).
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Figure 4. Number of 363 injured hedgehogs plotted according to the day of the week on which
they were found: orange: hedgehogs found within 12 h of the accident (x-squared = 7.6333, df = 6,
p-value = 0.2662), grey: hedgehogs whose wounds were older than 12 h on the date they were found
(x-squared = 2.3457, df = 6, p-value = 0.8853). In 7 cases, the exact date and therefore the day of the
week on which the injured hedgehog was found was not known.

Out of the 370 reported hedgehogs, 115 were euthanised due to the severity of the
injury, 60 died during treatment or further care, 120 survived the treatment or were released
back into the wild and there was no information on 75 or their care was still ongoing
(Figure 5). A total of 32.7% (n = 121) of the hedgehogs were found within the first 12 h after
the injury, 44.9 % (n = 166) of the hedgehogs had wounds older than 12 h and 14.6% (n = 54)
had ones older than several weeks. A total of 33.2% (n = 123) of the hedgehogs were males,
28.4% (n = 105) were females (of which 3.5% (n = 13) were currently pregnant or lactating);
the sex of 142 animals (38.4%) was unknown. Among the reported hedgehogs, 5 (1.4%)
were dependent nestlings (<100 g), 35 (9.5%) were identified as juveniles and 191 (51.6%)
were classified as adults (Figure 5).

Figure 6 shows the number of hedgehogs that “died” and “did not die” and the
resulting mortality rate calculated for the respective wound characteristics or wounded
body parts. If the mortality rate is >50%, this means that more than half of the animals
exhibiting this wound characteristic or wounded body part died. The results of the chi-
square test, which tested whether the certain wound characteristics or wounded body parts
had an effect on the fate of the animal (died or survived), are shown as results with asterisks
in Figure 6 and as specific p-values in Table 2.
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Figure 5. Number and percentages of the different fates (euthanised/died during care/survived
or released/unknown), age of the wound when the hedgehog was found (<12 h/>12 h/already
healed/unknown), sex (male, female, reproducing female/unknown) and age of the hedgehog
(dependent nestling/independent juvenile/adult/unknown) of the 370 reported hedgehogs found
with cut wounds.

Figure 6. Number of hedgehogs with certain wound characteristics (wound is larger than
2 × 2 cm/presence of maggots/necrosis/bone injuries/body parts cut off/wound is older
than 12 h) or whose wounds occurred on certain parts of the body (head/neck or shoul-
ders/back/extremities/flank or abdomen) (multiple counts possible). The numbers are divided into
hedgehogs that died by euthanasia or during treatment/care (black) and hedgehogs that survived.
Cases where the fate of the animals was not known are not included. Significance results for the ratio
of the parameters to the overall mortality of the 370 reported hedgehogs are shown symbolically
(* p-value < 0.05, *** p-value < 0.001).
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Table 2. Results of the chi-square test for the tested wound parameters with regard to their relation-
ship to overall mortality (euthanasia or died during treatment/care) in 370 reported cut hedgehogs
(* p-value < 0.05, *** p-value < 0.001).

Mortality Rate [%] X-Squared p-Value

wound size > 2 × 2 cm 48.9 6.84 0.1447
maggots 51.4 11.73 0.06832
necrosis 50.3 1.67 0.796

injured bones 73.4 2.22 0.6945
abscess 47.1 11.67 0.0199 *

body parts cut off 65.4 11.09 0.02549 *
head 53.8 17.81 0.00013 ***

neck/shoulder 36.6 0.11 0.947
back 38.9 7.02 0.1348

extremities 48.0 1.29 0.5257
flank/abdomen 54.9 60.14 <0.0001 ***

wound age > 12 h 41.3 12.34 0.1947

4. Discussion

In this study, data on hedgehogs found with cut injuries throughout Germany were
compiled for the first time and statistically analysed for their spatial and temporal occur-
rence and injury characteristics.

Although the spatial distribution of the hedgehogs found suggests that some parts
of Germany (particularly North Rhine-Westphalia and Lower Saxony) have a particularly
high incidence of cut injuries in hedgehogs (Figure 1), it should be considered that most
of the larger hedgehog rescue centres that took part in the collection are located in these
areas of high occurrence. When asking at other larger hedgehog centres in Germany that
did not take part in the data collection of this study, we were told that they also have many
hedgehogs with cuts in their care, but that they do not have the capacity to document or
report this information as they are too busy caring for the hedgehogs, whose welfare comes
before documentation. Moreover, most German hedgehog centres use an analogue protocol
system, which means that queries about certain types of wounds require considerable effort
for them. Apart from the fact that there is no complete and, above all, up-to-date list of
all hedgehog care centres operating in Germany, many of the well-known and, above all,
larger hedgehog centres did not participate in the collection of the data presented here,
despite being asked. Therefore, the spatial distribution of the 370 hedgehogs found in this
study only reflects a section of the overall German situation; areas without reports do not
mean that there are no hedgehogs injured by cuts there.

Nevertheless, the map also shows that there is a very large number of hedgehogs with
cut injuries, particularly around the larger hedgehog centres. Even if the area from which
hedgehogs in need of help are brought to the (especially larger) hedgehog centres is very
large [37], the willingness of people to take an injured hedgehog to a vet or care centre
located far away is certainly limited at some point. Therefore, hedgehogs can of course
only be helped where there are well-known and specialised hedgehog care centres or vets
nearby. From the reports on the hedgehogs that could be released back into the wild after
treatment (n = 120), it was clear that cut hedgehogs usually take many months to recover,
and the treatment descriptions also suggest that several or complicated surgeries and
expensive medication might be necessary. A study of 11,801 hedgehog patients from seven
hedgehog centres in Germany showed a duration of stay of 0–359 days (mean 65.9 days,
spread 77.2 days) [37]; hedgehogs with cut injuries therefore require above-average and
likely more expensive treatment than other hedgehogs in need of care. Many centres also
reported that the steadily increasing number and, above all, the severity of the injuries
were pushing them to their spatial, financial, physical and mental capacity limits and that
they would either have to close or would no longer be able to take in any more hedgehogs
if this trend of rising number of hedgehogs with cut injuries continued.
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The data in our study (Figures 2 and 3) show that cut injuries in hedgehogs are
becoming increasingly common. Though the collection of data only started on 28 June 2022
and continued for 16 months, the 4 months (July–October) in which data were collected
and reported for both 2022 and 2023 show that there was an increase in the number of cases
from 2022 to 2023 (as in all other months too). The distribution of the findings by month
(Figure 3) shows that in 8.6% of cases, cuts also occurred during the hedgehog hibernation
period (January to March), a time when the animals generally do not leave their hibernation
nest [17]. Studies on the time of admission of hedgehogs to rehabilitation centres show that
hedgehogs are brought in throughout the year with a bimodal distribution pattern, with a
peak in summer with early litters (July–August) and one larger peak in autumn (August to
November) with late litters and animals that are too weak to hibernate [24,38,39]. Most of
the cut hedgehogs in this study were reported in May and June (Figure 3), a time when there
have always been very few new hedgehogs in need of care at hedgehog centres [38–41]. As
the majority of hedgehogs with cut injuries are also long-term patients, these high numbers
in early summer (i.e., before the previous peak periods) mean that important inpatient
capacities (e.g., hedgehog boxes) are already occupied resulting in no space for the many
animals that come in summer or autumn. The high number of hedgehogs injured by cuts
from May to July is due to both hedgehogs’ way of life (hedgehogs are active and males
travel longer distances and explore unknown terrain during the mating season [17]), but
also to human activities in garden and green space maintenance. Even though this study
shows a trend that a particularly high number of hedgehogs with fresh cuts were found
on Tuesdays, Saturdays and Sundays and particularly few on Fridays (Figure 4), which
gives an indication of the day of the week when the hedgehogs were injured by garden
maintenance works, these differences are not significant and may therefore have arisen by
chance. However, since robotic lawnmowers are the only gardening tools that can legally
be used at any time, including Sundays and at night, the results also suggest that many of
the injuries could have resulted from collisions with robotic lawnmowers; since the use of
all other devices is not allowed on Sundays for noise protection reasons [30], there would
also be fewer cuts on Sundays if these devices were mainly responsible for these cut injuries.
Hedgehogs with older cuts were found frequently (although not statistically significantly)
on Saturdays, Sundays and Mondays and rarely on Fridays, which gives an indication of
when people are in green spaces/gardens and become aware of injured hedgehogs.

This study showed a mortality rate of at least 47.3% (in 20.3% of cases, the fate of the
animals is unknown) (Figure 5). Long-term studies in other European rehabilitation centres
report a mortality rate of approximately 1/3 of the total number of animals admitted [24,42],
but it is apparent that the mortality rate is highly dependent on the reason for admission,
the time of year (which in turn is related to the reason for admission) and the respective
care centre (some centres specialise in intensive care patients with an increased probability
of mortality) [24,37–39,42,43]. In addition, data from many rehabilitation centres show a
decreasing mortality rate over the years, probably due to better treatment options and care
practices [43]. In this respect, although the number of animals that died and, in particular,
were euthanised in our study is high, it is comparable with data from other studies.

In our study, 32.7% of the animals were found within 12 h of the cut injury (Figure 5).
The majority of animals were not found until several days or even weeks after the accident.
These animals were often no longer able to search for food or eat on their own or to lick
their wounds, so that their wounds became infected or flies laid their eggs there. Animals
with such wounds have little chance of surviving in the wild. In 14.6% of the animals in our
study, the wounds had nearly healed and some even appeared to be able to continue living
with the injury, but here too there were individual cases with only a very low probability
of survival (they were severely dehydrated, emaciated or missing several limbs). In any
case, these injured animals suffer prolonged severe pain, suffering and harm which are
caused by human action and which according to European and German animal welfare
law can only be excused with a reasonable cause and must be avoided or limited as far
as possible [44].

334



Animals 2024, 14, 57

Out of the 370 animals reported, 33.2% were male and 28.4% female (Figure 5); in
other studies, the sex ratio was approximately equal [37,38,42,45] or the injured males
outnumbered the females due to their wider ranging behaviour and the resulting higher
accident risk [43]. In this study, 3.5% of the reported hedgehogs were pregnant or lactating
females at the time of the accident, thereby lowering the survival possibility their young,
too. The vast majority of animals in this study were adults (Figure 5), but there were
also dependent nestlings with lacerations which had sustained these injuries through
the destruction of the litter nest and not through their own movement behaviour. The
relatively high number of adult animals compared to other studies on hedgehog care
centres [38,39,42,45] can be explained by the fact that subadult animals were also assessed
as adults in this study, as a more precise age estimate is in general quite difficult and was not
possible based on the reported information [46–48]. In this study, the proportion of animals
for which the sex or age category was unknown is quite high, as this information was mostly
not provided by the reporters as it was not demanded as necessary (minimal) information.

Even though the criteria for wound assessment in this study were chosen to be quite
simple so that they could be made remotely based on photos and diagnostic reports, it
must be mentioned that this methodology can be very error-prone since the diagnostic
reports and photos are from many different veterinarians and hedgehog keepers, whose
assessments and working methods can sometimes differ greatly from one another. A further
limitation of the “remote” methodology when assessing wound characteristics or the sex
or age of the animal is shown by the high proportion of “unknown” case assignments; in
order to avoid incorrect assignments, the rating “unknown” was often given, which can
falsify overall statistics or make them difficult to interpret.

This study showed that the animals that died (47.3%) were significantly more likely to
have cuts to the head, flank and abdomen (Figure 6). There were also significant correlations
between the occurrence of abscesses and removed body parts. The body parts that were
cut off were noses, eyes, ears, snouts, toes, feet or whole legs. With these kinds of wounds,
compared to other types of cut injuries (e.g., in the neck or very large wounds), there
is virtually no chance of healing and survival. Other parameters, such as the age of the
wound, had no influence on the probability of survival of the injured animal, which means
an average probability of survival even if the injured animal was found days to weeks after
the accident. However, due to their small body size, their hidden, nocturnal way of life
and their danger-avoiding behaviour, it is rather coincidental that injured hedgehogs are
found and the number of unknown cases of injured animals that are not found must be
considered high. Hedgehogs try to behave as inconspicuously as possible when injured or
try to find shelter in bushes in order to avoid attracting the attention of potential predators
such as crows or foxes [49]. This behaviour also explains the high number of hedgehogs
that were only found days or weeks after the injury. However, some individuals in this
study, particularly those with extreme head wounds, were only found because they sought
out human’s vicinity on their own. But even hedgehogs that have died from cuts in the
wild are not that easy to find: either they reached shelter before their death and are difficult
to discover there, or other wild animals attacked and fed on them, and their carcasses
disappeared relative quickly [50].

Various studies have examined the causes of death in hedgehogs in the wild and
their possible impact on the population [20,51,52]; however, estimations of impact on
the population always need solid figures about the population itself. Thanks to many
years of citizen science monitoring, there is already a relatively solid database on the
hedgehog population in Great Britain [7], which, for instance, made it possible to estimate
the yearly number of hedgehogs which become life-threateningly entangled in garbage
and the influence of this number on the development of the hedgehog population [20].
However, such figures on the number of hedgehogs in Germany are missing; thus, such
estimates cannot be made with the data from this study. This will therefore be the subject
of further investigations, because politicians and society first demand reliable information
on the extent of hedgehogs with cut injuries and the influence of this phenomenon on their
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population development before they introduce restrictions (such as a ban on night-time use
of robotic lawnmowers). Nevertheless, this study was able to prove that hedgehogs with
cuts caused by humans are not rare, isolated cases, but rather represent a problem that is
relevant to animal welfare and requires technical (like devices that can be programmed for
a specific time of day and thus can only be used in daylight hours) or political solutions as
soon as possible.

5. Conclusions

With the help of several hedgehog care centres, data on hedgehogs injured by cuts
across Germany were compiled. The analysis of these data showed that cut injuries increase
from year to year, placing an enormous burden on many hedgehog care centres and using
up important resources, as these injuries often require above-average care and treatment.
There is also a considerable animal welfare problem, as the majority of hedgehogs with
cut injuries are found days or weeks after the accident and therefore have to endure
considerable suffering, pain and harm over a long period of time. Such animal suffering is
prohibited by law, provided there are alternatives that do not cause animal suffering. At the
very least, alternatives that do not cause that much animal suffering are certainly available
through the technical or political implementation of a ban on night-time use of robotic
mowers and these must be implemented immediately, which this study has attempted to
contribute to.
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Simple Summary: Injured European hedgehogs are frequently admitted to hedgehog rehabilitation
centres with different types of cuts and injuries. Although not rigorously quantified, a growing
concern is that an increasing number of cases may have been caused by robotic lawn mowers.
Research indicates that European hedgehogs are in decline. It is therefore important to identify and
investigate the factors responsible for this decline to improve the conservation initiatives directed
at this species. Because hedgehogs are increasingly associated with human habitation, it seems
likely that numerous individuals will encounter several robotic lawn mowers during their lifetimes.
Consequently, this study aimed to describe and quantify the effects of robotic lawn mowers on
hedgehogs, and we tested 18 robotic lawn mowers in collision with dead hedgehogs. Some models
caused extensive damage to the dead hedgehogs, but there were noteworthy differences in the degree
of harm inflicted, with some consistently causing no damage. None of the robotic lawn mowers tested
was able to detect the presence of dead, dependent juvenile hedgehogs, and no models could detect
the hedgehog cadavers without physical interaction. We therefore encourage future collaboration
with the manufacturers of robotic lawn mowers to improve the safety for hedgehogs and other
garden wildlife species.

Abstract: We tested the effects of 18 models of robotic lawn mowers in collision with dead European
hedgehogs and quantified the results into six damage categories. All models were tested on four
weight classes of hedgehogs, each placed in three different positions. None of the robotic lawn
mowers tested was able to detect the presence of dependent juvenile hedgehogs (<200 g) and all
models had to touch the hedgehogs to detect them. Some models caused extensive damage to the
hedgehog cadavers, but there were noteworthy differences in the degree of harm inflicted, with
some consistently causing no damage. Our results showed that the following technical features
significantly increased the safety index of the robotic lawn mowers: pivoting blades, skid plates, and
front wheel drive. Based on these findings, we encourage future collaboration with the manufacturers
of robotic lawn mowers to improve the safety for hedgehogs and other garden wildlife species.

Keywords: animal behaviour; applied conservation biology; Erinaceus europaeus; human–wildlife
conflicts; robotic lawn mowers; wildlife conservation
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1. Introduction

Research on both national and local scales has either documented, or expressed
concern about the likelihood of, a decline in European hedgehog (Erinaceus europaeus)
populations in several western European countries [1–10]. It is therefore a priority to
identify and investigate the factors responsible for this decline to provide the evidence
necessary to underpin remedial conservation interventions.

Injured hedgehogs are frequently admitted to hedgehog rehabilitation centres with
different types of cuts and injuries. Some injuries are consistent with known risks to
hedgehogs in the form of garden trimmers and dog bites [11–13]. However, although not
rigorously quantified, a concern has arisen in several European countries that an increasing
number of cases may have been caused by robotic lawn mowers. Although not previously
investigated, these growing rumours have led to several articles in the media and on social
media claiming that these mowers are lethal to hedgehogs. If the threat is real, then it
would indeed be a cause for concern, as the global market for robotic lawn mowers is
expanding dramatically and was expected to reach USD 1.3 billion in 2020, growing at an
annual rate of more than 12 percent during the period 2019–2025 [14].

As research indicates that European hedgehogs are increasingly associated with
human habitation [7,8,15–17] and are often seen foraging on grassy turf in the gardens
and green spaces of urban areas [18–22], it seems likely that numerous individuals will
encounter several robotic lawn mowers during their lifetimes. To our knowledge, there
has thus far been no systematic scientific research evaluating whether this risk of physical
damage is mere hearsay or a real and present threat to be added to the already vulnerable
species. Therefore, the aims of this study are to describe and quantify the physical effects
of robotic lawn mowers on hedgehogs and provide information on potential technical
features of the machines that could increase the safety index of the robotic lawn mowers.
The main purpose of providing this information is to improve the conservation of European
hedgehogs living in residential areas by reducing the plausible negative anthropogenic
effects potentially caused by robotic lawn mowers.

2. Materials and Methods

In total, 18 designs of robotic lawn mowers were selected for the study. The selection
was based on the advice of a product specialist in robotic lawn mowers and is considered
to represent the spectrum of brands, models, and specifications of the products available
on the European market (Table 1). The cutting height of the machines was adjusted to the
highest setting to keep the grass at the test site intact to ensure equal test conditions for
all trials.
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Table 1. Overview of the models of robotic lawn mowers tested. In the column “Blades”, Pivoting indicates “low energy
pivoting blades” and Fixed indicates “heavy duty fixed blades”. WMCC detection is short for “wheel motor current collision
detection”.

Test
Number Brand Model Blades

Collision
Sensor

WMCC
Detection Wheels

Front/Rear
Wheel Drive

Skid
Plate

Headlights
Ultrasonic

Sensors
Camera
Vision

1 Husqvarna Automower® 105 Pivoting Yes 3 Front Yes

2 Husqvarna Automower® 305 Pivoting Yes 4 Rear Yes

3 Husqvarna Automower® 315X Pivoting Yes 4 Rear Yes Yes

4 Husqvarna Automower® 450X Pivoting Yes 4 Rear Yes Yes Yes

5 Gardena Sileno City Pivoting Yes 3 Front

6 Gardena Sileno Life Pivoting Yes 4 Front

7 Worx Landroid L (WR153E) Pivoting Yes 4 Rear

8 Worx Landroid M (WR143E) Pivoting Yes 4 Rear Yes

9 Kress Mission KR111 Pivoting Yes 4 Rear Yes

10 LandXcape LX8212i Pivoting Yes 3 Rear Yes

11 Honda Miimo HRM 40 Live Pivoting Yes 4 Rear

12 Honda Miimo HRM 3000 Pivoting Yes 4 Rear

13 Robomow RS635 PRO Fixed Yes 3 Rear Yes

14 AL-KO Robolinho® 1150 Fixed Yes 4 Rear

15 Ambrogio
Robot 4.0 Elite Fixed Yes 4 Rear

16 Stiga Autoclip 530 SG Fixed Yes 4 Rear

17 Stihl iMow® 422PC Fixed Yes 4 Rear

18 DAYE Grouw M900 Pivoting Yes 4 Rear

Of the 18 robotic lawn mowers tested, 5 had fixed blades (Figure 1A) and 13 had
pivoting blades (Figure 1B).

Figure 1. Fixed or pivoting blades. (A) A robotic lawn mower with fixed blades. (B) A robotic
lawn mower with pivoting blades. Pivoting blades will fold into a protective frame when hitting
something harder than grass, as opposed to fixed blades, which are constantly exposed. Photographs
by Petrus Ekbladh and Ronja Mathiesen.

The robotic lawn mower tests were performed on dead hedgehogs, henceforth re-
ferred to as “hedgehogs”. These animals had died in, and were secured from, hedgehog
rehabilitation centres in Denmark from June to August 2020. All hedgehogs chosen for this
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study were intact with no visible injuries. The hedgehogs were stored in freezers at −20 ◦C
and were thawed before the tests. The 70 selected hedgehog cadavers were divided into
four different weight classes to represent four stages of life (Table 2).

Each robotic lawn mower model was tested on four hedgehogs representing each
of the four described weight classes. If an individual was injured by the mower during
a test, it would be discarded to avoid confusion or interaction with previous injuries in
subsequent tests (with one uncomplicated exception, where we reused a cadaver with
superficial injuries in weight class 4, due to a shortage of individuals in this category).

Table 2. Weight classes. Graphical representation of the four weight classes of dead hedgehogs used in the study. The
pictures of live hedgehogs were provided to illustrate the sizes of individuals belonging to the four weight classes. No live
hedgehogs were tested in this study. The ruler on the pictures indicates length of the individuals in cm. Photographs by
Michela Dugar.

Weight
Class

Weight (g)
No. of

Individuals

Total No. of
Individuals per

Weight Class

Stages of
Life

Representation

1 Up to 199 22 22 Dependent
juveniles

Weight 46 g
Length 7.5 cm

2

200 3

21
Independent

juveniles
Weight 530 g

Length 19.5 cm

300 3

400 9

500 6

3

600 8

20 Adults
Weight 860 g
Length 23 cm

700 8

800 4

4

900 4

7 Large adults Weight 1080 g
Length 25 cm1000 2

1100 1

Each individual was tested in three different positions (Figure 2), as an attempt to
mimic the behaviour of a live individual:

1. Lying on the side with the back pointing towards the approaching robotic lawn
mower, mimicking the curled up position a hedgehog often adopts as a defence
mechanism against approaching danger [19,23].

2. Lying on the side with the stomach pointing towards the approaching robotic lawn
mower (somewhat unnatural, but extremely vulnerable position).
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3. Standing upright on its feet with the head pointing towards the approaching robotic
lawn mower (an expression of curiosity but not alarm).

To sum up, each robotic lawn mower was tested 12 times:

• Three times per individual (once in each of the three positions).
• One individual from each of the four weight classes.

The tests were filmed with a GoPro Hero 8 Black action camera placed on a tripod. If
a hedgehog was injured during the tests, we recorded the injuries and documented them
with the camera.

The tests of 17 out of 18 machines were carried out in a private garden in Hok, Sweden,
with a flat and well-trimmed lawn, on 25 and 26 August 2020. The last machine (model:
Grouw M900) was tested in a private garden with a flat and well-trimmed lawn in Aarhus,
Denmark on 25 September 2020. All 216 tests were performed during daylight.

The setup for most of the tests was as follows (Figure 2): The hedgehog was placed on
the lawn at a 3 m distance from the robotic lawn mower. The camera was placed next to
the hedgehog on the left-hand side at a 1.5 m distance. The mower was then turned on
and manually directed to move towards the hedgehog. The distance of 3 m was sufficient
to ensure the machine was operating at maximum speed, and the blades were in action,
before reaching the hedgehog. If the machine did not move in a straight line towards the
hedgehog, it was then relocated back to the initial position and turned on again. This was
done to standardise the tests and to ensure that the hedgehog was located to the centre of
the front of each approaching machine.

 

Figure 2. An overview of the test setup. Each robotic lawn mower was tested 12 times in total, 3 times per dead hedgehog
representing 1 of 4 weight classes. A hedgehog from each of the four weight classes was placed in three different positions.
The three positions were (1) Lying on the side with the back oriented towards the approaching robotic lawn mower; (2)
Lying on the side with the stomach oriented towards the approaching robotic lawn mower; (3) Standing upright on its feet
with the head oriented towards the approaching robotic lawn mower. The damage recorded from each test was categorised
as 0-A according to the damage categories.

In the cases of two models (tests on Stiga Autoclip 530 SG (Stiga, Castelfranco Venetto,
Iltaly) and Ambrogio Robot 4.0 Elite (Zucchetti Centro Sistemi Spa, Arezzo, Italy)) the
machine was turned on at a greater distance than 3 m from the hedgehog cadaver, because
these particular robotic lawn mowers took longer distances to gain momentum and for
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their blades to be functioning fully. Due to its specifications (causing erratic movements),
the tests of the model Honda Miimo HRM 40 Live (Honda France Manufacturing, Ormes,
France) were filmed with a mobile camera, with the hedgehog placed in front of the
approaching machine once it had gained full speed.

2.1. Quantifying the Damage

We divided severity of damage caused by the robotic lawn mowers into six damage
categories:

0. No physical contact between the machine and the hedgehog. The machine senses
the hedgehog from a distance, changes direction, and drives on without touching the
hedgehog. No damage is caused to the hedgehog cadaver.

1. The robotic lawn mower approaches the hedgehog and the front of the machine
touches the hedgehog lightly (a “nudge”) and thereby detects the corpse. Immediately,
the machine changes direction and drives on without touching the hedgehog further.
No damage is caused to the hedgehog cadaver.

2. The robotic lawn mower approaches the hedgehog and the front of the machine
touches the hedgehog (a “flip”) to detect the hedgehog. The physical interaction
causes the hedgehog to be moved into a different body position (flipped from lying
on one side of the body to the other side of the body) or being lifted partly from the
ground before settling in the same position again. Afterwards, the machine changes
direction and drives on without touching the hedgehog further. The damage to the
hedgehog is at most minimal and involves no contact with the blades (at worst this
might cause a slight bruise).

3. The robotic lawn mower fails to detect the presence of the hedgehog and continues to
drive across the hedgehog. The front panel of the machine is lifted as the machine
drives over the cadaver, which causes the blades to stop running [24]. In some
cases the machine withdraws and changes direction, so that only part of the dead
hedgehog’s body was situated underneath the machine. The blades of the robotic
lawn mower may have come into contact with the dead hedgehog but have not
punctured the skin. The damages observed ranged from undetectable to the cutting of
a small number of spines, but might have involved minor bruising to a live hedgehog.

4. The robotic lawn mower fails to detect the presence of the hedgehog and continues
to drive across it. The blades of the machine have come into contact with the dead
hedgehog and have caused injuries to the cadaver. The severity of the injuries range
from small puncture wounds on the skin (1 cm) to clipping of limbs or complete
exposure of the entire abdominal region and decapitation.

A. The machine does not detect the juvenile hedgehog (<200 g, weight class 1) and
continues to drive across it. As the body of the small hedgehog is situated below
the blades of the robotic lawn mower, the juvenile hedgehog is left with no visible
injuries. It is possible that in life this could have caused injury or bruising, perhaps by
the wheels rather than the blades (and much would depend on the response of the
juvenile hedgehog in life).

2.2. Data Analyses

The proportion (ratio) of “no damage” or “damage” during the tests, the safety index,
was calculated for the following features on the mowers: (1) blade type, (2) front or rear
wheel drive, (3) wheel numbers, (4) skid plate, (5) ultrasonic sensor, (6) camera vison, (7)
collision sensors, and (8) wheel motor current collision detection.

For the data analyses, the damage categories were divided into two definitions of “no
damage” and “damage”:

• “No damage”:

1. Pooled damage categories 0, 1, and 2.
2. Pooled damage categories 0, 1, 2, and 3.
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• “Damage”:

1. Pooled damage categories 3 and 4.
2. Only damage category 4.

The ratios of “no damage”/”damage” were interpreted as an overall index of safety
for the hedgehogs. The higher the number of “no damage” events compared to “damage”,
the higher the safety index, and hence the judgement that the robotic lawn mower was
more "hedgehog friendly".

The statistical significance for each of the “no damage”/”damage” ratios was tested
with 2 × 2 Chi square tests with Yate’s correction (ChiYate’s correction) to investigate if the
presence or absence of a given technical feature on a robotic lawn mower significantly
affected the ratios.

The 2 × 2 Chi square tests with Yate’s correction were firstly conducted for each of
the four weight classes and three positions of the hedgehogs, separately. However, due to
the low statistical power caused by analysing weight and position separately, all weight
classes and positions were combined. Subsequently, 2 × 2 Chi square tests with Yate’s
correction for all weight classes and positions combined were calculated for each of the
two definitions of damage, testing the effect of each of the eight chosen technical features
on the robotic lawn mowers on the safety index.

Lastly, we calculated the percentage distribution of damage to hedgehogs during the
12 tests on each mower based on the total number of cases where damage was recorded
(either damage category 3 + 4 or damage category 4). Damage category A was omitted from
the analyses, because including it resulted in different sample sizes of tests for different
models of robotic lawn mowers. Therefore, the percentage distribution was chosen as a
measure of safety.

3. Results

Regardless of brand, model, and specifications, none of the robotic lawn mowers
detected the dependent juvenile hedgehogs (<200 g, weight class 1). Some machines did,
however, move over the individuals resulting in no apparent damage, as the juveniles were
sufficiently small, i.e., smaller than the minimum mowing height, thereby avoiding the
running blades of the mowers (damage category A).

In all tests of weight category classes > 200 g (weight classes 2–4), the robotic lawn
mowers had to physically interact with the hedgehog cadaver to detect it. None of the
machines, not even models with camera vision and ultrasonic sensors, was able to detect
the hedgehog in advance and change direction before touching the hedgehog. Therefore,
we did not record any damage category 0. In many cases, the mowers would only touch the
hedgehog (damage category 1 or 2), subsequently detect it, and change direction. However,
some machines did not detect the hedgehogs and ran straight over them. In some cases
the mandatory safety measures of the machine [24] caused the blades to stop rotating
within seconds of contact, leaving the hedgehog undamaged or with slight cuts to the
spines (damage category 3). In the event that the safety features of the machine failed to
detect the hedgehog, the result was injury to the cadaver (damage category 4) ranging from
lighter skin abrasions and puncture wounds, to the amputation of extremities like legs and
penises, to complete disembowelment, and in one case a partial decapitation. The injuries
appeared on all areas of the body in no particular pattern, as it depended on the position in
which the hedgehog was caught under the robotic lawn mower, as well as the angles of the
blades. Figure 3 provides an overview of the damage categories recorded for each of the 12
different tests performed on the 18 robotic lawn mowers.
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Figure 3. The test results for each of the 18 robotic lawn mowers tested. Every result for each of the four weight classes
in each of the three positions have been described based on a categorisation of damage ranging from 0 to 4, with damage
category 4 being the most severe. Damage category A represents the events where the machine does not detect the juvenile
hedgehog (<200 g, weight class 1) and continues to drive across the juvenile hedgehog, but as the body of the small
hedgehog is situated below the blades of the robotic lawn mower, the juvenile hedgehog is left with no visible injuries
or bruises.

Comparing the effect of fixed and pivoting blades, the results showed that pivoting
blades significantly reduced the number of damages during the tests, regardless of the
definition of the category “damage” (either damage category 3 + 4 or damage category
4) (ChiYate’s correction = 28.95 and 26.62, p < 0.0001). The same applied to machines with
front wheel drive compared to rear wheel drive (ChiYate’s correction (4) = 7.25, p = 0.007;
ChiYate’s correction (3 + 4) = 8.99, p = 0.003) as well as the presence of skid plates on the
machines (ChiYate’s correction = 11.39 and 10.99, p = 0.001). Robotic lawn mowers with three
wheels instead of four had a significantly higher safety index, meaning that there were
fewer cases of damage to the hedgehogs during the tests for the damage categorisation
based on both damage category 3 and 4 (ChiYate’s correction = 4.37, p = 0.037), but not for the
damage categorisation based only on damage category 4. Ultrasonic sensors also appeared
to increase the safety index for the damage categorisation based on damage category 3 and
4 (ChiYate’s correction = 3.84, p = 0.05), but not for the damage categorisation based only on
damage category 4. The presence of collision sensors, compared to wheel motor current
collision detection, reduced the safety index for damage category 4 (ChiYate’s correction =
13.23, p = 0.0003). Table 3 provides a summary of the Chi square statistics.

346



Animals 2021, 11, 1191

Table 3. Results from the data analyses investigating if the presence or absence of a given technical feature on a robotic
lawn mower significantly influenced the safety index. Damage category A was omitted from the analyses.

Features
Damage

Categories
Included

Type
No

Damage
Damage

Safety Index (No
Damage/Damage)

Safety Index
Chi Square
with Yates
Correction

p-Value

Fixed or
pivoting
blades

4
Fixed 23 27 23/27 0.85

28.95 <0.0001 ***
Pivoting 112 18 112/18 6.22

3 + 4
Fixed 14 36 14/36 0.39

26.62 <0.0001 ***
Pivoting 93 37 93/37 2.51

Front or rear
wheel drive

4
Front 28 1 28/1 28.00

7.25 0.007 **
Rear 107 44 107/44 2.43

3 + 4
Front 25 4 25/4 6.25

8.99 0.003 **
Rear 82 69 82/69 1.19

3 or 4 wheels
4

3 wheels 35 5 35/5 7.00
3.47 0.062

4 wheels 100 40 100/40 2.50

3 + 4
3 wheels 30 10 30/10 3.00

4.37 0.037 *
4 wheels 77 63 72/63 1.22

Skid plate
4

Yes 37 1 37/1 37.00
11.39 0.001 ***

No 98 44 98/44 2.23

3 + 4
Yes 32 6 32/6 5.33

10.99 0.001 ***
No 75 67 75/67 1.12

Ultrasonic
sensors

4
Yes 34 5 34/5 6.80

3.15 0.076
No 101 40 101/40 2.53

3 + 4
Yes 29 10 29/10 2.90

3.84 0.050 *
No 78 63 78/63 1.24

Camera
vision

4
Yes 8 3 8/3 2.67

0.03 0.857
No 127 42 127/47 3.02

3 + 4
Yes 7 4 7/4 1.75

0.01 0.980
No 100 69 100/69 1.45

Collision
sensors

4
Yes 49 31 49/31 1.58

13.23 0.0003 ***
No 86 14 86/14 6.14

3 + 4
Yes 45 35 45/35 1.29

0.39 0.53
No 62 38 62/38 1.63

Wheel motor
current
collision
detection

4
Yes 86 14 86/14 6.14

13.23 0.0003 ***
No 49 31 49/31 1.58

3 + 4
Yes 62 38 62/38 1.63

0.39 0.53
No 45 35 45/35 1.29

* p-value ≤ 0.05, ** p-value ≤ 0.01, *** p-value ≤ 0.001.

The percentage distribution of damages to the hedgehogs during the tests of each
robotic lawn mower (Table 4) provides an overview of the performance of each machine.
The lower percentage of damages during the tests, the safer the mower is for hedgehogs,
insofar as the injuries are a good approximation to what could be sustained on live hedge-
hogs. The percentage distribution of damages varied accordingly, as some models may
have caused no or few category 4 damages but had a higher occurrence of damage category
3 during the tests.
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Table 4. The percentage distribution of tests resulting in damage to the hedgehogs, defined either as damage category 4 or
damage category 3 + 4. Damage category A was omitted from the analyses, leaving the total number of tests between 9
and 12 depending on the amount of damage category A results recorded per robotic lawn mower. The lower percentage
of cases of damage during the tests, the safer the robotic lawn mower. The robotic lawn mower models have been listed
in accordance with the percentage distribution of damage defined as damage category 3 + 4. Models showing the lowest
damage percentage are listed first.

Robotic Lawn Mowers Tests with Damage Category 4 Tests with Damage Category 3 + 4

Brand Model
No Damage

(0–3)
Damage

(4)
Cases of Damage

in Tests (%)
No Damage

(0–2)
Damage

(3–4)
Cases of Damage

in Tests (%)

Gardena Sileno Life 10 0 0 10 0 0

Husqvarna Automower® 105 9 1 10 9 1 10

Husqvarna Automower® 315X 9 0 0 8 1 11

Honda Miimo HRM 40 Live 12 0 0 10 2 17

Husqvarna Automower® 450X 10 0 0 8 2 20

Worx Landroid M (WR143E) 10 0 0 8 2 20

LandXcape LX8212i 9 1 10 8 2 20

Husqvarna Automower® 305 9 0 0 7 2 22

DAYE Grouw M900 9 3 25 9 3 25

Gardena Sileno City 9 0 0 6 3 33

Robomow RS635 PRO 8 3 27 7 4 36

Kress Mission KR111 5 4 44 5 4 44

Worx Landroid L (WR153E) 10 1 9 5 6 55

Ambrogio Robot 4.0 Elite 4 7 64 4 7 64

Stihl iMow® 422PC 2 8 80 2 8 80

AL-KO Robolinho® 1150 2 7 78 1 8 89

Honda Miimo HRM 3000 1 8 89 0 9 100

Stiga Autoclip 530 SG 7 2 22 0 9 100

4. Discussion

As the results showed that none of the robotic lawn mowers tested was able to detect
the hedgehogs without physical interaction and none detected the dependent juveniles,
we cannot be confident that any of the robotic lawn mowers tested were entirely safe
to hedgehogs. Preferably, the machines should not interact physically at all with the
hedgehogs. However, the damages categorised as 1–2 do not appear to harm the hedgehogs,
and perhaps the hedgehogs may even learn to avoid robotic lawn mowers after such an
encounter. Furthermore, there were obvious differences in the outcome on the hedgehogs
depending on the machines tested, with some models consistently causing no damage on
collision (Figure 3 and Table 4).

Some of the injuries recorded would have been immediately lethal, and all of the
damages in category 4 would have had the potential to become lethal if left untreated. A
small puncture wound, if untreated, might get infected and progress to balloon syndrome,
a potentially lethal condition caused by subcutaneous emphysema, which makes the skin
of the hedgehog blow up like a balloon [25], or a general systemic infection. As hedgehogs
are considered quite elusive even when damaged and in pain, it must be assumed that a
proportion of hedgehogs injured by robotic lawn mowers will not be found and helped in
time and will likely die from their injuries in the wild.

In some cases the robotic lawn mowers failed to detect the hedgehog but met the
safety regulations insofar as the blades stopped when the surface of the machine was lifted
(activating a tilt-, lift- or obstruction sensor) leaving the skin of the hedgehog unbroken
(damage category 3) [24]. However, there were situations where the mower continued to
run over and hence injure the hedgehog cadaver. We reduced our recording of injuries
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to one category (damage category 4), as the outcome may be influenced by a range of
different factors, such as the soil softness and type, height of the grass, position of the
hedgehog as the robotic lawn mower runs over the individual, and how the collision with
the hedgehog positions the individual underneath the blades. As these different factors
may have influenced the results of the tests, causing uncertainty of the potential outcome in
all scenarios where the robotic lawn mowers failed to detect the hedgehogs and continued
to run over the individuals (damage categories 3 and 4), we decided to represent both
types of damage categories in our analyses of the results (damage category 4 and damage
category 3 + 4) as a precautionary measure.

During our experiments, there was a greater likelihood that robotic lawn mowers
with fixed blades would fail to detect the dead hedgehogs, causing more extensive damage
to them. These results may be explained by various factors. In contrast to fixed blades,
which are constantly exposed, pivoting blades fold into a protective frame when they hit
something harder than grass. Furthermore, robotic lawn mowers with fixed blades require
more heavy-duty machine power to run the blades, and this greater power appeared to
render the machines less controllable and less sensitive in their detection technology. The
engineering of front- compared to rear-wheel drive, as well as the use of three compared to
four wheels, influenced the safety index positively. This may also be because models with
front-wheel drive and three wheels all had pivoting blades. The same explanation may
apply to the significantly lower incidence of damage for tests on robotic lawn mowers with
ultrasonic sensors, all of which were fitted with pivoting blades. Lastly, the presence of
skid plates significantly reduced the number of tests causing damage to the hedgehogs.
The skid plate is designed to protect the pivoting blades from hard objects and thereby
also protects foreign objects, such as a hedgehog, from the blades. Only one of the models
tested contained a combination of these beneficial features (except ultrasonic sensors).
These should be the focus of future designs of robotic lawn mowers with hedgehog safety
in mind.

We cannot rule out the possibility that the results were also influenced by the lift
detection sensitivity of the robotic mowers. We could not test this, but presume that if
lift detection sensitivity was sufficiently high, the machines would detect the hedgehogs
and change direction or stop the blades rotating as soon as the surface of the machine was
lifted, reducing the risk of injuries.

4.1. Using Dead Hedgehogs as Test Subjects

Working with dead hedgehogs as test subjects may not perfectly mimic the outcomes
of natural collisions. Firstly, live hedgehogs might detect and evade the robotic lawn
mower. Secondly, they might curl up, and their tightened muscles and raised spines could
provide protection. We sought to mimic these behaviours in the positions we chose for the
cadavers, but of course their muscle tone and reactions were different. Alternative insights
would come from simulations using live hedgehogs with safely modified mowers.

4.2. Failed Detection of Dependent Juveniles and the Consequences

None of the tested robotic lawn mowers was able to detect the dependent juvenile
hedgehogs (<200 g, weight class 1). In most cases, these small individuals passed beneath
the rotating blades. We do not know how mother hedgehogs accompanied by their litters
would react to an active robotic lawn mower, but reports from the public indicate that they
generally tend to stay in the nests during ordinary human garden activity, although this
would have to be investigated further in future work. An orphaned juvenile hedgehog
is more likely to be exposed to running robotic lawn mowers. However, such an individ-
ual is already very vulnerable with a low chance of survival, regardless of the presence
of a robotic lawn mower, unless found in good time and taken into care at a wildlife
rehabilitation centre.
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4.3. Results in Relation to Discussions with the Public

The public discourse has raised questions of whether hedgehogs can outrun robotic
lawn mowers and whether hedgehogs are able to detect them properly. As we used
cadavers, we were not able to test this, but we do know that hedgehogs can run at up to
50 m per minute [26], whereas the maximum speed of Husvarna’s robotic lawn mowers
ranges between 21 m per minute and 39 m per minute (pers. comm. Husqvarna). In terms
of cues likely to alert the hedgehogs, these machines make characteristic sounds and smells
detectable by human senses. We made no observations of the behavioural responses of live
hedgehogs to the mowers, although this could be done at no risk to the hedgehogs using
disarmed machines.

As hedgehogs are nocturnal, it has been widely recommended that any problem
would be circumvented by running robotic mowers only by day. This might indeed largely
obviate the problem, nonetheless being mindful that hedgehogs may be active during the
daytime for several different reasons [19,23].

In the light of the results from the present study, we encourage manufacturers, dis-
tributors, and sellers of robotic lawn mowers to educate customers on the importance
of refraining from using robotic lawn mowers at night time and to check the lawn for
wildlife species that are potentially vulnerable to the machines, such as hedgehogs, leverets,
fledglings, and amphibians, before mowing.

5. Conclusions

As hedgehogs are increasingly associated with human habitation, they are likely to
encounter robotic lawn mowers, and our results show the encounters, depending on the
model, could be injurious and even fatal. That said, while our study answers critical
questions regarding the likely nature and extent of injuries, we cannot comment on the
likelihood of these encounters or the hedgehogs’ responses to them. However, a major
step towards resolving the risk of robotic lawn mowers on hedgehog survival involves
the design and purchase of hedgehog-friendly mowers, a topic of potentially fruitful
collaboration between hedgehog conservationists, behavioural ecologists, and mower
manufacturers.
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Simple Summary: The declining populations of European hedgehogs (Erinaceus europaeus) are
increasingly inhabiting areas with human occupation. However, sharing habitats with humans
comes at a cost: a residential garden holds many potential dangers for hedgehogs. Previous
research has shown that certain models of robotic lawn mowers may harm hedgehogs. This study
investigated the effects of 19 models of robotic lawn mowers on hedgehog cadavers. The insights
gained from the current and previous research led to the design of a protocol for testing the safety
of robotic lawn mowers on hedgehogs. The proposed standardised safety test will hopefully be
implemented in the European Committee for Electrotechnical Standardization (CENELEC) protocol,
potentially allowing for a labelling system indicating whether a robotic lawn mower is safe for
hedgehogs, guiding the consumers to purchase hedgehog-friendly robotic lawn mowers in the
future, thus reducing the negative impact some models of robotic lawn mowers may have on
hedgehog conservation.

Abstract: Previous research has established that some models of robotic lawn mowers are potentially
harmful to hedgehogs. As the market for robotic lawn mowers is expanding rapidly and the
populations of European hedgehogs (Erinaceus europaeus) are in decline, it is important to investigate
this risk further to understand the potential threat which some robotic lawn mowers may pose to
hedgehogs. We tested 19 models of robotic lawn mowers in collision with hedgehog cadavers to
measure their effect on hedgehogs. Our results showed that some models of robotic lawn mowers
may injure hedgehogs, whereas others are not harmful to them. Apart from one single incidence,
all robotic lawn mowers had to physically touch the hedgehog carcasses to detect them. Larger
hedgehog cadavers were less likely to be “injured”, with height being the most influential measure
of size. The firmness of the tested hedgehog cadavers (frozen or thawed) did not influence the
outcome of the collision tests. Neither the position of the hedgehog cadavers nor the selected
technical features of the lawn mowers affected the probability of injury. Based on the results, we
designed a standardised safety test to measure the effect of a specific model of robotic lawn mower
on hedgehogs.
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1. Introduction

The European hedgehog (Erinaceus europaeus) is in documented decline in several
western European countries [1–11]. Previous research has unravelled a variety of suspected
causes for the decline, such as road traffic accidents, habitat loss, habitat fragmentation,
inbreeding, intensified agricultural practices, a reduction in biodiversity (and thereby
natural food items), lack of suitable nest sites in residential gardens, accidents caused by
garden tools, netting and other anthropogenic sources in residential gardens, infections with
pathogens and endoparasites, badger predation, and finally, molluscicide and rodenticide
poisoning [2,12–32]. These factors combined reduce the mean age of hedgehogs to two
years (see Rasmussen et al. [33] Table 1 for an overview), despite their potential to reach
up to 16 years of age [33]. To optimise the conservation initiatives directed at this species,
there is a need for further investigation of the drivers behind this worrying decline in
hedgehog populations.

1.1. Hedgehogs and Robotic Lawn Mowers

Research indicates that hedgehogs are nowadays increasingly associated with human
occupation [7,17,18,34]. Unfortunately, sharing habitats with humans comes at a cost, as resi-
dential gardens provide many anthropogenic sources of danger to hedgehog survival. One of
these potentially harmful features is certain models of robotic lawn mowers [26,35,36]. With
robotic lawn mowers becoming increasingly popular throughout the distribution range
of hedgehogs in Europe, there is a high likelihood for a hedgehog to encounter numerous
robotic lawn mowers throughout its lifespan. The risk is heightened because some garden
owners let the machines run after sunset, which is convenient for the human residents
but coincides with the activity period of the nocturnal hedgehogs. Market insight reports
predict that the global robotic lawn mower market will expand from USD 0.8–1.5 billion
in 2020–2022 to USD 2.7–4 billion in 2032 with an anticipated compound annual growth
rate (CAGR) of 11.5–15.5% during the forecast period [37,38]. This calls for an effort to
eliminate any models of robotic lawn mowers which can potentially harm hedgehogs, to
mitigate the negative effect these products may pose on hedgehog conservation. However,
this endeavour requires research to inform the manufacturers in their development of more
hedgehog-friendly robotic lawn mowers, alongside the design of a standardised safety
test to evaluate and approve new models of robotic lawn mowers for the market, in terms
of hedgehog safety, as an addition to the current mandatory general safety guidelines
provided in the European Committee for Electrotechnical Standardization (CENELEC)
protocol [39].

1.2. Study Aims

In response to the background information introduced in the previous sections, the
aims of this study were as follows:

- Gain further insight on the effects on hedgehogs through collision tests of a selection
of robotic lawn mowers available for purchase on the European market, representing
different technical specifications, brands, and price ranges.

- Define any technical features in the robotic lawn mowers which may increase the
safety for hedgehogs to guide the manufacturers in the design of more hedgehog-
friendly machines.

- Obtain the necessary knowledge through the tests to design the optimal standardised
safety test, such as the following:

o The number of test replications needed to provide reliable results;
o The ideal size and composition of a future hedgehog crash test dummy;
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o The optimal combination of test positions to represent the most realistic scenar-
ios of encounters between hedgehogs and robotic lawn mowers.

- To propose a protocol for a standardised safety test to measure the effect of a specific
model of robotic lawn mower on hedgehogs.

2. Materials and Methods

Prior to the tests, we contacted the different manufacturers of robotic lawn mowers
offering to include their products in our experiments, but only two (STIHL and Husqvarna)
provided robotic lawn mowers for the research. We tested a total of 19 models of robotic
lawn mowers in this study. The selection was influenced by the availability of the products
at the test facilities and was furthermore based on the advice of a product specialist in
robotic lawn mowers. The mowers chosen for this study are considered to represent a
broad spectrum of brands, models, and specifications of the products available on the
European market (Table 1). We also prioritised the inclusion of as many as possible of
the models tested by Rasmussen et al. (2021) [26] to facilitate comparisons between the
different tests. The cutting heights of the machines were set to represent the standard
settings recommended for each product and are described in Table 1.

Table 1. Overview of features of the models of robotic lawn mowers tested and their cutting height
settings. In the column “Blades”, P indicates “low energy pivoting blades” and F indicates “heavy
duty fixed blades”.

Brand Model Blades
Collision
Sensor

Wheel Motor
Current

Collision
Detection

Wheels

Front
(F)-/Rear

(R)-Wheel
Drive

Skid
Plate

Headlights
Ultrasonic
Sensors

Camera
Vision

Cutting
Height

(cm)

AL-KO 1150 F No Yes 4 R No No No No 50

Gardena Sileno City P No Yes 3 F No No No No 58

Gardena Sileno Life P No Yes 4 F No No No No 35

Honda HRM 40
Live P No Yes 4 R No No No No 47

Husqvarna
Automower

®
105 P Yes No 3 F Yes No No No 45

Husqvarna
Automower

®
305 (310) P No Yes 4 R Yes No No No 52

Husqvarna
Automower

®
450X P Yes No 4 R Yes Yes Yes No 60

Husqvarna
Automower

®
310 P Yes No 4 R Yes No No No 65

Husqvarna
Automower

®
Nera P Yes No 4 R Yes Yes Yes

(Radar) No 43

Husqvarna
Automower

®
Aspire R4 P No Yes 3 F No No No No 50

Kress KR111 P Yes No 4 R No No Yes No 45

LandXcape LX812i P No Yes 3 R No No Yes No 40

Segway
NaviMow H3000E P Yes No 4 R No No No No 67

Stiga Stig-A 1500 P Yes No 4 R No No No No 35

Worx Landroid L
(WR153E) P No Yes 4 R No No No No 60

Worx Landroid M
(WR143E) P No Yes 4 R No No Yes No 60

STIHL iMOW 422P F Yes No 4 R No No No No 43

STIHL iMOW 5 P Yes No 4 R No Yes Yes No 40

STIHL iMOW 7 P Yes No 4 R No Yes Yes No 40
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Of the 19 robotic lawn mowers tested, 2 had fixed blades and 17 had pivoting blades
(please see Figure 1A,B in Rasmussen et al. (2021) [26] for pictures of the types of blades).

Figure 1. An overview of the six different test positions used during the tests. Only hedgehog
cadavers were used in these tests.

The robotic lawn mower tests were performed on dead hedgehogs, henceforth referred
to as “hedgehogs”. These animals had died in care, primarily due to infections, at hedgehog
rehabilitation centres in Denmark from May to November 2022. All hedgehogs chosen
for this study were intact with no visible injuries prior to the tests. The hedgehogs were
stored in freezers at −20 ◦C and were thawed before the regular tests. The hedgehog
cadavers all weighed between 250 and 600 g, representing the age group of recently
independent juvenile hedgehogs, equivalent to the weight class 2 described by Rasmussen
et al. (2021) [26] Table 2. This weight class was chosen as it yielded the most diverse results,
with a larger variation between the different positions compared to individuals of other
weight classes, in the tests performed by Rasmussen et al. (2021) [26].

Based on the results reported by Rasmussen et al. (2024) [36] testing the behaviour
of live hedgehogs facing a disarmed, robotic lawn mower, each individual was tested in
six different positions (Figure 1) in an attempt to mimic the behaviour of a live individual.
The most commonly recorded position during the tests on live hedgehogs was “upright
position with snout pointing inwards” (43%) [36] which could not be properly mimicked
with a dead hedgehog as the head would not bend inwards and stay in place, leaving us to
combine this with the second most frequently recorded behaviour (20%), test position 3:

The tests were recorded with two Ring Stick Up Cam® (RingTM, Santa Monica, CA,
USA) cameras placed on tripods.

Each model of robotic lawn mower was tested on one hedgehog. If an individual was
injured by the mower during a test, the injuries were documented with the cameras. In
most cases, the individual would thereafter be discarded to avoid the misinterpretation of
previously sustained injuries in the subsequent tests.
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The tests of 17 out of 19 machines were carried out in a test hall at Husqvarna head-
quarters in Huskvarna, Jönköping, Sweden, from 23 to 25 March 2023. The remaining two
models (STIHL iMOW 7 and STIHL iMOW 5 (STIHL, Stuttgart, Germany)) were tested in a
private garden in Lejre, Denmark, on 10 October 2023, as they could not be made available
for the tests taking place in March 2023. All tests were performed during daylight hours.

The tests were performed on a firm base of either concrete flooring, garden tiles,
(STIHL iMOW 7 and STIHL iMOW 5) or asphalt (Segway NaviMow H3000E (Seqway
Inc., Beijing, China) and Stiga Stig-A 1500 (Stiga, Castelfranco Veneto, Italy)), on a coconut
mat with a rubber-backed base (dimensions 2 m in width and 5 m in length and 20 mm
in height [40]). The coconut mat is the recommended base for the robotic lawn mower
safety tests described in the European Committee for Electrotechnical Standardization
(CENELEC) protocol [39]. The hedgehog was placed on the coconut mat lying 1 m from
the edge of the mat and at a 3 m distance from the robotic lawn mower (Figure 2). The
cameras were placed next to the hedgehog on the left-hand side at a 1 m distance from the
hedgehog and behind it at a distance of 1 m. The mower was then turned on and manually
directed to move towards the hedgehog. The distance of 3 m was sufficient to ensure the
machine was operating at maximum speed and the blades were in action before reaching
the hedgehog. If the machine did not move in a straight line towards the hedgehog, it
was then relocated back to the initial position and turned on again. This was conducted
to standardise the tests and to ensure that the hedgehog was located at the centre of the
front of each approaching machine. In order to test certain models, the distance between
the robotic lawn mower and the hedgehog deviated from the standard 3 m as a longer
distance was required before the knives started rotating (3.4 m: Husqvarna Automower
® Nera, Husqvarna Automower ® Aspire R4 (Husqvarna, Huskvarna, Sweden)) or there
was a need for a shorter distance to ensure the mower approached the hedgehog at the
right angle (2 m: Husqvarna Automower ® 105, Husqvarna Automower ® 305 (Husqvarna,
Huskvarna, Sweden), Gardena Sileno Life (Gardena GMBH, Ulm, Germany)).

Figure 2. An overview of the setup for the test scenario. Only dead hedgehogs were used in the tests.

In the cases of two models using satellite navigation (tests on Segway NaviMow
H3000E and Stiga Stig-A 1500), the tests were performed outdoors with an asphalt concrete
base below the coconut mat. In some instances, the machines were switched on at another
distance than the standard 3 m from the hedgehog cadaver (Segway NaviMow H3000E:
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all tests at a 5 m distance). This was necessary because this particular model of robotic
lawn mower require longer distances to gain momentum for the blades to be rotating
at full speed (Segway NaviMow H3000E). For the tests of the Stiga Stig-A 1500 model,
the movement algorithm of the machine was unpredictable, forcing the research team to
manually place the coconut mat and hedgehog in front of the approaching lawn mower. In
all tests, the Stiga Stig-A 1500 was fully up and running when the hedgehog and coconut
mat were placed in front of it, at either a 2 m distance (test position 1–5) or a 4 m distance
(test position 6).

2.1. Quantifying the Damage

We described the results of the tests, quantifying the severity of damage caused by
the robotic lawn mowers, by allocating each outcome to one of five damage categories
(Table 2):

Table 2. A description of the five different damage categories used to describe the outcome of the
different tests.

Damage
Category

Description

0
No physical contact between the machine and the hedgehog. The machine
senses the hedgehog from a distance, changes direction, and drives on without
touching the hedgehog. No damage is caused to the hedgehog cadaver.

1

The robotic lawn mower approaches the hedgehog, and the front of the
machine touches the hedgehog lightly (a “nudge”) and thereby detects the
corpse. Immediately, the machine changes direction and drives on without
touching the hedgehog further. No damage is caused to the hedgehog cadaver.

2

The robotic lawn mower approaches the hedgehog, and the front of the
machine touches the hedgehog (a “flip”) to detect the hedgehog. The physical
interaction causes the hedgehog to be moved into a different body position
(flipped from lying on one side of the body to the other side of the body) or be
lifted partly from the ground before settling in the same position again.
Afterwards, the machine changes direction and drives on without touching
the hedgehog further. The damage to the hedgehog is at most minimal and
involves no contact with the blades (at worst this might cause a slight bruise).

3

The robotic lawn mower fails to detect the presence of the hedgehog and
continues to drive across the hedgehog. The front panel of the machine is
lifted as the machine drives over the cadaver, which causes the blades to stop
running. In some cases, the machine withdraws and changes direction, so
that only part of the dead hedgehog’s body was situated underneath the
machine. The blades of the robotic lawn mower may have come into contact
with the dead hedgehog but have not punctured the skin. The damages
observed ranged from undetectable to the cutting of a small number of
spines but might have involved minor bruising to a live hedgehog.

4

The robotic lawn mower fails to detect the presence of the hedgehog and
continues to drive across it. The blades of the machine have come into contact
with the dead hedgehog and have caused injuries to the cadaver. The severity of
the injuries ranges from small puncture wounds on the skin (1 cm) to clipping of
limbs or complete exposure of the entire abdominal region and decapitation.

2.2. Additional Comparison Tests

It was decided to add two types of comparison tests to the testing procedure. During
early tests, it appeared that the size of the hedgehog carcasses used could potentially
influence the results, where the smaller ones (<400 g in weight) would more frequently be
injured compared to individuals of a larger size (>400 g). Therefore, we decided to perform
additional comparison tests on larger hedgehog carcasses for the models of robotic lawn
mowers which were previously tested on smaller hedgehogs (<400 g). Due to the limited
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number of individuals available for the comparison test, we most often only performed the
test in position 3 to increase the likelihood of having intact carcasses available for tests on
several models of robotic lawn mowers.
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To investigate whether the firmness of the carcass would influence the results, we
added a test on a frozen hedgehog carcass in test position 3 to the testing procedure for
the machines chosen for comparison tests. For the tests performed in Lejre, Denmark, no
frozen hedgehogs were available for testing, so this test type was omitted (STIHL iMOW 7
and STIHL iMOW 5).

2.3. Data Analyses

For our analyses, we combined test data from 2020 (published in Rasmussen et al.
(2021) [26]) and the results produced in the present experiment in 2023. In contrast to the
current experiments, the tests performed in 2020 only used three of the six positions and
only tested on thawed hedgehog carcasses. Because of the limited amount of data for each
lawn mower model and the categorical nature of the response variable (damage category
0–4), we transformed the response variable y to binary, with y = 1 when a test resulted in
damage category 4 (i.e., hedgehog sustained injury in collision with the lawn mower, see
definition in Table 2) and y = 0 otherwise (damage category 0–3). We analysed these data
with a logistic regression, thus estimating the probability that a test resulted in injury, and
the effects of several predictor variables on that probability.

The raw data suggested differences in injury probability among lawn mower models
and we used ‘lawn mower model’ as a random intercept in all models; we refer to the
model with the random intercept only as the base model. To evaluate the importance of a
predictor for injury probability, we compared models with a predictor to the base model
using Akaike’s Information Criterion (AIC; [41]). We further gauged the effect strength
based on the coefficient estimate and evidence for the effect based on its p-value.

All models were fit in R v. 4.2.1 [42] using the lme4 package v. 1.1.30 [43].

2.3.1. Additional Comparison Tests

We compared the outcomes of the tests on frozen hedgehog carcasses to unfrozen
hedgehog carcasses. Due to the limited sample size of frozen hedgehogs (n = 12), we fit
a separate logistic regression comparing injury probability between thawed and frozen
hedgehogs, accounting only for lawn mower model, but none of the other predictor vari-
ables were found to affect injury probability (see Results). We excluded frozen hedgehogs
from our main analysis investigating the effect of predictor variables on injury probabil-
ity (see Sections 2.3.2–2.3.5). We combined data from the comparison tests using thawed
hedgehogs of different sizes (375–419 g) with data from the main tests for our main analysis.

2.3.2. Investigating Potential Differences in Injury Probability Depending on the Position of
the Hedgehog

During the tests, the hedgehogs were placed in six positions relative to the direction of
approach of the robotic lawn mower (see Figure 1 for a description of the six positions). To
test whether there were differences in the probability of injury depending on the position
of the hedgehog, we prepared the following model. To reduce the number of levels of this
categorical predictor, we grouped positions into 3 categories: 1 + 2 (lying on the side), 3 + 4
(standing, in line with mower), and 5 + 6 (standing, at angle with mower). We included
this new position variable as a predictor of injury category.

2.3.3. Comparing the Results of the 2020 and 2023 Tests

Some of the models of robotic lawn mowers were tested in 2020 [26] as well as in the
current experiment. The test scenarios did differ slightly between years, as the hedgehog
carcasses used in the different tests were not identical, and the tests were performed in
different locations with different ground covers (lawns in 2020 and coconut mats in 2023).
Therefore, to test whether there were differences in the probability of injury between the
2020 and 2023 tests, we added a categorical year effect to the base model. Because positions
4–6 were not used in tests in 2020 and there was some (albeit weak) evidence that positions
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5 + 6 may have a different injury probability (see Results), we also included ‘position’ in
this model. This was to avoid any confounding effect between ‘year’ and ‘position’.

2.3.4. Measuring the Effect of the Size of Hedgehog Carcass Used in the Tests on the
Probability of Sustaining Injury

Even though the hedgehog carcasses used for the tests all matched the weight category
250–600 g representing independent juvenile hedgehogs, there was still a large variation in
size between them. This led us to test whether the characteristics of the hedgehog carcass
affect its probability to sustain injury during the tests. Three measures were collected
for the hedgehogs included in the tests: weight (g), height (cm), and circumference
(cm). The measurements in cm were recorded as the maximum height and the maximum
circumference of the hedgehog. The latter two measures were not collected for any of
the hedgehogs tested in 2020. The three measures of size were strongly correlated. To
assess via AIC which of the size predictors were the most important, we subset the data
to include only those trials where all three measures were taken (n = 147 tests). To test
whether there were thresholds or optimum relationships between the probability of injury
and hedgehog characteristics, we fit models with linear and quadratic effects separately
for each predictor (weight, height, and circumference). We compared the six models with
linear or quadratic predictors to the base model. We centred and scaled all measures prior
to analysis.

2.3.5. Testing Whether the Technical Features of the Robotic Lawn Mowers Affect the
Probability of Causing Injury to Hedgehogs

A range of different technical features were registered for the robotic lawn mowers
included in the tests (see Table 1). In our analysis to test for effects of these features on the
probability of causing injury to hedgehogs, we excluded ‘camera vision’, as none of the
robotic lawn mowers tested had it. We included cutting height as a continuous predictor
and all other attributes as categorical (binary) predictors. Because there was very little
variation in hedgehog characteristics for each robotic lawn mower (each year, a mower was
typically tested only with a single hedgehog), and we wanted to avoid confounding effects
of hedgehog characteristics and lawn mower attributes, we included the most important
hedgehog characteristic from 2.3.4 (height) in all lawn mower attribute models. To do
so, we subset the data to those tests which included records of hedgehog characteristics
(n = 147); all lawn mower attributes were always recorded for these tests.

2.3.6. Calculating the Optimal Number of Tests to Characterise the Risk of Injury to
Hedgehogs Caused by a Specific Robotic Lawn Mower

Measuring categorical data (damage categories), no single damage category alone
would characterise a lawn mower model. Rather, each model would have a set of probabili-
ties of how likely each damage category is to occur in a trial. With the current test setup,
this would be a set of five probabilities (five damage categories) for each mower, therefore
requiring much more data to estimate these probabilities precisely. To reduce this challenge,
we again limited the damage categories to injured (category 4) and not injured (category
0–3), focusing on estimating the probability of a lawn mower model causing injury.

One of our goals was to characterise each lawn mower model based on the risk it poses
to hedgehogs. Ideally, to do so, we would have included ‘lawn mower model’ as a fixed
effect in the previously described analyses. However, for some models, no tests resulted
in injuries (i.e., all y = 0), precluding estimating model-specific injury probabilities for
these models with fixed effects. More importantly, overall, the data per model were sparse,
which leads to uncertain estimates of model-specific injury probabilities. Therefore, for the
application in future standardised safety tests, we wanted to apply our test results to deter-
mine the optimal number of test repeats (henceforth, sample size) necessary to confidently
characterise each robotic lawn mower model’s risk of causing injury to hedgehogs.

360



Animals 2024, 14, 122

To define the amount of data (trials per mower) needed to estimate the probability of
injury precisely, a simulation-based approach, with the following steps, was used:

(a) We set input injury probabilities for all robotic lawn mower models based on the
estimates from a logistic regression with the fixed effect of ‘lawn mower model’. We
excluded those lawn mower models for which the regression could not estimate a
model-specific injury probability.

(b) We created input values for the effects of hedgehog height (the most important char-
acteristic to affect injury probability—see Results) and position on injury probability,
using the results from the previously described analyses. Even though the effect of
position on injury probability was weak (see Results), we chose to include it in our
data simulation to mimic reality, as robotic lawn mowers may encounter hedgehogs
in different positions.

(c) We used these input values to simulate new synthetic trial data for different sample
sizes per robotic lawn mower model. In the original data, approximately 10 tests were
performed per model, depending on whether the model was tested in a comparison
test and how many positions were used in that particular test. In the simulations,
we explored sample sizes of 25, 50, 75, 100, and 150 per robotic lawn mower model.
For each trial, hedgehog height was randomly sampled from all unique heights
represented in the dataset from the collision tests (eight different sizes); similarly,
position was randomly sampled from the three grouped positions (1 + 2, 3 + 4, and
5 + 6, see Figure 1 for a description of the positions). For each sample size, we created
250 synthetic datasets.

(d) We analysed the synthetic data to estimate the specific injury probability for each
model of robotic lawn mower. Specifically, we fit a logistic regression model with
a fixed effect of ‘lawn mower model’, accounting for hedgehog height and height
squared. The regression did not account for ‘position’, as position introduces real-
istic variability into the synthetic data, and the model estimates the average injury
probability across all positions.

(e) We summarised the results across all 250 simulated datasets for each sample size
scenario. Specifically, for each dataset, we determined estimated injury probability
for each model of robotic lawn mower, which due to scaling of the height variable
corresponds to the expected injury probability for an average-sized hedgehog. We
calculated 95% confidence intervals (CIs) and the mean CI across all 250 datasets. We
plotted average CI width against sample size to visualise how the level of uncertainty
declines with increasing sample size.

3. Results

The results from the collision tests between the hedgehog carcasses and the 19 different
models of robotic lawn mowers tested can be found in Figure 3. For comparison, the figure
includes the results from the tests performed previously on the same weight category size
of hedgehog carcasses in 2020 [26]. The results show that some of the robotic lawn mowers
did cause injury to the hedgehog carcasses tested (damage category 4), whereas other
models of robotic lawn mowers would push the hedgehog prior to detecting it, causing the
robotic lawn mower to change direction without harming the hedgehog (damage categories
1–2). There was only one incidence of a damage category 0, where the hedgehog was
apparently detected at a distance: the robotic lawn mower changed directions and did not
come into contact with the hedgehog. However, the same result could not be replicated;
when the test was repeated, it yielded a damage category 3. The full dataset is available in
Table S1.

361



Animals 2024, 14, 122

Figure 3. An overview of the test results for each of the 19 tested robotic lawn mowers. The results
from the tests performed in 2020 are also visualised for the machines tested by Rasmussen et al.
(2021) [26]. The x-axis illustrates the test categories (2020, 2023, comparison, and comparison with a
frozen hedgehog), and the y-axis shows the six different test positions. All hedgehog carcasses used
in the tests weighed between 250–600 g. The numbers within the fields of the columns denote the
damage categories registered for each test position. The numbers above the columns describe the
weight in g of the hedgehog carcass used for the specific test. A red highlight marking of the result
box (Husqvarna Automower Nera and Husqvarna Automower 305) indicates that this test position
and scenario was tested twice and yielded two different results, with colour describing the lowest of
the measured damage categories presented in the box.
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3.1. Additional Comparison Tests

The model comparing injury probability between frozen and thawed hedgehogs pro-
vided little evidence for an effect of the state of the hedgehog. The base model had essentially
equal support as the model including the hedgehog state as a predictor (ΔAIC = 0.23); the
coefficient estimate had a high uncertainty (1.396, SE = 1.07), and correspondingly, the
p-value suggested that evidence in favour of this effect was weak (p = 0.192). We caution,
however, that this may be a function of the low sample size of frozen hedgehogs and the
resulting inability to account for important sources of variation in injury probability (see
following sections) in this comparison.

3.2. Investigating Potential Differences in Injury Probability Depending on the Position of
the Hedgehog

Evidence that hedgehog position affected injury probability was weak to nonexistent.
Both the ‘position’ model and the base model had essentially equal support (ΔAIC = 0.5).
The effect estimates for positions 3 + 4 had a large standard error, and both coefficients had
non-significant p-values (Table 3). However, the effect of positions 5 + 6 appears stronger
and more certain than that of positions 3 + 4.

Table 3. Coefficient estimates from the ‘position’ model.

Position Coefficient SE p

3 + 4 −0.17 0.43 0.69

5 + 6 0.72 0.43 0.1

3.3. Comparing the Results in the 2020 and 2023 Tests

There was no evidence that year affected the injury probability. The model with
year had a higher AIC value than the base model (ΔAIC = 1.23), and the coefficient for
tests being conducted in 2023 had a large standard error (beta = −0.26, SE = 0.49) and
p-value (0.60).

3.4. Measuring the Effect of the Size of Hedgehog Carcass Used in the Tests on the Probability of
Sustaining Injury

The AIC values showed that out of the three characteristics, height was the most
important predictor of injury probability; the model including a quadratic effect of height
was considerably better than the one with the linear effect (Table 4). All other models (of
weight and circumference) were similar or worse in AIC than the base model. Coefficient
estimates from the quadratic height model showed that injury probability initially increased
with height but then declined after about 7 cm of height (Figure 4).

Table 4. AIC-based model selection for testing the effects of size of the hedgehog carcass on the
probability of sustaining injury in collision with a robotic lawn mower.

Model AIC dAIC

Height sq. 162.9 0

Height 165.26 2.36

Weight 171.23 8.33

Base 171.28 8.38

Circ. 171.42 8.52

Weight sq. 172.47 9.57

Circ. sq. 173.41 10.51
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Figure 4. Relationship between hedgehog height and probability of being injured by a lawn mower.
Dashed lines show confidence intervals.

3.5. Testing Whether the Technical Features of the Robotic Lawn Mowers Affect the Probability of
Causing Injury to Hedgehogs

The only model whose AIC was lower than that of the base model was the one
containing an effect of front- or rear-wheel drive, but the ΔAIC was 0.6, thus suggesting
that this attribute did not improve the model (Table 5). The model indicated that rear-wheel
drive caused higher injury probability, but the standard error was large (1.27, SE = 0.83),
and the effect was non-significant (p = 0.13).

Table 5. AIC-based model selection for testing the influence of technical features on the injury
probability of the robotic lawn mowers on hedgehogs.

Model AIC dAIC

Drive (front vs. rear wheel) 162.28 0

Base 162.9 0.62

# wheels (3 or 4) 163.6 1.32

Wheel motor current collision detection (Y/N) 163.79 1.51

Ultrasonic sensors (Y/N) 164.18 1.9

Cutting height (mm) 164.23 1.95

Collision sensor (Y/N) 164.44 2.16

Skid plate (Y/N) 164.61 2.33

Blades (pivoting vs. fixed) 164.71 2.43

Headlights (Y/N) 164.87 2.59

3.6. Determining the Optimal Number of Tests to Characterise the Risk of Injury to Hedgehogs
Caused by a Specific Robotic Lawn Mower

Out of the 19 lawn mower models, it was possible to estimate a mower-specific injury
probability (as input value for the simulation) for 15. For the remaining four models
(Gardena Sileno Life, Husqvarna Automower 450X, LandXScape LX812i, and STIHL iMOW
7), no (or extremely few) trials resulted in injury, rendering the model unable to estimate
injury probabilities for these mowers, causing an exclusion of these models from the
simulation. As expected, for the remaining models of robotic lawn mowers, the level of
uncertainty around their injury probability declined as the sample size (trials per model)
was increased (Figure 5). However, that decline depended on the injury probability: the
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decline was less pronounced in models with very high or very low injury probability.
Generally, the gains in certainty declined considerably after sample sizes of 50, causing us
to suggest a test number of 50 to confidently characterise the risk of injury to hedgehogs
caused by a specific lawn mower.

Figure 5. A visualisation of the reduction in confidence interval width (indicating a better representa-
tion) as a function of an increased sample size (number of tests) for all 15 robotic lawn mower models
included in the analysis. Each mower is represented by a specific colour.

3.7. Using the Results to Design a Standardised Safety Test
3.7.1. Size of the Hedgehog Crash Test Dummies

Based on the test results, indicating that the size of the hedgehog affects the outcome
of a collision test, we suggest that a future standardised safety test measuring the effect of a
specific model of robotic lawn mower on hedgehogs would include two sizes of hedgehog
crash test dummies: one representing an independent juvenile hedgehog <400 g and 7 cm
in height and another representing an adult hedgehog >600 g and ≥10 cm in height.

3.7.2. Positions Used in the Tests

The findings of Rasmussen et al. (2024) [36] showed that live hedgehogs tend to
either run away or position themselves in positions 3, 5, and 6 (Figure 1) when approached
by a robotic lawn mower. As our tests showed that the position did not significantly
influence the outcome of the collision tests, and as position 1 and 2 (curled up hedgehogs)
would be challenging to mimic with a non-flexible hedgehog crash test dummy, we suggest
excluding these two positions from the standardised safety test. As the hedgehog crash
test dummy currently being prepared is designed without the features of a head, having
completely similar front and back design, the position 4 could be considered redundant if
the features of the front and back of the model are identical, as position 3 would therefore
already have represented that position. As our results indicated a tendency for a higher
probability of injury in positions 5 and 6, we recommend including both of these positions
in a standardised safety test. Accordingly, we suggest using three positions for future
standardised safety tests, namely positions 3, 5, and 6 (described in Figure 1).

365



Animals 2024, 14, 122

3.7.3. The Test Setup

Even though our results showed consistency between the 2020 and 2023 tests, per-
formed on different surfaces (grass compared to a coconut mat placed on top of either a
solid base of concrete, asphalt, or garden tiles), we recommend the test setup described
in Figure 2. This furthermore serves to standardise the design, as lawns may differ in
softness and grass height and plant composition. The proposed coconut mat is already a
recommended standard base for the tests described in the CENELEC protocol [39].

3.7.4. Number of Tests

As described previously, the optimal number of tests to characterise the risk of injury
to hedgehogs caused by a specific robotic lawn mower is 50 or above. Therefore, we suggest
that the standardised safety test should consist of 60 trials per size hedgehog crash test
dummy to accommodate the three test positions chosen, testing each position 20 times.

3.7.5. The Proposed Standardised Safety Test

Our suggestion is that the framework of a standardised safety test to measure the
effect of a specific model of robotic lawn mower on hedgehogs is as follows (Figure 6):

Figure 6. The suggested framework for a standardised safety test to measure the effect of a specific
model of robotic lawn mower on hedgehogs.
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• The tests shall be performed on concrete flooring on a coconut mat with a rubber-
backed base (dimensions 2 m in width, 5 m in length, and 20 mm in height).

• The hedgehog crash test dummy shall be placed on the coconut mat lying 1 m from
the edge of the mat and at a 3 m distance from the robotic lawn mower.

• Two cameras shall be positioned next to the hedgehog crash test dummy on the left-hand
side at a 1 m distance from the dummy and behind the dummy at a distance of 1 m.

• Two sizes of hedgehog crash test dummies shall be used: <400 g and 7 cm in height
and >600 g and ≥10 cm in height.

• Each hedgehog crash test dummy shall be tested in 60 trials:

o 20 trials: Standing upright on its feet with the head oriented towards the
approaching robotic lawn mower with the snout facing 12 o’clock;

o 20 trials: Standing upright on its feet with the snout facing 2–3 o’clock;
o 20 trials: Standing upright on its feet with the snout facing 9–10 o’clock.

• The interpretation of the results should be conducted as follows:

o Robotic lawn mowers yielding only damage categories 0–2 in the tests (see
Table 2 for a description of damage categories) should be labelled as safe for
hedgehogs;

o Models of robotic lawn mowers showing any results belonging to damage
categories 3 and 4 cannot be labelled as safe for hedgehogs;

o A robotic lawn mower fails the safety test if any of the results are classified as
damage category 4.

4. Discussion

Our results showed that some of the robotic lawn mowers tested may injure hedgehogs,
whereas others gave no evidence of being harmful to hedgehogs. Apart from one incidence,
where we recorded damage category 0, all robotic lawn mowers had to physically interact
with the hedgehog carcasses to detect them, whereafter some robotic lawn mowers changed
direction and did not cause injury to the hedgehogs. Larger-sized hedgehogs were less
likely to be injured, with height being the measure of size most useful in predicting injury.
The firmness of the hedgehog cadavers (thawed or frozen) did not affect the outcome
of the collision tests. There were no differences in test outcomes between the years 2020
and 2023, showing consistency in the results produced. There was little evidence that
hedgehog position influenced injury probability and even less evidence that any of the
selected technical features of the lawn mowers tested affected the probability of injury.

4.1. Hedgehog Crash Test Dummies as Alternatives to Hedgehog Carcasses in Future Tests

We found no difference between the outcomes of tests on frozen compared to thawed
hedgehog carcasses, although keeping in mind that this comparison was based on a
limited sample size. We decided to include the comparison test of frozen carcasses, as we
considered a potential bias in the results which could arise if the hedgehog carcasses were
softer than live hedgehogs due to the latter curling up and thereby tightening the muscles
during a confrontation with a robotic lawn mower.

Work is currently underway to design an optimal hedgehog crash test dummy, mim-
icking a real, live hedgehog, to be used in the test setup. The dummy will be offered as a
standard model for testing the safety of a robotic lawn mower on hedgehogs in the future.
The ultimate goal is to provide an open-access recipe allowing relevant stakeholders, such
as manufacturers of robotic lawn mowers and test institutes, to 3D print the crash test
dummy and use this in the development of hedgehog-friendly robotic lawn mowers and
for the standardised safety test we propose.

It is important to ensure that the hedgehog crash test dummy offered is realistic. The
results of the present tests should inform the process of designing the dummy. In the
worst-case scenario, a faulty dummy could cause misguided adjustments to the robotic
lawn mower designs to the detriment of the hedgehogs. The degree of firmness of the
hedgehog cadaver did not significantly affect the outcomes of the collision tests (frozen or
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thawed), encouraging us to conclude that a crash test dummy could be representative even
though its composition is not identical to a real hedgehog. However, our results showed
that the size of the hedgehog carcass does influence the risk of injury, which leads us to
suggest that the hedgehog crash test dummy should be produced in two size categories:
(1) <400 g and 7 cm in height (mimicking an independent juvenile hedgehog) and (2) >600 g
and ≥10 cm in height (mimicking an adult hedgehog). Further work on the crash test
dummy currently being developed is needed to ensure that the injury prediction model
from the tests on dead hedgehogs applies directly to the dummy.

4.2. A Standardised Safety Test to Measure the Effect of a Specific Model of Robotic Lawn Mower
on Hedgehogs

The goal is to have the standardised hedgehog safety test implemented in the CEN-
ELEC protocol [39] as a test offered for all robotic lawn mowers being approved for sale on
the European market. The intention is to use this standardised safety test to establish an
official labelling system for hedgehog-safe robotic lawn mowers, guiding the consumers to
make the hedgehog-friendly choice when purchasing robotic lawn mowers.

One of the purposes of the present study was to compile sufficient data to provide
a solid suggestion for a protocol for a standardised safety test to measure the effect of a
specific model of robotic lawn mower on hedgehogs. Based on the information gathered in
the present study, we have described our suggestion for a standardised safety test. This
protocol should now be tested and validated, before being implemented in the CENELEC
protocol (International Electrotechnical Commission (IEC), Technical Committee (TC) 116,
Working Group (WG) 10, IEC 62841-4-X: Particular requirements for robotic lawnmowers).

4.3. The Safety of Robotic Lawn Mowers for Hedgehogs

Three years after the first tests on the effect of robotic lawn mowers on hedgehogs [26]
and an increased focus on improving the safety of the robotic lawn mowers for hedgehogs
in new models designed, we were pleased to see how the new models, tested for the first
time, in general involved less harmful encounters with the hedgehog carcasses in our
experiments. The damage category 0, where the robotic lawn mower detects the hedgehog
at a distance and changes direction without coming into physical contact with it, should
be regarded as the desired outcome. We did observe the damage category 0 in a single
test. However, this result could not be replicated by repeating the test, which causes us to
suggest that the robotic lawn mower may have detected (and avoided) a larger obstacle by
chance, such as the camera recording the event, in the background. Regardless, the general
reduction in harmful outcomes for the hedgehogs in the collision tests with new models
and designs of robotic lawn mowers gives cause for optimism about the future. For now,
our advice remains to restrict the running of robotic lawn mowers to daylight hours and
check the lawn for any wildlife species which may be vulnerable in the encounter with a
robotic lawn mower before turning on the machine.

5. Conclusions

Based on the experiments presented in this study, we conclude that some models of
robotic lawn mowers may injure hedgehogs, whereas others are not harmful to them. Apart
from one single incidence, all robotic lawn mowers had to physically touch the hedgehog
carcasses to detect them. Height affected the risk of injury, with larger hedgehog cadavers
being less likely to be damaged. The firmness of the tested hedgehog cadavers (frozen
or thawed) did not influence the outcome of the collision tests. Neither the position of
the hedgehog cadavers nor the selected technical features of the lawn mowers affected
the probability of injury. The level of uncertainty regarding injury probability declined as
the number of trials per model of robotic lawn mower was increased to a level of 50 tests,
causing us to suggest a test number of 50 to characterise confidently the risk of injury to
hedgehogs caused by a specific lawn mower.
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The insights provided by our results have enabled the design of a protocol for a
standardised hedgehog safety test to quantify the effect of a given robotic lawn mower on
hedgehogs. Used in combination with specially designed hedgehog crash test dummies,
this protocol will hopefully lead to the development of more hedgehog-friendly robotic
lawn mowers, thereby reducing the negative impact on hedgehogs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani14010122/s1, Table S1: The full dataset from the tests of
collisions between hedgehog carcasses and robotic lawn mowers.
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Simple Summary: The European hedgehog is a generally welcomed but nowadays less common
guest in residential gardens, as the species is in decline. Sharing habitats with humans comes at
a cost: a residential garden holds many potential dangers for hedgehogs. Previous research has
shown that certain models of robotic lawn mowers may harm hedgehogs. This study sought to
investigate the personality and reactions of live hedgehogs towards a disarmed, approaching robotic
lawn mower. Personality tests revealed that the hedgehogs could be divided into categories of “shy”
and “bold” individuals, independently of age and sex. The encounter tests with a disarmed robotic
lawn mower showed that they behaved and positioned themselves in seven different ways, and the
individuals with a bold personality reacted in a more unpredictable way. Adult hedgehogs tended
to react in a shyer manner, and the tested hedgehogs, generally, acted less boldly the second time
they encountered a robotic lawn mower. This knowledge will be used in the process of designing
a standardised hedgehog safety test to eventually produce and approve hedgehog-friendly robotic
lawn mowers that pose no hazards to hedgehogs, ultimately, serving to eliminate their influence on
hedgehog survival and, thereby, improve hedgehog conservation.

Abstract: The populations of European hedgehog (Erinaceus europaeus) are in decline, and it is
essential that research identifies and mitigates the factors causing this. Hedgehogs are increasingly
sharing habitats with humans, being exposed to a range of dangers in our backyards. Previous
research has documented that some models of robotic lawn mowers can cause harm to hedgehogs.
This study explored the personality and behaviour of 50 live hedgehogs when facing an approaching,
disarmed robotic lawn mower. By combining a novel arena and novel object test, we found that
27 hedgehogs could be categorised as “shy” and 23 as “bold”, independently of sex and age. The
encounter tests with a robotic lawn mower showed that the hedgehogs positioned themselves in
seven different ways. Personality did not affect their reactions. Adult hedgehogs tended to react
in a shyer manner, and the hedgehogs, generally, acted less boldly during their second encounter
with the robotic lawn mower. Additionally, our results show that bold individuals reacted in a
more unpredictable way, being more behaviourally unstable compared to the shy individuals. This
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knowledge will be applied in the design of a standardised hedgehog safety test, eventually serving to
produce and approve hedgehog-friendly robotic lawn mowers.

Keywords: Erinaceus europaeus; animal personality; applied animal behaviour research;
shyness–boldness; wildlife conservation; anthropogenic disturbance; robotic lawn mowers; garden
technology; lawn care; behavioural instability

1. Introduction

The European hedgehog (Erinaceus europaeus), hereafter referred to as “hedgehog”, is
a widely distributed species that can survive across a range of diverse habitat types [1,2].
Despite the species’ ability to adapt to many different settings [3], recent research has
either documented or suggested declines in the populations of European hedgehogs in
several Western European countries [4–14]. For the time being, the investigated factors con-
tributing to this decline include habitat loss; habitat fragmentation; inbreeding; intensified
agricultural practices; road traffic accidents; a reduction in biodiversity and, hence, food
items; lack of suitable nest sites in residential gardens; accidents caused by garden tools;
netting and other anthropogenic sources in residential gardens; infections with pathogens
and endoparasites; molluscicide and rodenticide poisoning; and, in some areas, badger
predation [3,5,15–31]. With the potential to reach 16 years of age [32], it is of concern that
the majority of research into the lifespan of European hedgehogs has found a mean age of
only two years (see Rasmussen, Berg, Martens and Jones [32], Table 1 for an overview). It is,
therefore, essential to investigate the possible causes for this early mortality and the overall
population decline in order to optimise the conservation initiatives directed at this species.

1.1. Hedgehogs and Robotic Lawn Mowers

Robotic lawn mowers are becoming increasingly popular in Europe and the US.
According to market insight reports, it is expected that the global robotic lawn mower
market will expand from US 0.8–1.5 billion in 2020–2022 to US 2.7–4 billion in 2032, and the
market is anticipated to develop at a compound annual growth rate (CAGR) of 11.5–15.5%
during the forecasted period [33,34]. With the increasing number of robotic lawn mowers
operating in residential gardens throughout the distribution range of hedgehogs in Europe,
combined with the fact that research indicates that hedgehogs are, nowadays, increasingly
associated with human-occupied areas [10,20,31,35], it seems likely that many individual
hedgehogs will encounter several robotic lawn mowers during their lifetime.

Human activities negatively impact the welfare of countless wild vertebrates [36], and
hedgehogs are no exception. Injured hedgehogs are frequently found by members of the
public and are admitted to hedgehog rehabilitation centres with different types of cuts
and injuries, most often caused by garden tools and netting, or predators such as dogs,
foxes, or badgers [37–40]. In some cases, the injuries are fatal, whilst others necessitate
euthanasia. However, because of a growing concern reported by hedgehog carers and
members of the public that an increasing number of these incidents could have been caused
by robotic lawn mowers, Rasmussen et al. (2021) [29] investigated the effects of robotic
lawn mowers on hedgehogs. Tests were carried out on deceased hedgehogs and showed
that some models of robotic lawn mowers did, indeed, injure hedgehog carcasses, whereas
other models only had to touch a hedgehog carcass lightly to detect it before changing
direction accordingly to avoid it. Consequently, it was observed that all models of robotic
lawn mowers included in the tests had to physically interact with the hedgehog carcasses
to detect them [29]. This led to the suggestion that research should be initiated to develop
more hedgehog-friendly robotic lawn mowers and that a standardised safety test should
be designed for the evaluation and approval of new models of robotic lawn mowers for
the market in terms of hedgehog safety as an addition to the current mandatory general
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safety guidelines [29,41]. This test should, ideally, be performed on a specially designed
hedgehog crash test dummy placed in realistic fixed positions.

Having previously tested the effects of robotic lawn mowers on dead hedgehogs,
positioning the carcasses in the tests based on the knowledge of hedgehog behaviour, we
decided to test the reactions of live hedgehogs to an approaching robotic lawn mower
to optimise the design of a future standardised safety test by ensuring that it is realistic.
Furthermore, testing and quantifying the behaviour of live animals should also consider
the effects of personality on the outcome.

1.2. Measuring Personality in Animals

When facing danger, hedgehogs tend to stand completely still, as if they are in a
frozen state, often in an upright position with the snout pointing inwards (i.e., head bent
inwards in a partially curled-up position, later referred to as behavioural category 3),
whilst deciding whether the next step should be to curl up or run away [42]. The strategy
of curling up in front of an approaching car or robotic lawn mower appears to be less
successful than running away. Could personality determine the reaction of hedgehogs
towards an approaching robotic lawn mower?

Personality, defined as individual differences that are stable over time and across
situations, affects how individuals react to challenging situations [43] and may influence
their survival [44]. Several studies have shown that it is possible to estimate the shy-
ness/boldness of individuals, including hedgehogs [45], by analysing how they explore a
novel environment or arena, or by measuring their latency to approach a novel object in
a familiar environment [44,46–48]. Previous research has explored and documented the
occurrence of a shyness–boldness gradient in natural populations [44,49–51]. In addition, it
has been demonstrated that personality potentially influences fitness through reproductive
success and survival [44,52,53]. Natural selection affects factors such as boldness at a
population level [54], which is why individuals with inappropriate levels of boldness may
suffer reduced fitness in the wild due to extensive risk-taking behaviour [44]. Accordingly,
Bremner-Harrison, Prodohl, and Elwood (2004) [44] found that bolder juvenile captive-bred
swift foxes had a lower postrelease survival compared to their shyer conspecifics.

Another important aspect that characterises the personality of an individual is the
degree of behavioural instability, which quantifies the degree of unpredictability of a
behavioural response. The notion of behavioural instability, as suggested by Pertoldi et al.
(2016) and others [55–57], goes beyond being solely described by the variance and/or
interquartile range (IQR). It also encompasses the kurtosis and skewness (i.e., asymmetry)
of the distributions. These parameters collectively impact the median absolute deviation, a
measure of the variability in a dataset, which is estimated by the median distance of the
data values from the median (MAD). The higher levels of behavioural instability exhibited
by certain individuals could have relevant implications, as an increased variability in the
behavioural repertoire could enhance the probability of survival in a dangerous situation,
such as an encounter between a hedgehog and a robotic lawn mower [55].

1.3. Aim of the Research

In this study, we tested the reactions of live hedgehogs towards a disarmed, approach-
ing robotic lawn mower to optimise the test design of a future standardised realistic safety
test. Additionally, we investigated the effects of personality, measured as shyness/boldness,
on behavioural responses and associated predictability and, thereby, the risk-taking be-
haviour of these animals when facing the approaching robotic lawn mower to ensure
that this test would account for differences in the hedgehog reactions linked to their per-
sonality. We predicted that shy individuals would have a higher tendency to run away
and that bolder individuals would be more inquisitive towards the approaching robotic
lawn mower.

Measuring the responses of live hedgehogs towards an approaching robotic lawn
mower will facilitate the optimal design of a standardised safety test for robotic lawn
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mowers, which will become an important tool for enhancing the safety of hedgehogs
entering gardens. This will, ultimately, result in the improved conservation of the declining
populations of European hedgehogs.

2. Materials and Methods

The research included both personality tests and encounter tests with a robotic lawn
mower (Figure 1), performed on 50 live rehabilitated Danish hedgehogs that had been
assessed as ready for release back into the wild. All individuals were released at suitable
sites within a few days after the tests. Some individuals were adults originally admitted into
care because of disease or injury (N = 15), and some were orphaned juveniles (N = 35) that
were hand-raised by a hedgehog rehabilitator. They had reached the age and capabilities
similar to wild juveniles at the age of independence, having been raised under natural
conditions, and had been deemed ready for release back into the wild.

Figure 1. Experimental design and timeline. Design adapted from the “Mouse Experimental Time-
line”, template by BioRender.com, agreement number: RS262OWRC1. Photographs and illustrations
by Cloud b; Encyclopaedia Britannica, and Husqvarna.

The experimental design was created with the welfare of the hedgehogs in mind,
taking precautions to reduce the levels of stress caused by transportation and handling.
Therefore, all tests took place in the garden surrounding the wildlife rehabilitation centre,
where the hedgehogs had been in care, and the hedgehogs were exclusively handled by the
wildlife rehabilitator, who had been nursing them back to health.

The tests were divided into a pilot study on ten individuals, which took place on
two consecutive nights from the 3rd–5th of June 2022, and further tests on 40 individuals
taking place from the 6th–8th of September 2022 (N = 20) and 15th–17th of September
2022 (N = 20). As hedgehogs are nocturnal, the experiments were performed during their
natural activity period, from sunset to sunrise, varying based on the time of year and the
number of individuals tested on the specific nights of testing.

2.1. Personality Tests

The personality tests were performed as a combination of a novel object test [48,58,59]
and a novel arena test [59,60] for the purpose of assessing each individual’s tendency to
respond with either curiosity or fearfulness and, hence, exploration or avoidance of the
novel object in a novel environment. The novel object was a 45 × 25 × 20 cm blue plush toy
(Cloud b “Charley the Chameleon”). The toy stimulated both visual and auditory senses
through a sound emission, a soothing melody at a maximum of 5 dB, and blinking RGB
LED lights in the colours red, blue, and green.

The novel arena consisted of a wooden pallet frame with a solid, wooden pallet base
(dimensions inside the arena: length 104 cm, width 76 cm, and height 38 cm). The base was
covered by a large piece of cardstock thick paper in a light grey colour, covering the whole
base of the arena. The novel object was placed in the end of the test arena, 60 cm from the
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nest box containing the hedgehog subjected to the personality test, which was placed in the
opposite end of the novel arena. The nest box was added to the novel arena just before the
test started. The novel arena was placed under a cover by a dark-blue garden gazebo for
the purpose of standardising the weather conditions and shielding the arena against rain.

The procedure for each personality test lasted for 30 min (including rest) in total
(Figure 1). Before the test started, the hedgehog was transported to the novel arena in its
individual, familiar nest box, from its own enclosure situated in the housing ward of the
hedgehog rehabilitation centre. The closed nest box was placed in the novel arena, allowing
the hedgehog to rest and acclimatise for 15 min after transportation. During this resting
period, the novel object was not activated and was not visible to the hedgehog. After
15 min of rest, the nest box entrance was opened, and the novel object’s light and sound
effects were switched on (Figure 2). Over the following 15 min, two cameras recorded any
activity in the novel arena. A Ring Stick Up Cam video camera (RingTM, Santa Monica, CA,
USA), which was suspended from the ceiling of the garden gazebo at around the centre
of the novel arena, provided a complete overview of the novel arena. The Ring camera
was controlled through the Ring app and was set to record with a live view continuously
for 12 min at a time, as this was the maximum possible duration per recording. The Ring
camera was manually re-activated after 12 min using the Ring app. A Nedis HD Wildlife
CameraWCAM130GN (Nedis, ’s-Hertogenbosch, The Netherlands) was also set to record
for 30 s after the detection of any locomotion and to record back to back with no delay
between recordings. The Nedis camera was placed on a tripod halfway along the long side
of the novel arena allowing for all activity during a test to be detected and recorded.

 

Figure 2. A photo from the Ring surveillance camera, which was used during the personality tests,
illustrating the experimental design.

An experimenter (the same person for all personality tests) silently monitored all tests
in complete darkness at a distance of 4 m from the test arena.

2.2. Encounter Tests with a Robotic Lawn Mower

The robotic lawn mower encounter tests were conducted on the lawn of the residential
garden surrounding the wildlife rehabilitation centre, where the hedgehogs were housed.
The experimental area was fenced off with a green, 45 cm tall wire mesh fence to ensure the
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hedgehogs tested could not run away (Figure 3). The area was 1.5 m in width and 6.75 m in
length. Green tentor poles were placed alongside the fence inside the test area and marked
each 1 m distance from the hedgehog. A black folding fence, which was 1.2 m in height,
consisting of three panels that were 0.8 m in width, was placed outside the fenced area to
surround the zone in which the hedgehog was placed. This allowed for the experimenters
recording the behaviour and stepping into the test zone to manually stop the robotic lawn
mower and to remain visually hidden from the hedgehog during the tests.

 
Figure 3. A photo from the surveillance camera used during the encounter tests, illustrating the
experimental design. A range of safety precautions for the tests can be seen: (1) a person standing on
the right side of the test area stepping in to manually turn off the robotic lawn mower by pushing the
(visual) button on the shield of the mower; (2) the rope attached to the back of the mower (with a
person pulling it in the other end); and (3) the hedgehog rehabilitator standing inside the test area
next to the hedgehog ready to intervene, if necessary. The two persons standing in the vicinity of the
hedgehog tested (the hedgehog rehabilitator and the person recording with the handheld FLIR E54
Thermal Imaging camera) remained the same throughout all tests and were cautious to behave in the
same manner during all tests.

The robotic lawn mower (Husqvarna Automower® 415X, Husqvarna, Huskvarna,
Sweden) was positioned on a spot marked with duct tape at a distance of 5.75 m from the
hedgehog, allowing it to move in a straight line through the test area in the direction of the
hedgehog. At the beginning of each test, the hedgehog was placed inside the fenced area,
on a spot on the lawn marked with duct tape, at a distance of 1 m from the surrounding
fence. The hedgehog was positioned in an upright standing position with the front facing
the mower and the head folding inwards (later referred to as behavioural category 3). When
the hedgehog was in place, the mower was turned on, causing it to move in the direction of
the hedgehog and gradually approaching the individual at 380 mm/s, until a distance of
0.5 m, at which the mower was stopped. During the pilot test on the first ten individuals,
the robotic lawn mower was stopped at a 1 m distance from the hedgehogs, but this was
changed to 0.5 m for the tests with the last 40 individuals due to a concern that the 1 m
distance was too far away to properly trigger a reaction from the hedgehogs.
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Each hedgehog was tested with the robotic lawn mower twice: one test in which the
headlights of the mower were switched off and another with the headlights switched on.
The second test was performed immediately after the first (Figure 1). The order of the
tests was counterbalanced among the individuals (Figure 1). In the case that the test was
interrupted because of a technical failure, or if the hedgehog ran away before the robotic
lawn mower was turned on, we restarted the test once, resulting in a maximum of three
tests and a duration of a maximum of 15 min in total, during which the hedgehog was
situated in the test area. In the majority of cases, we only tested the hedgehogs twice.

The tests were recorded with a Ring Stick Up Cam video camera placed on a tripod
overlooking the experimental area, as well as a handheld FLIR E54 Thermal Imaging
camera (Teledyne FLIR, Wilsonville, OR, USA) recording from behind the folding fence
surrounding the hedgehog being tested. With the use of these cameras, the reactions (i.e.,
behavioural categories) of each individual towards the approaching robotic lawn mower
during the two tests, were recorded.

After the tests, the hedgehog was returned to its enclosure in the housing ward at the
hedgehog rehabilitation centre by the hedgehog rehabilitator.

Safety Precautions during the Encounter Tests

Multiple initiatives were implemented to ensure that the safety measures were met
during the tests. The pivoting blades (i.e., knives) were removed from the robotic lawn
mower, and the mower was controlled via remote control (Husqvarna Automower® Con-
nect App, Husqvarna, Huskvarna, Sweden). Additionally, a rope was fastened to the
robotic lawn mower, and a staff member held this rope during the tests, generating manual
control to ensure the mower never got closer to the hedgehog than the 0.5 m (1 m in the
pilot study) distance allowed in the test. Furthermore, a person standing alongside the test
area, hidden behind the folding fence, stepped in to stop the robotic lawn mower manually
when it reached the 0.5 m (1 m in pilot study) limit by pressing the red stop button on the
dorsal shield of the robotic lawn mower. The hedgehog carer remained standing next to the
hedgehog during the tests and was ready to intervene and pick up the hedgehog in case
it tried to run away or the other safety precautions failed (which never occurred during
the tests).

2.3. Data Analysis

The data analyses and graphs for publication were prepared in R v 4.2.3. [61] using
the packages lme4, DHARMa, pbkrtest, multcomp, ordinal, car, and tidyverse.

2.3.1. Personality Tests

On the basis of their behaviour during the combined novel arena and novel object test,
the hedgehogs were categorised as either shy or bold as follows: individuals that remained
in their nest box during the full 15 min duration of the test were categorised as “shy”,
whilst those that left the nest box and entered the arena to explore the novel arena and
novel object during the test were categorised as “bold”. This categorisation was established
during the pilot study after observing a large number (6/10) of hedgehogs remaining in
their nest box for the entire test.

We used a generalised linear model (GLM) to analyse the results of the personality
tests due to a binary outcome (shy versus bold, analysed as 0 vs. 1) and having no repeated
measures of the same individuals. The GLM with binomial family included personality
(0 versus 1) as a response variable and age (adult versus juvenile), sex (female versus male),
and weight (in kg, z-score transformed) as fixed effects.

On the basis of the variance inflation factor (VIF), using the VIF function in R, testing
for multicollinearity, we found that the fixed effects of age and weight were correlated,
as VIF > 5. Therefore, we removed the response variable “weight” from the initial model
(VIF = 5.42). Accordingly, the final model was: glm (personality_category ~ sex + age,
family = binomial, data = personality).
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2.3.2. Encounter Tests with a Robotic Lawn Mower

During the encounter tests with a robotic lawn mower, the behaviour of each individ-
ual was scored in five ordinal behavioural categories, with 1 being the more exploratory
behavioural (bold) reaction and 5 being the more cautious (shy) reaction. Behaviour was
recorded at the point in time at which the robotic lawn mower was situated just in front of
the hedgehog and before the mower was manually stopped.

The ordinal categories were:

(1) Upright position with snout facing 9–10 o’clock, 2–3 o’clock, or 6 o’clock (rump
towards the mower).

(2) Upright position with snout facing the mower.
(3) Upright position with snout pointing inwards (head bent inwards in a partially curled-

up position). This was the position the hedgehog was originally placed in when the
test was initiated.

(4) Hedgehog running away from the robotic lawn mower.
(5) Hedgehog curling up.

To analyse the results of the encounter tests, a cumulative link mixed model (CLMM)
was chosen, as the response is ordinal (ordered categorical data), and no assumption was
made concerning the spacing between behavioural categories 1 and 5.

The CLMM included the ordinal behavioural category (1–5) as a response variable;
lights (on vs. off), personality (shy vs. bold, coded as 0 vs. 1), age (adult versus juvenile),
sex (female vs. male), and test number (1 vs. 2 as a control) as fixed effects; and individual
ID crossed with the date of the test as random effects (to control for repeated measures,
as each hedgehog was tested twice, and the differences between the days). The variance
inflation factor was below 5 for all fixed effects, indicating the absence of multicollinearity,
and allowing us to include all factors in the same model. The final model was: clmm
(responseF ~ lights + personality_cat + weight + sex + test_number + (1|individual) +
(1|date), data = behaviour).

Furthermore, by comparing a model with to a model without the random effect
“individual” using a likelihood ratio test, we tested whether individuals differed in their
responses in general. Finally, the degree of behavioural instability, estimated as the median
absolute deviation (MAD) of the ordinal behavioural category was tested with the Mann–
Whitney U test and Levene’s test from the medians for differences among the individuals
belonging to the two categories of personality (shy vs. bold). In the two categories of
personality, individuals of different sex, weight, and age were pooled, as these factors did
not seem to affect personality (see Section 3, results below).

2.4. Ethical Approval

Ethical approval for this study was provided by the Animal Experiments Inspectorate
under the Danish National Committee for the Protection of Animals used for Scientific
Purposes (license number: 2021-15-0201-00865) in accordance with 2010/63/EU [62]. We
followed the 3R concept for use of animals in research: we used a paired design to reduce
the number of experimental animals needed (i.e., reduction), and we ensured that no animal
suffered harm during the study through specified safety measures (i.e., refinements). It was
not possible to replace the studies with alternative methods (i.e., replacement). Permission
was also obtained from the Danish Nature Agency to work with this protected species. All
animals completed the tests without injury and were released back into the wild within a
few days.

3. Results

The 50 individuals tested comprised 15 adults and 35 independent juveniles, 30 females
and 20 males.
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3.1. Personality Tests

On the basis of their behaviour during the combined novel arena and novel object test,
27 (54%) individuals were categorised as shy and 23 (46%) as bold.

Our data analysis showed that neither sex (GLM: Z = −0.93, p = 0.35) nor age (and
thereby weight) (GLM: Z = 1.31, p = 0.19) had a significant effect on the personality of the
hedgehogs (see Appendix A for the raw data).

3.2. Encounter Tests with a Robotic Lawn Mower

The distribution of the behaviours shown by the 50 individuals tested during the total
100 encounter tests with a robotic lawn mower is illustrated in Figure 4 (see Appendix A
for a full overview of the results). The most frequent behavioural response (43%) was
the upright position with the snout pointing inwards, which was also the position the
hedgehogs were placed in when the tests started. In 15% of the cases, the strategy of the
hedgehogs was to run away. Curling up was only observed once in the 100 tests that
were conducted.

Figure 4. An overview of the results from the encounter tests with a robotic lawn mower. “Behaviour”
describes the behaviour exhibited by the hedgehogs. “Category scores” indicate the degree of shyness
or boldness of the behaviour, with 1 being the boldest and 5 being the shyest. “Distribution” denotes
the frequency of the specific behaviours, in percentage, out of 100 tests conducted with a total of
50 different hedgehogs. The line with arrows indicates the gradient of shyness or boldness of the
behaviour exhibited by the hedgehogs tested. At the beginning of each test, the hedgehog was placed
in an “upright position with snout pointing inwards”.

We found that age had an effect on the behavioural responses of the hedgehogs
(CLMM: Z = −3.71, p = 0.0002), with younger and, thereby, lighter individuals showing
a bolder behavioural response to the approaching robotic lawn mower compared to the
older and heavier individuals (Figure 5). In addition, the behavioural responses were also
affected by the test number (CLMM: Z = 2.32, p = 0.021), with hedgehogs reacting in a
shyer manner during the second of the two encounter tests with the robotic lawn mower,
regardless of whether the lights were turned on or off during the first test (Figure 6). The
other fixed factors (lights on/off, personality, and sex) did not reach a low p-value (CLMM:
p ≥ 0.54 for all).
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Figure 5. Behavioural responses as a function of the age category of the individuals during the
encounter test with a robotic lawn mower (CLMM: p = 0.0002). “Response” shows behavioural
categories 1–5, with 1 being the most inquisitive (i.e., bold) and 5 being the most timid (i.e., shy)
reactions. Violin and box plots: the horizontal line shows the median, with the box extending from
the lower to the upper quartiles and the whisker to the data extremes.

Figure 6. Behavioural responses of the individuals during the first and the second encounter tests
with a robotic lawn mower (CLMM: p = 0.021). “Response” indicates the behavioural categories
1–5, with 1 being the boldest and 5 being the shyest. Violin and box plots: the horizontal line shows
the median, with the box extending from the lower to the upper quartiles and the whiskers to the
data extremes. The dashed lines indicate repeated measures (i.e., connecting responses by the same
individual between tests 1 and 2).
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The random effect “individual” did not significantly affect the behavioural responses,
indicating an absence of clear differences among subjects (CLMM: χ2 = 0.50, df = 1, p = 0.48;
Figure 6).

The behavioural instability of the ordinal behavioural category estimated with the
MAD showed a significantly higher variability in the individuals belonging to the bold
category compared to the individuals belonging to the shy category (MAD bold > MAD shy,
Mann–Whitney U-test; H = 5.26; p = 0.022 Levene’s test: p < 0.0029).

4. Discussion

Our research showed that the 50 hedgehogs tested could be categorised as shy and
bold, regardless of sex and age. Personality was not found to influence their reaction
towards an approaching robotic lawn mower. However, we observed a higher level of
behavioural instability exhibited by the bold individuals. During the encounter tests, seven
different behavioural reactions were observed in the hedgehogs. There was a tendency for
adults and, therefore, more experienced individuals to behave in a more eluding manner
when facing an approaching robotic lawn mower. The hedgehogs, in general, acted less
boldly during their second encounter test. This could be important from a conservation
and welfare perspective if the experience gained from an encounter with a robotic lawn
mower could reduce the risk of this individual coming into contact with such a potential
risk in the future.

4.1. Distribution of Personality and Behavioural Instability

We found that 54% (N = 27/50) of the individuals could be categorised as shy, as
they did not exit their nest box during the whole test, whilst the rest (46%; N = 23/50)
could be categorised as bold. Neither sex nor weight (and, thereby, age) had an effect on
personality. This is in line with the suggestion that individuals in a given population can
be divided into a shy–bold continuum across age classes [48]. The findings of a balanced
distribution of shy and bold individuals in the test group are also supported by the current
lack of evidence for the pace-of-life syndrome (POLS) in populations of hedgehogs. The
POLS predicts that behavioural traits such as high boldness, exploration, aggressiveness, or
activity increase the acquisition of resources at the expense of life span, causing individuals
expressing these traits to exhibit a faster life history, i.e., a higher growth rate compared to
other conspecifics [45,63–65].

However, the higher levels of behavioural instability in the bold individuals could
have some relevant implications, as a higher variability in the behavioural repertoire
could enhance the probability of survival when an individual encounters a dangerous
situation, as proposed by Pertoldi et al. (2016) [55], which suggests that heightened
behavioural instability could possess adaptive value in an unpredictable environment. If a
higher variability in the behavioural repertoire can increase the probability of surviving an
encounter with a robotic lawn mower, then bold individuals could be favoured.

4.2. Insight Gained from the Encounter Tests with a Robotic Lawn Mower

After the 100 encounter tests performed with 50 live hedgehogs exposed to an ap-
proaching robotic lawn mower, it became evident that the reactions of the hedgehogs
could be divided into seven different behavioural categories, resulting in six different test
positions (excluding the behaviour of running away). These positions adopted by the
hedgehogs in reaction to the robotic lawn mower will be applied in a test design with the
purpose of describing the safety and effects of particular models of robotic lawn mowers
on hedgehogs, using both dead hedgehogs and hedgehog crash test dummies to provide
realistic test scenarios for the standardised safety tests.

Interestingly, we found that the tested individuals tended to behave in a more timid
manner during the second trial. This could indicate that the hedgehogs adjusted their
behaviour towards the robotic lawn mower based on their experience, which might imply
that they learned to avoid future encounters with the robotic lawn mower after a single
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undramatic episode. If this is, indeed, the case in real life, this could potentially prove very
beneficial to the survival of hedgehogs, provided that they are not critically harmed in an
encounter with a robotic lawn mower. In testing for differences in the behavioural responses
among the individuals, in general, no significant effects were found. This suggests that
there were no marked differences in the responses among the individuals and/or that
each individual might have reacted differently in the two encounter tests. This is in line
with the findings that the hedgehogs reacted in a manner that was more timid during the
second of the two encounter tests with the robotic lawn mower. Similar results were found,
for example, in rainbow trout, whereby boldness was reduced as an adaptive response to
negative experiences in previous tests [47].

Older individuals exhibited shyer behaviour in the encounter tests with the robotic lawn
mower. We suggest that this could be due to experience and that the independent juveniles
we tested were, in general, more naïve because of their young age and lack of experience.
The independent juveniles we tested (N = 35/50 individuals in total) had been hand raised in
captivity. They, hence, likely had never encountered a robotic lawn mower before. Unfortunately,
we have no knowledge of whether the adults (N = 15/50) included in the tests had had any
previous confrontations with robotic lawn mowers in the wild before they were admitted
into care. This finding could suggest that there should be a focus on the size/age category of
independent juveniles in the experimental design of future hedgehog safety tests in case they
are more likely to come into physical contact with robotic lawn mowers.

4.3. Potential Biases in the Test Designs

When working with live animals, especially wildlife, it is often challenging to obtain
a balanced experimental test design, as the distribution of, for example, the sex and age
of the individuals being tested depend on factors such as the season, as well as chance.
To prioritise animal welfare and minimise the stress caused to the hedgehogs included in
the tests, by eliminating factors such as capture, transport, and handling by strangers, all
of the tests took place at a single wildlife rehabilitation centre, where the hedgehogs had
been in care and were considered ready for release back into the wild. We conducted the
experiments on three occasions, limiting the availability and selection of individuals for the
study, ultimately, resulting in a somewhat unbalanced composition of the 50 hedgehogs
tested (15 adults and 35 independent juveniles; 30 females and 20 males). This should be
taken into consideration when interpreting the results of our tests.

As the novel object was covered in fabric and had permanent electronic parts dis-
tributed throughout, the plush toy was nonwashable. It was, therefore, decided that it
could not be cleaned between the tests. This might have caused the odours of hedgehogs
previously exposed to and exploring the novel object to accumulate, potentially rendering
the novel object more stimulating for the last individuals tested, as a few cases of self-
anointing were observed in the vicinity of the novel object [42]. The same applied to the
cardstock paper covering the floor of the novel arena, as it remained the same throughout
the tests. However, no hedgehogs defecated on the floor, and any nesting material or other
foreign objects were removed in between the tests. As we decided to exclusively base
our categorisation of shyness–boldness on the distribution of the individuals entering the
arena or staying in the nest box for the duration of the 15 min test, we assumed that these
factors (i.e., the novel object and the floor cover being more olfactory stimulating for the
last individuals tested) likely did not influence the outcome of the tests.

During the encounter tests with the robotic lawn mower, it was also not possible to clean
the designated spot where each individual was placed, which potentially caused the area to
become more olfactorily stimulating for the last individuals tested. This could, in principle,
have influenced the behaviour of the hedgehogs tested. However, we did not notice any
excessive sniffing activity from the hedgehogs directed at the ground where the individuals
were placed. The hedgehogs, when deciding to expose their noses, away from the original
position with their heads folded inwards, investigated their surroundings by smelling the air
with the noses pointing upwards and not pointed in the direction of the ground.
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The wildlife rehabilitation centre and its surrounding garden, where the tests took
place, was situated in a residential area near Aarhus in Denmark. During the tests we
observed variability in the sensory stimuli coming from the surroundings. Some nights had
heavy rainfall, whilst other nights had a range of different anthropogenic noise disturbances.
These factors were beyond our control but, nevertheless, constituted a realistic scenario for
hedgehogs inhabiting suburban residential areas. To the best of our abilities, we tried to
adjust the timing of the tests to reduce the influence of these disturbances on our results.

It has been suggested that confidently determining personality in individuals requires
repeated measures to determine whether these personality traits remain consistent dur-
ing different test scenarios [66]. As we prioritised an experimental design to reduce the
duration of the tests and handling of the hedgehogs to reduce stress [45] and allowing
for the hedgehogs to be released into the wild as fast as possible, it was not possible to
accommodate more repeated measures in our test design. It would be relevant to consider
a method to increase the repeated measures of personality extending beyond the combined
novel object and novel arena test and the encounter tests with a robotic lawn mower.

Previous traumatic experiences may have influenced the reactions of the individual
hedgehogs during the tests. However, the lack of knowledge about the life history of the
hedgehogs prior to admission to the wildlife rehabilitation centre prevents any meaningful
analysis of the influence of different traumas on the outcomes of the personality and
encounter tests.

4.4. Next Steps

Knowing that certain models of robotic lawn mowers may cause injuries or even kill
hedgehogs, understanding the extent of the problem is critical for hedgehog conservation
and welfare. Therefore, we encourage the establishment of an open access international
hedgehog database that can function as a daily record-keeping system for hedgehog carers,
gathering and storing vital information on the hedgehogs coming into care. Additionally,
collecting photographic evidence of hedgehogs injured or killed by electronic garden tools,
such as trimmers and robotic lawn mowers, in order to quantify, document, and describe
the types of damage caused by these machines is important (Berger et al. in prep.).

On the basis of the present behavioural study, through the knowledge gained on how
live hedgehogs position themselves when confronted by an approaching robotic lawn
mower, it is now possible to prepare a realistic framework for a standardised safety test
to measure the impacts of robotic lawn mowers on hedgehogs. Furthermore, complete
standardisation requires the use of hedgehog crash test dummies, which can be 3D printed
and applied by manufacturers of robotic lawn mowers in the process of designing and
testing prototypes of new and more hedgehog-friendly machines. Ultimately, hedgehog
crash test dummies should be used as proxies for dead hedgehogs in the standardised
safety test and be designed to mimic reality and yield the same results compared to tests
on dead hedgehogs.

The final step is to have the standardised hedgehog safety test implemented in the
CENELEC protocol [41], testing and approving robotic lawn mowers for sale on the Euro-
pean market. This test would, furthermore, allow for a labelling system for hedgehog-safe
robotic lawn mowers to be established, guiding the consumers to make the hedgehog-
friendly choice when purchasing these tools.

Work is currently well underway to achieve these described goals. But, for now, our
advice remains to restrict the running of robotic lawn mowers to daylight hours and to
check lawns for any wildlife species that may be vulnerable to an encounter with a robotic
lawn mower, before turning on the machine.

5. Conclusions

The robotic lawn mower market is growing rapidly, and, consequently, it is essential
to help inform manufacturers on how to design more hedgehog-friendly machines in the
future if we wish to eliminate this potentially negative influence on hedgehog survival in
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our backyards. This study sought to explore the personality and reactions of live hedgehogs
when facing a disarmed, approaching robotic lawn mower to inform future standardised
hedgehog safety tests allowing manufacturers to evaluate the performance of the new
models being designed and developed at their facilities.

In testing the reactions of hedgehogs towards an approaching (disarmed) robotic lawn
mower, we conclude that that personality did not appear to affect the outcome; that adult
and, thereby, more experienced hedgehogs tended to react in a more timid manner; and
that the hedgehogs generally acted less boldly during their second encounter with the
robotic lawn mower.

The important insights gained from this study will be applied in the process of testing
and refining the design of a hedgehog crash test dummy to be used in a future, standardised
hedgehog safety test, which will be informed by the present results. This test will eventually
serve to produce and approve hedgehog-friendly robotic lawn mowers and, ultimately,
improve hedgehog conservation.
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Appendix A

Table A1. Results from the encounter tests with a disarmed robotic lawn mower. “Personality” refers
to the categories shy = 0 and bold = 1. Test number refers to the order of the two tests on each
individual. Light describes whether the headlights of the robotic lawn mower were turned on or
off during the specific test. Response denotes the behavioural response category of the individual,
as defined in Section 2, “Materials and Methods”, with category 1 being the boldest and category 5
being the shyest.

Individual Personality Age Sex Weight (Gram) Date Time Test Number Lights Response

Hedgehog 1 1 Adult Female 1154 03.06.2022 23:17 Two Off 3

Hedgehog 1 1 Adult Female 1154 03.06.2022 23:15 One On 4
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Table A1. Cont.

Individual Personality Age Sex Weight (Gram) Date Time Test Number Lights Response

Hedgehog 2 1 Adult Female 1071 04.06.2022 00:00 One Off 3

Hedgehog 2 1 Adult Female 1071 04.06.2022 00:02 Two On 3

Hedgehog 3 0 Adult Male 774 04.06.2022 01:07 One On 4

Hedgehog 3 0 Adult Male 774 04.06.2022 01:10 Two Off 4

Hedgehog 4 0 Juvenile Female 497 04.06.2022 01:33 One Off 3

Hedgehog 4 0 Juvenile Female 497 04.06.2022 01:35 Two On 3

Hedgehog 5 0 Adult Female 996 04.06.2022 02:09 One On 4

Hedgehog 5 0 Adult Female 996 04.06.2022 02:13 Two Off 4

Hedgehog 6 0 Adult Female 924 04.06.2022 23:05 One Off 4

Hedgehog 6 0 Adult Female 924 04.06.2022 23:07 Two On 4

Hedgehog 7 1 Adult Female 1137 04.06.2022 23:40 One On 3

Hedgehog 7 1 Adult Female 1137 04.06.2022 23:42 Two Off 4

Hedgehog 10 0 Adult Female 772 05.06.2022 01:32 Two On 1

Hedgehog 10 0 Adult Female 772 05.06.2022 01:30 One Off 3

Hedgehog 8 0 Adult Female 645 05.06.2022 00:17 One Off 3

Hedgehog 8 0 Adult Female 645 05.06.2022 00:19 Two On 3

Hedgehog 9 1 Adult Female 699 05.06.2022 00:55 One On 3

Hedgehog 9 1 Adult Female 699 05.06.2022 00:56 Two Off 3

Hedgehog 11 0 Adult Male 1225 06.09.2022 21:03 Two Off 3

Hedgehog 11 0 Adult Male 1225 06.09.2022 21:01 One On 4

Hedgehog 12 0 Adult Male 1361 06.09.2022 21:37 One Off 3

Hedgehog 12 0 Adult Male 1361 06.09.2022 21:38 Two On 3

Hedgehog 13 1 Juvenile Female 361 06.09.2022 22:02 One On 1

Hedgehog 13 1 Juvenile Female 361 06.09.2022 22:06 Two Off 3

Hedgehog 14 1 Juvenile Male 381 06.09.2022 22:57 Two On 2

Hedgehog 14 1 Juvenile Male 381 06.09.2022 22:56 One Off 3

Hedgehog 15 1 Juvenile Male 328 06.09.2022 23:23 One On 1

Hedgehog 15 1 Juvenile Male 328 06.09.2022 23:27 Two Off 2

Hedgehog 16 1 Juvenile Female 361 06.09.2022 23:57 One Off 1

Hedgehog 16 1 Juvenile Female 361 06.09.2022 23:58 Two On 1

Hedgehog 17 1 Juvenile Female 328 07.09.2022 00:27 One On 3

Hedgehog 17 1 Juvenile Female 328 07.09.2022 00:30 Two Off 3

Hedgehog 18 1 Juvenile Male 216 07.09.2022 00:58 One Off 3

Hedgehog 18 1 Juvenile Male 216 07.09.2022 01:02 Two On 3

Hedgehog 19 1 Juvenile Female 321 07.09.2022 01:35 One On 2

Hedgehog 19 1 Juvenile Female 321 07.09.2022 01:35 Two Off 2

Hedgehog 20 1 Juvenile Female 264 07.09.2022 02:05 One Off 1

Hedgehog 20 1 Juvenile Female 264 07.09.2022 02:06 Two On 4

Hedgehog 21 0 Juvenile Female 318 07.09.2022 02:34 One On 2

Hedgehog 21 0 Juvenile Female 318 07.09.2022 02:36 Two Off 3

Hedgehog 22 1 Juvenile Female 343 07.09.2022 21:07 One On 2

Hedgehog 22 1 Juvenile Female 343 07.09.2022 21:10 Two Off 2

Hedgehog 23 0 Juvenile Male 383 07.09.2022 21:39 One Off 1

Hedgehog 23 0 Juvenile Male 383 07.09.2022 21:41 Two On 3
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Table A1. Cont.

Individual Personality Age Sex Weight (Gram) Date Time Test Number Lights Response

Hedgehog 24 0 Juvenile Male 398 07.09.2022 22:10 One On 1

Hedgehog 24 0 Juvenile Male 398 07.09.2022 22:11 Two Off 1

Hedgehog 25 1 Juvenile Female 308 07.09.2022 22:45 One Off 1

Hedgehog 25 1 Juvenile Female 308 07.09.2022 22:45 Two On 4

Hedgehog 26 1 Juvenile Male 387 07.09.2022 23:11 One On 3

Hedgehog 26 1 Juvenile Male 387 07.09.2022 23:13 Two Off 3

Hedgehog 27 1 Juvenile Female 383 07.09.2022 23:43 One Off 1

Hedgehog 27 1 Juvenile Female 383 07.09.2022 23:43 Two On 4

Hedgehog 28 1 Juvenile Female 231 08.09.2022 00:11 One On 1

Hedgehog 28 1 Juvenile Female 231 08.09.2022 00:13 Two Off 2

Hedgehog 29 1 Juvenile Male 221 08.09.2022 00:41 One Off 1

Hedgehog 29 1 Juvenile Male 221 08.09.2022 00:42 Two On 1

Hedgehog 30 1 Juvenile Male 196 08.09.2022 01:11 One On 3

Hedgehog 30 1 Juvenile Male 196 08.09.2022 01:12 Two Off 3

Hedgehog 31 0 Adult Male 1301 15.09.2022 20:34 One On 2

Hedgehog 31 0 Adult Male 1301 15.09.2022 20:35 Two Off 4

Hedgehog 32 0 Juvenile Female 230 15.09.2022 21:06 Two On 1

Hedgehog 32 0 Juvenile Female 230 15.09.2022 21:05 One Off 2

Hedgehog 33 0 Adult Female 718 15.09.2022 21:34 One On 1

Hedgehog 33 0 Adult Female 718 15.09.2022 21:36 Two Off 2

Hedgehog 34 1 Juvenile Female 322 15.09.2022 22:05 One Off 2

Hedgehog 34 1 Juvenile Female 322 15.09.2022 22:07 Two On 2

Hedgehog 35 1 Juvenile Male 300 15.09.2022 22:35 One On 1

Hedgehog 35 1 Juvenile Male 300 15.09.2022 22:36 Two Off 2

Hedgehog 36 1 Juvenile Male 316 15.09.2022 23:05 One Off 1

Hedgehog 36 1 Juvenile Male 316 15.09.2022 23:07 Two On 2

Hedgehog 37 0 Juvenile Female 298 15.09.2022 23:37 Two Off 1

Hedgehog 37 0 Juvenile Female 298 15.09.2022 23:35 One On 2

Hedgehog 38 0 Adult Female 668 16.09.2022 00:05 One Off 3

Hedgehog 38 0 Adult Female 668 16.09.2022 00:07 Two On 3

Hedgehog 39 1 Adult Female 1529 16.09.2022 00:35 One On 4

Hedgehog 39 1 Adult Female 1529 16.09.2022 00:36 Two Off 4

Hedgehog 40 0 Juvenile Female 318 16.09.2022 01:06 One Off 2

Hedgehog 40 0 Juvenile Female 318 16.09.2022 01:07 Two On 3

Hedgehog 41 0 Juvenile Male 236 16.09.2022 01:35 One On 2

Hedgehog 41 0 Juvenile Male 236 16.09.2022 01:36 Two Off 2

Hedgehog 42 0 Juvenile Male 213 16.09.2022 20:36 One Off 3

Hedgehog 42 0 Juvenile Male 213 16.09.2022 20:37 Two On 3

Hedgehog 43 0 Juvenile Male 478 16.09.2022 21:01 One Off 1

Hedgehog 43 0 Juvenile Male 478 16.09.2022 21:02 Two On 2

Hedgehog 44 0 Juvenile Male 226 16.09.2022 21:32 One Off 3

Hedgehog 44 0 Juvenile Male 226 16.09.2022 21:33 Two On 5

Hedgehog 45 0 Juvenile Female 326 16.09.2022 22:02 One On 3
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Individual Personality Age Sex Weight (Gram) Date Time Test Number Lights Response

Hedgehog 45 0 Juvenile Female 326 16.09.2022 22:04 Two Off 3

Hedgehog 46 0 Juvenile Male 413 16.09.2022 22:32 One Off 3

Hedgehog 46 0 Juvenile Male 413 16.09.2022 22:33 Two On 3

Hedgehog 47 0 Juvenile Female 302 16.09.2022 23:02 One On 3

Hedgehog 47 0 Juvenile Female 302 16.09.2022 23:03 Two Off 3

Hedgehog 48 0 Juvenile Female 295 16.09.2022 23:33 One Off 3

Hedgehog 48 0 Juvenile Female 295 16.09.2022 23:35 Two On 3

Hedgehog 49 0 Juvenile Female 300 17.09.2022 00:03 One On 1

Hedgehog 49 0 Juvenile Female 300 17.09.2022 00:04 Two Off 3

Hedgehog 50 0 Juvenile Male 168 17.09.2022 00:33 One Off 3

Hedgehog 50 0 Juvenile Male 168 17.09.2022 00:34 Two On 3
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Simple Summary: Owing to the rapid expansion of urbanisation, light pollution has increased
dramatically in the natural environment causing significant negative effects on species fitness,
abundance, foraging and roosting behaviours. However, very little research has examined the impacts
of artificial light at night (ALAN) on mammal species other than bats. Using a large-scale citizen
science project, we examined the potential impact of ALAN on European hedgehogs (Erinaceus
europaeus) at supplementary feeding stations. Our results show that there were no significant effects of
ALAN on the presence, feeding activity or activity patterns of hedgehogs throughout the experiment,
although some variations in individual hedgehogs were observed. This suggests that while there
was no significant impact of ALAN found at supplementary feeding stations, there could be other
costs associated with lighting, e.g., reproductive success, territory maintenance and natural prey
availability, which need to be considered.

Abstract: Artificial light at night (ALAN) can have negative consequences for a wide range of taxa.
However, the effects on nocturnal mammals other than bats are poorly understood. A citizen science
camera trapping experiment was therefore used to assess the effect of ALAN on the activity of European
hedgehogs (Erinaceus europaeus) at supplementary feeding stations in UK gardens. A crossover design
was implemented at 33 gardens with two treatments—artificial light and darkness—each of which
lasted for one week. The order of treatment depended on the existing lighting regime at the feeding
station: dark treatments were applied first at dark feeding stations, whereas light treatments were
used first where the station was already illuminated. Although temporal changes in activity patterns
in response to the treatments were noted in some individuals, the direction of the effects was not
consistent. Similarly, there was no overall impact of ALAN on the presence or feeding activities
of hedgehogs in gardens where supplementary feeding stations were present. These findings are
somewhat reassuring insofar as they demonstrate no net negative effect on a species thought to be in
decline, in scenarios where the animals are already habituated to supplementary feeding. However,
further research is needed to examine long-term effects and the effects of lighting on hedgehog prey,
reproductive success and predation risk.

Keywords: activity pattern; ALAN; camera trap; citizen science; fragmentation; hedgehogs; Erinaceus
europaeus; light pollution; lightscape; urbanisation
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1. Introduction

Urbanisation is increasing rapidly across the globe [1], with important impacts for biodiversity and
ecosystem functioning [2,3]. One of the major environmental changes that accompanies urbanisation is
an increase in the amount and intensity of artificial light at night (ALAN), and this has become
a significant conservation concern [4]. Reported impacts of ALAN include the disruption of
predator–prey interactions [5], seed dispersal [6], foraging [7], and migratory behaviour [8].

Lunar cycles have been shown to elicit a variety of behavioural and physiological responses in
nocturnal mammals [9–11]. Given that the illuminance from streetlights is usually more than an order
of magnitude greater than that from a full moon, it is likely that nocturnal mammals are susceptible to
the effects of ALAN. Most research to date has focused on bats, partly because of their high legislative
protection in some parts of the world (e.g., Europe) [12,13]. However, there has been limited research
on other nocturnal mammals.

The European hedgehog (Erinaceus europaeus) is a relatively small nocturnal insectivore that has
a wide distribution across Europe. However, populations are thought to be in decline. In Britain,
for example, populations have reduced from approximately 1.5 million individuals in 1995 to 522,000 in
2016 [14], and concerns have been raised in other countries [15–18]. The mechanisms underlying these
declines remain unclear, though a wide variety of pressures—including predation by and competition
with badgers [19–21], road collisions [22,23], and agricultural intensification [24]—have been suggested.

Hedgehogs make extensive use of parks and gardens, particularly in peri-urban and suburban
areas, where they can obtain shelter and food (including from supplementary feeding by householders,
which is common in Britain) [15,25]. However, while these areas are widely viewed as strongholds for the
species, close interactions with humans also present challenges. For example, roads act as an important
barrier to movement, resulting in isolated populations [26] and direct hedgehog mortalities [27].
The amount and intensity of ALAN associated with built environments is increasing [28,29], and the
implications of this change for hedgehogs and their prey are relatively unknown. This study uses
a citizen science approach to assess whether the presence of ALAN in gardens is linked to (1) the
amount of time hedgehogs are present at supplementary feeding stations; (2) the amount of time
hedgehogs spend feeding at supplementary feeding stations and (3) hedgehog activity patterns in
those gardens.

2. Materials and Methods

2.1. Survey

Initial questionnaires were sent out to any member of the public interested in taking part in
this experiment, asking for details about their gardens and the environmental features surrounding
them, e.g., streetlights. Any participant who had features likely to interfere with the experiment
was excluded. Camera traps (Bushnell Trophy CAM HD Max/Bushnell NatureView CAM HD Max;
Bushnell Corporation, Overland Park, Kansas, United States) were then sent to 33 volunteer citizen
scientists throughout England and Wales who had indicated that hedgehogs visited feeding stations
in their gardens (Figure S1). Each volunteer received one camera trap that they deployed in their
garden (hereafter referred to as site) facing pre-existing feeding stations. To prevent disturbance to the
hedgehogs beyond the experimental treatment, volunteers were asked to continue to supply the same
fish-free food they usually provided. The camera traps were placed 2–4 m away from feeding stations
and were elevated approximately 0.5 m from the ground to avoid interference with the artificial light
source used during the experiment. The cameras were set to record 60 s of video, with an interval of at
least 60 s between videos.

At each site, two lighting treatments were used for one week each—‘dark’ (no artificial lighting
illuminating the feeding station) and ‘light’ (constant artificial light source illuminating the feeding
station during the night)—and each treatment lasted for seven nights. The two treatments were
deployed sequentially, beginning with the treatment that was already present at the site (i.e., sites that
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already had illuminated feeding stations began with the ‘light’ treatment, whereas the opposite was
true for ‘dark’ feeding stations). The two treatments were applied in consecutive weeks using a paired
design, and the experiments took place between 15 July and 21 August 2017. For sites that were initially
‘dark’, an LED floodlight of approximately 1000 lumens (Powerline rechargeable flood lights, 10 W
115 Lm/W) was supplied if the participants did not have a suitable bright exterior light available (e.g.,
a patio light). The lights were placed so that they constantly illuminated the feeding station throughout
the entirety of the night.

The times at which hedgehogs were present and feeding from the supplementary feeding stations
were then recorded from the camera trap videos. Supporting data for this study have been deposited on
Figshare digital repository (10.6084/m9.figshare.11872113). To reduce the impact of pseudo-replication
caused by taking multiple measurements of the same individual (for example, if one animal was
stationary in front of the camera for 5 min), a presence index was created by classifying 10 min
recording blocks as either being positive or negative for hedgehogs, and a similar index for feeding was
created depending on whether they fed during this interval. To ensure ease of recording for volunteers,
recording blocks were split by clock time (e.g., 21:00–21:10, and then 21:10–21:20). So if a hedgehog
was present over both blocks, this counted as two positive recording blocks, even if the hedgehog was
present for less than 10 min. It is highly likely that multiple individuals would have visited the same
feeder within each night, but it was not possible to recognise individuals in this project. Therefore, for
the purposes of analysis, each 10 min recording block was considered to be a replicate, and the nightly
count of hedgehog-positive (the ‘presence index’) and feeding-positive (the ‘feeding index’) recording
blocks were used as outcome variables.

The percentage of urban cover (combined urban and suburban) within a circular buffer centred
on each site was calculated from the Land Cover Map 2007 [30] using ArcMAP 10.5 [31]. The area of
the buffer was set at 9.7 ha, which has been reported as the mean home range of hedgehogs in England
in regions where badgers are present [32].

2.2. Statistical Analysis

Statistical analyses were undertaken using R v.3.5.3 [33]. To assess the relationships between light
exposure and the indices of hedgehog presence/feeding activity, Generalised Linear Mixed Models
with a negative binomial distribution were fitted to the count data using the ‘lme4’ package [34].
Using a paired design, the full model had the following predictor variables: treatment, treatment
order, the interaction between treatment and treatment order, percentage of urbanisation, the type of
light used (supplied by study participant or the researchers) and an interaction between percentage of
urbanisation and treatment type. Site was included as a random effect (accounting for some variation
between sites), and an offset for night-length was also included to account for the increase in the
time available for nocturnal activity that occurred across the course of the study. The percentage of
urban cover was included to account for potential differences in hedgehog behaviour between more
urban and more rural areas. Treatment, the random effect (site), and the offset were included in all
models, and the most parsimonious model was identified using stepwise deletion of the fixed effects
and inspection of the AIC values.

Activity patterns for 31 sites were calculated following a nonparametric kernel density
approach [35] using the package ‘activity’ [36,37]. Sites 1 and 14 were removed from this analysis
because they had sample sizes of less than 10 [38]. The times of camera detections were converted to
radians and were used to build circular kernel Probability Density Functions (PDF), which approximate
the underlying activity pattern of the animals [35]. These PDFs were generated for the ‘dark’ and ‘light’
treatment at each site in a pairwise manner.

To investigate whether fitted activity patterns differed according to the lighting treatment,
the coefficient of overlap (Δ)—a continuous variable that ranges from 0 (no overlap) to 1 (complete
overlap) [35]—was calculated for each site. Then, a randomisation test with 1000 bootstrap iterations
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was run to generate a null distribution of randomised overlap values, followed by a Wald test to
estimate the probability that the observed overlap arose by chance [38].

3. Results

Throughout the study period, night length ranged from 459 to 586 minutes (mean: 509 minutes),
equating to an average of 51 possible 10 min recording blocks per site, per night. Of the total
22,615 recording blocks surveyed, 3470 (15%) contained hedgehogs and 19,145 did not. Of the 3470
hedgehog-positive recording blocks, 1724 occurred in ‘dark’ and 1746 in ‘light’ treatments, respectively.
The mean was 7.8 (SD: 5.9) hedgehog-positive blocks per night across all sites, with a maximum number
of hedgehog-positive recording blocks per night under dark treatments of 27 (mean: 7.7; SD: 5.5) and 36
blocks (mean: 7.9; SD: 6.2) for light treatments. The maximum number of animals seen within a single
recording block was five. There was no evidence of a link between any of the fixed factors and their
interactions (treatment order, percentage of urbanisation, type of light used) and hedgehog presence at
the supplementary feeding station (p > 0.1 in each case of stepwise removal). The odds ratio for just
treatment in the final model was 1.00 (95% Confidence Interval: 0.92–1.09, p = 0.945; Figure 1).

Figure 1. Box plot illustrating the effects of artificial light treatments at supplementary feeding stations
on hedgehog (A) presence and (B) feeding records. ‘No. of blocks’ represents the number of 10 min
periods per site, per night, in which hedgehogs were present and/or feeding. The total possible number
of blocks, based on night lengths, ranged from 46 to 59, with an average of 51. Plots are based on the
raw data.

Feeding activity was recorded in 2673 of the 3470 10 min recording blocks where hedgehogs
were present, with a mean of 6.0 blocks per night across all sites (SD: 4.8). Hedgehogs were recorded
feeding in 78% and 76% of the hedgehog-positive recording blocks in the ‘dark’ and ‘light’ treatments,
respectively. The nightly number of feeding-positive blocks was similar under the different treatments
(mean: 6.1; SD: 4.8 for ‘dark’ and mean: 6.0; SD: 4.8 for ‘light’ treatments). There was no evidence
of a link between any of the fixed factors and the hedgehog feeding activity index (p > 0.2 in each
case in stepwise removal). In the final model, the odds ratio for treatment was 0.99 (95% CI: 0.91–1.10,
p = 0.992).

The circadian patterns of hedgehog activity did not vary between treatments at 18 of 31 sites
(58%), with high levels of overlap being recorded (mean Δ: 0.93; SD: 0.06 (see Figure 2 for example)).
However, at the other 13 sites, activity patterns differed significantly between the ‘light’ and ‘dark’
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treatments (mean Δ: 0.72; SD: 0.09); see supplementary material for individual test statistics (Table S1)
and activity pattern plots (Figure S2). Furthermore, the observed differences in the responses of
hedgehog activity at these sites to light treatments were variable, with no consistent directional changes
in peak activity times or duration of activity. The peak activity occurred at a similar time at five sites
(38.5%), was later in dark compared with light at four sites and was earlier in dark compared with light
at four sites. Similarly, the duration of activity in light compared with dark was similar at nine sites
(69.2%), was longer at two sites, and was shorter at two other sites. A bimodal pattern of activity was
observed during 32% sites during dark treatment and 45% of sites during light treatments (Figure S2).

Figure 2. Examples of activity patterns at two different sites: hedgehog activity patterns did not
change between treatments at site 4 (Δ = 0.93, p = 0.78), but did at site 23 (Δ = 0.70, p = 0.02), whereby
hedgehogs shifted their activity to become active later at night when the light was on. The area shaded
in grey is where the two patterns overlap (Δ).

4. Discussion

The disruptive effects of ALAN on the behaviour and biological processes of a wide range of
taxa are well known [39–43]. However, our results indicate that there is no consistent overall effect
of lighting on indices of hedgehog activity and feeding at supplementary feeding stations, or on the
timing of these behaviours. These findings support those of De Molenaar et al. [44], who found no
significant effect of ALAN on hedgehog crossing behaviour at roads. Although it is not possible to rule
out the possibility of type-II errors (false negatives) categorically, the use of a controlled crossover trial
should have minimised the effect of confounding factors, such as the structure of the garden and local
food availability. Our results do, however, offer some support to previous findings that hedgehogs
display bimodal feeding activity [45,46].

Although most studies report negative behavioural consequences of ALAN in mammals,
some species are able to exploit the foraging opportunities created by lighting, such as the accumulation
of insects around streetlights [12,47–52]. In contrast, an experimental study on the beech mouse
(Peromyscus polionotus leucocephalus) showed that supplementary feeding stations were less likely to
be visited, and had less food removed, when they were exposed to ALAN [53]. These results were
attributed to a greater predation risk at lit feeding stations, although the degree of this risk will depend
on the degree of light-tolerance in the predators. The most common prey items of hedgehogs are
ground beetles (Carabidae) [54,55], which have been shown to be more abundant in artificially lit areas
compared to dark [56]; though other taxa that feature in hedgehog diet, such as woodlice (Onisicidea),
are light averse. The main predator of hedgehogs in the UK is the European badger (Meles meles) [57].
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The activity and distribution of badgers has been shown to influence that of hedgehogs in urban and
suburban environments [58], with hedgehogs tending to be more active in smaller gardens, which are
less likely to be visited by badgers [59]. However, supplementary feeding stations provide very
energy-dense resources compared with natural foods, and the drive to obtain these resources may
outweigh the risk of predation or light-avoidance behaviours.

No consistent effects of ALAN were reported in this study, and this may in part be because
of individual differences, i.e., sex and age. For example, male hedgehogs are bolder [59] and have
larger home range sizes than females [60]. Changes in individual responses may explain the marked
variability between sites (as illustrated in Figure S2). Differences between the sexes in response to
ALAN are reported in great tits (Parus major), with females spending more time awake under ALAN
conditions than males [61]. In this project, it was not possible to identify individuals or classify their
age and sex. Therefore, it would be useful to conduct a similar study, with individuals of known age
and sex.

5. Conclusions

In conclusion, this study revealed that the use of artificial light at night had no overall effect on
the feeding and general activity of hedgehogs at supplementary feeding stations. There was also no
evidence for any overall impact on the periodicity of activity: whilst some individuals delayed their
activity when exposed to light, the reverse was true for other individuals. Despite the lack of any
difference in hedgehog activity between lit and unlit treatments, there may be costs for reproductive
success, territory maintenance, predation rate, and natural prey availability. Future research should
focus on these areas.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/5/768/s1,
Figure S1: The spatial distribution of the 33 project volunteers. The 31 points in white were included in the activity
pattern analyses, whereas the two in black were not due to insufficient sample sizes for activity analyses. Figure S2:
Activity patterns of hedgehogs, expressed as a kernel density, at each of the 31 sites in the week where the light
was on (dashed line) and when the light was off (solid line). Sites 1 and 14 were removed due to insufficient
data. Table S1: Site-level results of activity pattern analyses giving the sample size (hedgehog records) in both the
dark and light treatments, the coefficient of overlap between the two activity patterns (Δ), and the p-value test
statistic of the Wald test performed. If p < 0.05 (denoted with *) then the activity patterns are significantly different
between treatments. Activity analyses were not conducted for sites 1 and 14 due to sample sizes of less than 10.
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Simple Summary: The European hedgehog is one of the most popular and well-known wild animals,
but its numbers are declining throughout Europe, especially in rural areas. Effective hedgehog
conservation requires an understanding of the hedgehog’s ability to adapt to a changing environment.
Due to globally increasing urbanisation, the use of artificial light sources to illuminate the night, called
light pollution, has spread dramatically. Light pollution significantly affects the behaviour and ecology
of wildlife, but the hedgehog’s behaviour towards light pollution remains unknown. We therefore
investigated the effects of light pollution on the natural movement behaviour of hedgehogs living in
an urban environment. Although hedgehogs can react very variably to environmental influences,
the majority of hedgehogs studied here preferred to move in less illuminated rather than in strongly
illuminated areas. This apparently rigid behaviour could be used in applied hedgehog conservation
to connect isolated hedgehog populations or to safely guide the animals around places dangerous for
them via dark corridors that are attractive for hedgehogs.

Abstract: With urban areas growing worldwide comes an increase in artificial light at night (ALAN),
causing a significant impact on wildlife behaviour and its ecological relationships. The effects of
ALAN on nocturnal and protected European hedgehogs (Erinaceus europaeus) are unknown but their
identification is important for sustainable species conservation and management. In a pilot study,
we investigated the influence of ALAN on the natural movement behaviour of 22 hedgehogs (nine
females, 13 males) in urban environments. Over the course of four years, we equipped hedgehogs at
three different study locations in Berlin with biologgers to record their behaviour for several weeks.
We used Global Positioning System (GPS) tags to monitor their spatial behaviour, very high-frequency
(VHF) loggers to locate their nests during daytime, and accelerometers to distinguish between
active and passive behaviours. We compared the mean light intensity of the locations recorded
when the hedgehogs were active with the mean light intensity of simulated locations randomly
distributed in the individual’s home range. We were able to show that the ALAN intensity of the
hedgehogs’ habitations was significantly lower compared to the simulated values, regardless of the
animal’s sex. This ALAN-related avoidance in the movement behaviour can be used for applied
hedgehog conservation.

Keywords: hedgehogs; Erinaceus europaeus; light pollution; ALAN; GPS; acceleration; activity;
movement behaviour; urbanisation; conservation
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1. Introduction

The European hedgehog (Erinaceus europaeus) is a solitary, hibernating, nocturnal insectivore that
is one of the most popular and well-known wild species. Recent studies show that population densities
of hedgehogs in cities and suburbs are higher than those in the countryside [1–3]. Moreover, long-term
monitoring studies found that the overall hedgehog population in various countries is declining, in
some places dramatically [4]. Consequently, in some cases the hedgehog’s protection status has been
upgraded. In Great Britain, for example, the population has declined from about 1.5 million hedgehogs
in 1995 to 522,000 in 2016 [5]. In Germany, only two long-term monitoring studies on a very local scale
exist, showing similar decreases to those in the UK [6,7], and concerns about the decline in hedgehogs
have also been expressed in other European countries [1,8,9]. The underlying mechanisms causing
these declines are certainly complex and multifactorial, including habitat loss, interspecific competition,
road collisions, and the intensification of agriculture [4,10–14]. Due to increasing fragmentation and
decreasing density of hedgehog populations, the danger of the formation of island populations and
inbreeding is already being discussed [15–18].

In order to develop effective protection concepts, threats to hedgehogs as well as their limits of
adaptation must be determined precisely. Although the hedgehog’s biology and care husbandry are
well known, there is—due to its cryptic lifestyle—hardly any knowledge about its behaviour in the
wild, the influence of environmental factors on its behaviour, and its adaptation limits.

With the steadily growing human population and the increasing urbanisation worldwide, the
amount and intensity of artificial light at night (ALAN) is increasing as well [19]. ALAN has dramatic
ecological effects and causes considerable impacts on the migratory behaviour [20], reproduction [21,22],
fitness [23], predator-prey interaction [24], activity [25] or phenology [26] of certain species. However,
the effects of ALAN on mammalian species other than bats have been studied very little [27,28]. Thus
far, one study on the effect of ALAN on hedgehogs’ activity at supplementary feeding stations has
been carried out [29] and did not find a significant effect. As mentioned by the authors, the drive
to obtain high-energy resources at the illuminated feeding stations may outweigh the hedgehogs’
light-avoidance behaviour. Thus, this study could not clarify the natural reaction of hedgehogs to
ALAN [29].

In our study we investigate to what extent ALAN influences the movement behaviour of
wild hedgehogs inhabiting urban spaces. With the rising numbers of hedgehogs living in urban
environments, as well as increasing light pollution, it is important to determine the influence of
ALAN on this protected species. If hedgehogs show any preference or avoidance, guiding systems for
hedgehogs could be developed to safely lead them around risky places (e.g., busy roads) or to link
fragmented populations. We have concentrated on the movement behaviour of hedgehogs, as we
suspect the greatest opportunity for behavioural adaptability here: hedgehogs that are not moving
are either in their nests, which are usually situated in (light-)protected vegetation or constructs, or
they are hunting natural food in places where it is available [30,31]. However, the most common
natural prey items of hedgehogs [32–34] differ in their behaviour towards light: whether earthworms
(Lumbricidae) can perceive light is unknown, but ground beetles (Carabidae) are more abundant in
artificially lit compared to dark areas [35], and woodlice (Oniscidea) are light averse. This availability
and distribution of prey will in turn affect the movement behaviour of hedgehogs to a certain extent.

In this study we aimed to test the effect of ALAN on the natural movement behaviour of 22
hedgehogs (nine females and 13 males) living in urban environments by tagging their movement using
Global Positioning System (GPS) loggers and acceleration data.

2. Materials and Methods

2.1. Study Area

The study was conducted in three different areas in Berlin, the capital of Germany, which has
about 4 million inhabitants: in Tierpark Berlin–Friedrichsfelde in the east of Berlin (52◦30′11.7′′ N,
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13◦31′47.1′′ E), in Treptower Park in the southeast of the city (52◦29′18.5′′ N, 13◦28′11.1′′ E) and around
the S-Bahn station Tegel in the North (52◦35′18.0′′ N, 13◦17′23.0′′ E) (Figure 1). All areas contain green
spaces (meadows, bushes, hedges, and large trees), playgrounds, larger sealed areas, and footpaths.

Figure 1. Map of Berlin showing the occurrence of artificial light at night. The three study areas, Tegel
(TE), Treptower Park (TR) and Tierpark Berlin–Friedrichsfelde (TP), are marked. Light intensities
are indicated by grey shades with increasing brightness in the map corresponding to increasing light
intensities. Light intensity is indicated on a relative scale without a measurement unit.

The Tierpark (TP) is a zoological garden of about 160 ha in size. It is open to the public daily from
09:00 to 18:30 CET and dogs are allowed on a leash. Apart from the security service, the TP is free
of people and traffic at night. The TP contains numerous animal enclosures, creating a mosaic-like
fragmented habitat with many areas inaccessible to hedgehogs.

The Treptower Park (TR) is a public city park of 88.2 ha in size. It is accessible from all sides,
open 24 h a day, and is used a lot by citizens for recreation, especially for picnics, sports games or for
walking dogs.

The area of the study location in Tegel (TE) is about 52 ha in size and consists mainly of a residential
area with public roads and some industrial locations (such as railway facilities), containing multi-floor
blocks of houses as well as detached houses surrounded by gardens. Between these houses there are
streets and paths that are always open to the public.

The TP and the TR do not contain residential buildings or lights as a source of ALAN. However,
both parks are at some sides bordered by big streets that are strongly illuminated at night. In TE, all
roads and railway facilities are continuously illuminated at night.

2.2. Field Work

The fieldwork took place from 10th of August to 19th of September 2016 (TR), from 14th of August
to 4th of September 2017 (TP), from 22nd of May to 30th of June 2018 (TP) and from 20th of July to 8th
of October 2019 (TE).
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At the beginning of each field season, several nightly searches (starting around one hour after
sunset) were carried out in the corresponding study area to find active hedgehogs using flashlights
(P14.2, LED Lenser, Solingen, Germany). Each hedgehog found was weighed, sexed and marked
with five shrink tubes glued on the spines [36]. The markings were of different colour in each study
year and were given an uprising number starting with 1 to clearly identify each hedgehog in case of
subsequent recaptures [37]. We equipped healthy hedgehogs with a body mass of more than 600 g with
GPS-acceleration (ACC) loggers (E-obs GmbH, Munich, Germany) and very high-frequency (VHF)
transmitters (Dessau Telemetry, Dessau, Germany), which we mounted on a backplate system glued to
the hedgehogs’ spines [38].

In order to disturb the hedgehogs as little as possible, the tagged individuals were located every
day during their stay in the daytime nest by means of the mounted VHF transmitter and a receiver
(TRX-1000S, Wildlife Materials Inc., Murphysboro, IL, USA, or Wide Range Receiver AR 8200, AOR
Ltd., Tokyo, Japan), and the exact GPS position of the nest was recorded using a Garmin GPSmap 60CSx
device (Garmin Deutschland GmbH, Garching, Germany). At night, we only checked, by VHF distance
tracking, whether the tagged individuals were moving (away from their nests). Every 4–5 nights,
the tagged hedgehogs were located, caught, weighed and checked for potential problems with their
backplate or their general health; these opportunities were also used for the necessary recharging of
the GPS/ACC data loggers and the GPS/ACC data download.

At the end of the studies, the animals were caught again, weighed, the loggers were removed,
and the backplate system was cut off the spines.

All procedures performed involving handling of animals were in accordance with the ethical
standards of the institution (IZW permit 2016-02-01) and German federal law (permission number
Reg0115/15 and G0104/14).

2.3. Data Logger Setup

In order to be able to find the tagged individuals at any time, the VHF transmitters were
programmed to send signals continuously. In addition, GPS positions were recorded during the
expected activity times of the nocturnal hedgehogs from 07 p.m. to 07 a.m. in 5-min intervals (TE_2019,
TP_2018) or in 10-min intervals (TR_2016, TP_2017). This measurement was done in five-point shifts of
one second difference. In addition to the GPS data, three-dimensional acceleration data were recorded.
Here, a short burst of high-resolution data was recorded on all 3 axes at the same time. For the present
study, the sampling frequency was 100 Hz per axis, a burst lasted 2.5 s and the bursts were recorded
every minute of the day.

2.4. Data Analysis and Statistics

The data analysis and presentation were performed using R Studio version 3.5.1 software [39,40]
and QGIS version 3.4.4-Madeira [41].

GPS locations that were recorded at times during which the data loggers were not attached to
the animals, for example during transport of the loggers for attachment and detachment or during
handling of the animals, as well as GPS locations identified as outliers (movement speed > 2 m/s were
removed from the data set. Mean values of the GPS data collected within 10 s were calculated and
then used for further analyses.

Individual GPS error (GPS_err) was determined by calculating the mean deviation of the GPS
positions at times during which the hedgehog was immobile in its daily nest (07 a.m. to 07 p.m.) from
the exact position of that nest, which we measured in the field.

Before calculating the home range (HR) with the cleaned GPS dataset (GPS_total), a bootstrap
method and a site fidelity test were performed. The bootstrap method shows whether the number of
locations is sufficient for calculating the home range, which is indicated by the curve reaching a plateau.
HRs were calculated for those individuals that showed site fidelity by calculating the Minimum
Convex Polygon (MCP100) for each hedgehog, using the standard bandwidth href for smoothing [42].
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The principle of site fidelity means that only an animal whose occupied area is smaller than the
estimated area occupied when the animal moves randomly shows site fidelity [43]. Spencer et al. [44]
evaluated the site fidelity as a prerequisite for the presence of a home range in an animal.

Afterwards, the GPS_total (measured between 07 p.m. and 07 a.m.) data set was divided into
two groups: locations at times the hedgehog was considered to be moving (GPS_act) and at times
the hedgehog was considered to be immobile (GPS_pas). As hedgehogs are strongly nocturnal, we
expected them to have left the nest 1 h after sunset and to have returned to the nest 1 h before sunrise.
Thus, we sorted all GPS locations recorded from 07 p.m. to 1 h after sunset and from 1 h before
sunrise until 07 a.m. into GPS_pas as well to ensure that we only considered GPS locations for further
analysis that had been recorded outside of the nest. For data collected between 1 h after sunset and
1 h before sunrise, we detected passive phases based on an acceleration data threshold (ACC_thres).
We estimated this threshold individually for each hedgehog using the summed standard deviations (of
the x, y and z axis of each burst, measured every minute) of the acceleration data. This acceleration
threshold is expected to separate active and passive behaviours [45]. Locations recorded during this
potential active phase of the hedgehogs (between 1 h after sunset and 1 h before sunrise) for which
acceleration values dropped below ACC_thres were assigned to the GPS_pas dataset as well, as the
hedgehog was considered immobile and we aimed to investigate movement behaviour.

For the following calculations, we used the publicly available light intensity map of Berlin
(resolution 1 sqm) [46] and the GPS locations of active (moving) hedgehogs (GPS_act). In the light map,
light intensities measured via flyover are mapped using a relative scale from 0 (absolute darkness)
to 48,429 (highest light intensity mapped). Thus, no measurement unit is given and increasing
brightness of grey shades corresponds to increasing light intensities in the area (please see [46] for
further information on the establishment and properties of the light map). A buffer (radius =mean
GPS error) was placed around each of the GPS locations, light intensities were extracted and the mean
light intensity of the area of these locations was calculated. Random GPS points with the same buffer
size and the same number as the corresponding real measured locations were simulated within the
individual’s MCP100 and light intensities were calculated in the same way as done for the actual
GPS locations.

The mean light intensity of the real hedgehog’s locations and that of the random points were then
used for comparison via the randomisation method. Utilising Equation (1) below, p-values for each
hedgehog were established.

p = (sum(mean H0 ≤meanobs) + 1) k + 1 (1)

where mean H0: mean light intensity for simulated random points of individual study animal; meanobs:
mean light intensity of individual study animal; k: number of repeats (=1000).

The obtained p-values were then analysed for all hedgehogs combined using Fisher’s method to
investigate the behaviour towards ALAN for all hedgehogs together. The calculation of the combined
p-values for all male hedgehogs was carried out in R Studio using the metap package [47].

3. Results

Data were collected successfully for 22 hedgehogs, including nine females and 13 males (Table 1).
Over a period of 14–72 days, interspersed by regular breaks for the recharging of the loggers or due
to technical issues with the backplate, we tracked the hedgehogs’ spatio-temporal behaviour using
GPS tags and three-dimensional accelerometers and recorded between 487 and 2469 GPS locations
per animal. Within this timespan, movements were tracked for most animals at least 21 days per
individual, except for three animals (TR_08_2016, TR_09_2016 and TP_30_2018). For these hedgehogs,
measurements were aborted ahead of schedule due to technical problems with the loggers.
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The bootstrap method showed that we clearly exceeded the minimum number of GPS locations
per animal necessary to calculate a reliable HR for all tagged hedgehogs (Figures S1–S4). Site fidelity
was detected for all 22 hedgehogs; however, eight animals, two females and six males (TR_09_2016,
TP_13_2018, TP_21_2018, TP_26_2017, TE_02_2019, TE_03_2019, TE_05_2019, TE_07_2019), exhibited
site fidelity not in both criteria, but only with regard to the mean square distance from the activity
centre, the main criterion for site fidelity (Figures S5–S8).

According to the individual activity thresholds (ACC_thres), the GPS locations were divided
into locations recorded during inactive (GPS_pas) and active behaviour (GPS_act) (Table 1). With the
exception of one female (TE_02_2019), who did not leave the nest for a few nights during the study
period, all hedgehogs showed predominantly active behaviour during their nocturnal activity time
from one hour after sunset until one hour before sunrise. Exemplarily, all buffered GPS locations
(GPS_pas = yellow, GPS_act = red) are pictured on a map for one female and one male of each study
area (Figures 2–4). Blue spots within the individual HR represent the buffered random positions (its
number corresponds to the number of the individual’s GPS_act locations). As an example, only a
single simulation of the random points is indicated, but this simulation was repeated 1000 times for
further analysis using the randomisation test. In the maps, the occurrence and intensity of ALAN is
marked by grey shades, with increasing brightness corresponding to areas with higher ALAN intensity
in the maps (Figures 2–4).

Figure 2. Map of the GPS locations of a female (TR_08_2016) and a male (TR_01_2016) hedgehog
in the study area Treptower Park (yellow dots—locations with inactive behaviour = GPS_pas, red
dots—locations with active behaviour = GPS_act). Blue dots represent randomly distributed locations
within the individual Minimum Convex Polygon (MCP100) (GPS_random) (the number of GPS_act
equals the number of GPS_random). All locations are buffered (radius = GPS error = 10 m).
The overlayed light map of Berlin displays the occurrence and intensity of artificial light at night
(ALAN).
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Figure 3. Map of the GPS locations of a female (TP_20_2017) and a male (TP_21_2018) hedgehog
in the study area Tierpark (yellow dots—locations with inactive behaviour = GPS_pas, red dots—
locations with active behaviour = GPS_act). Blue dots represent randomly distributed locations within
the individual MCP100 (GPS_random) (the number of GPS_act equals the number of GPS_random).
All locations are buffered (radius = GPS error = 10 m). The overlayed light map of Berlin shows the
occurrence and intensity of ALAN.
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Figure 4. Map of the GPS locations of a female (TE_02_2019) and a male (TE_05_2019) hedgehog in the
study area Tegel (yellow dots—locations with inactive behaviour = GPS_pas, red dots—locations with
active behaviour = GPS_act). Blue dots represent randomly distributed locations within the individual
MCP100 (GPS_random) (the number of GPS_act equals the number of GPS_random). All locations are
buffered (radius = GPS error = 10 m). The overlayed light map of Berlin shows the occurrence and
intensity of ALAN.

Table 2 shows the light intensities of the buffered GSP locations measured for each individual
(Animal_) and the corresponding value for the buffered random sites (Random_). The simulation of
these random locations was repeated 1000 times per animal. The total of all random mean values
of light intensity differed slightly between the study areas and ranges from 120.1 ± 77.9 (TP) over
122.2 ± 82.8 (TE) up to 124.8 ± 143.9 (TR) (Table 2). Five out of 22 hedgehogs did not show a mean
light intensity at their locations that differed significantly from the randomly distributed locations in
their MCP100. Out of these five individuals showing no statistically significant difference in the light
intensity comparison, three animals (TE_03_2019, TE_05_2019 and TE_07_2019) exhibited mean light
intensity values for their measured GPS locations (animal_mean) that were above the mean value
determined for the randomly distributed locations (random_mean). These three individuals were also
observed to have their nests or their movement paths situated along small bushes directly bordering
the roadside or the track bed. The remaining 17 hedgehogs exhibited a significantly lower mean light
intensity compared to that obtained via simulation of random locations (Table 2).

The difference between the random and the animals’ mean light intensities was compared between
the sexes and study locations. The difference in the light intensities did not vary significantly between
the sexes (Mann–Whitney U-Test, difference female = 15.2 ± 6.3, difference male = 5.9 ± 21.4, p = 0.5).
Comparison of the differences between simulated and experienced light intensities of the hedgehogs in
the different study locations (TR, TP and TE) yielded statistically significant differences (Kruskal Wallis
rank sum test, p = 0.0005). Pairwise comparison revealed that the light intensity difference varied
significantly between hedgehogs of TE and TR (Wilcoxon pairwise rank sum exact test, difference TE =
−11.1 ± 24.1, difference TR = 20.2 ± 4.6, p = 0.007) and the hedgehogs of TE and TP (Wilcoxon pairwise
rank sum exact test, difference TE = −11.1 ± 24.1, difference TP = 14.8 ± 4.5, p = 0.004).
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4. Discussion

A comparison of the light intensity of each animal’s GPS locations extracted from a light map of
Berlin with a corresponding number of simulated random locations within the animal’s HR indicates a
preference for movement in locations with lower levels of ALAN compared to the simulated values.
Our study is the first to observe such a preference in the movement behaviour of wild European
hedgehogs in an unchanged, urban setting.

As ALAN is mostly emitted by streetlamps, it usually occurs locally (spotlike or linelike) with high
intensity and especially in the vicinity of streets and crossroads (Figures 2–4). The hedgehogs in our
study seemed to avoid these spots of high light intensity when moving in their HRs, as all 22 hedgehogs
exhibited lower animal_max values for their GPS locations compared to the random_max values of the
simulated points. Additionally, the variance of the experienced light intensities (animal_SD) is, with
the exception of three animals (TE_03_2019, TE_05_2019 and TE_07_2019), lower than the variance of
the light intensities established through simulation of random locations within their HR (random_SD)
(Table 2). These individuals were observed to have nests or movement paths situated along covering
vegetation alongside illuminated areas, which might have enabled them to move relatively protected
from ALAN sheltered by low bushes despite the presence of artificial light sources (corresponding to
high ALAN values in the map).

Overall, a comparison of the intensity of ALAN experienced by the animals with the simulated
random values indicated a preference for movement in areas with lower values of ALAN (Table 2).
This behavioural pattern was observed regardless of the animal’s sex. This finding indicates a certain
behavioural stability of ALAN avoidance in hedgehogs, which is interesting given that significant
interindividual differences in movement behaviour of hedgehogs were observed in response to a
music festival in a park in Berlin [48]. Despite the overall preference for movement in less strongly
illuminated areas, comparison of movement behaviour in relation to ALAN between the three study
locations indicated that hedgehogs living in TE differed in their behaviour compared to the hedgehogs
living in TP and TR. Hedgehogs in TE showed a negative mean difference between simulated and
experienced light intensities, meaning that they appear to prefer more strongly illuminated areas
compared to the values obtained from a random distribution of locations in their home range. In TE,
three hedgehogs exhibited a preference for more strongly illuminated areas compared to the simulated
locations, which can be explained by the aforementioned locations of their nests and movement paths
alongside roads and track beds, which display high ALAN intensities due to the streetlamps associated
with these areas. However, since the light map used for the analysis maps light that was measured
via overfly, these three hedgehogs might have actually experienced lower light intensities than those
estimated in our analysis when moving through cover such as shrubs and bushes. This might explain
the high light intensities estimated for those animals, which appear contradictory to the results of
the remaining hedgehogs. However, it is also possible that these hedgehogs prefer more strongly
illuminated areas due to other reasons, such as the avoidance of intraspecific competition for food
resources or mating opportunities as well as other ecological factors correlating with ALAN intensity.

The preference for movement in areas with lower intensities of ALAN, which has been observed
in wild hedgehogs in this study for the first time, is an important finding, since the response of
nocturnal insectivores such as the hedgehog to ALAN might vary. First, they might intentionally
seek out artificially illuminated areas to increase their nutritional intake. ALAN has the potential to
attract invertebrates or affect their community composition [35,49], potentially leading to an altered or
increased presence of predators feeding on invertebrates at artificially illuminated sites. This increased
availability of prey has been suggested as a potential factor drawing hedgehogs into artificially
illuminated areas such as roads [50]. Second, hedgehogs might avoid artificially lit areas to reduce the
risk of encountering humans or predators, which can be detrimental to survival [51]. Concordant with
this hypothesis, the nocturnal beach mouse (Peromyscus polionotus) prefers food patches situated further
away from artificial light sources [52]. Similarly, brown rats (Rattus norvegicus) avoid artificially lit areas.
In contrast, predatory species such as the fox (Vulpes vulpes), the stoat (Mustela erminea), the polecat
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(Mustela putorius), and the weasel (Mustela nivalis) prefer illuminated areas [53]. Interestingly, the
badger (Meles meles), intraguild predator to the hedgehog [54,55], avoids urban and recreational areas
as well as roads [1]. Roads as well as urban and recreational areas are closely linked to human presence
and are thus expected to feature high ALAN intensities and these areas have been shown to have a
positive effect on hedgehog presence in a previous study [1]. Together with the observed negative
effect of badger presence on hedgehog population density, it has been suggested that hedgehogs
might thus prefer illuminated areas due to a decreased risk of predation by badgers [1]. However,
our findings did not support attraction to illuminated areas. Nonetheless, since we neither measured
prey abundance nor badger distribution in our study locations, we can only hypothesise what caused
the light-averse movement behaviour of the hedgehogs in our study. Based on local citizen science
projects conducted in Berlin using camera trap data, we are aware that during the time of the study
there had been no eagle owls and only few badgers detected in our study areas [56]. Furthermore,
we encountered foxes, martens and raccoons during our nightly fieldwork but have not encountered
badgers in our study locations. Hence it is likely, that badger densities in Great Britain are higher
compared to the ones in Germany and especially compared to our study locations in Berlin. The lower
intraguild predator density might hence affect the behaviour of the hedgehogs observed in our study,
leading to the absence of a preference for intensely illuminated areas [12]. Taking the missing data on
badger distribution into account, we conclude that our results can be best explained by a risk-avoidance
strategy which causes hedgehogs to prefer less intensely lit areas.

Previous studies on hedgehog spatial behaviour in relation to ALAN neither found evidence for a
preference nor an avoidance of illuminated areas [29,53]. First, such an indiscriminate response can
be caused by habituation to ALAN. With ALAN becoming more and more abundant [57], animals
thriving in artificially illuminated areas might even be selected for decreasing light sensitivity [19].
Molenaar et al. [53] used experimentally installed streetlights at drainage ditches connecting upland
habitat and incorporated a habituation phase to ensure animals got accustomed to the changes.
However, it is unknown which additional ecological factors correlate with ALAN intensity and might
even have a stronger effect on the movement behaviour of hedgehogs. In concordance with this,
Molenaar et al. [53] stated that, in contrast to ALAN, vegetation height indeed had a significant impact
on the movement of hedgehogs. However, other ecological factors, such as vegetation height, prey
abundance, impervious surface, or traffic, that might correlate with ALAN and impact hedgehog
movement were not measured in our study. Thus, we can only hypothesise that a preference for less
strongly illuminated areas might have been observed in our study due to other factors correlating with
ALAN, such as vegetation height or cover. This is supported by data collected for the two hedgehogs
in TE that exhibited exceptionally high light intensity values for their locations but seemed to nest and
move in vegetation covering them from ALAN. The potential correlation with and impact of other
ecological factors apart from ALAN might also explain why we do not see habituation to ALAN in
our study, even though the majority of the light sources in our study are expected to be permanently
installed. Without knowing the distribution of these additional ecological factors and their link to
ALAN, it is difficult to disentangle the interconnectedness of these factors and compare the results of
our study with those of Molenaar et al. [53].

Another study [29] investigated the behaviour of hedgehogs in relation to ALAN at supplementary
feeding stations. However, because of the supplementary feeding, the study’s experimental set-up
does not reflect a natural distribution of food sources and might mask the natural movement behaviour
of wild hedgehogs. As decisions related to foraging are based on a trade-off between the benefits of
energy intake and the risk of decreasing fitness by jeopardising survival, the risk posed by ALAN might
be outweighed by the high amount of energetically valuable nutrition provided at the feeding station.
In contrast, our study investigated the movement behaviour of hedgehogs in a natural unaltered
setting without the confounding factor of supplementary feeding.

Although our results provide evidence for avoidance of artificially illuminated areas in hedgehogs,
there are limitations to their interpretation. As we investigated the movement behaviour of wild
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hedgehogs in an unaltered urban setting, there are several factors that could not be controlled or
are unknown. First, the correlation between the intensity of ALAN and other environmental factors
affecting hedgehog behaviour are unknown but likely to exist. Since artificial light sources serve the
purpose of illuminating areas for human use and are thus frequented by humans more intensely than
dark areas, factors such as human disturbance, traffic, amount of impervious surface and vegetation
structure might be linked to ALAN intensity. Furthermore, the distribution of food sources, both
natural and anthropogenic, might be linked to ALAN intensity and levels of human presence. Hence,
these factors might even have a stronger impact on movement behaviour than ALAN itself. Assessing
or controlling these environmental parameters in upcoming studies will help unravel the contribution
of these factors to shaping hedgehog behaviour and will aid in evaluating the influence of ALAN
on hedgehog movement. Another limitation of this study is the estimation of ALAN intensities.
The light map used was obtained via flyover and thus maps the emitted light detectable from above.
This means that the light intensities correspond to the amount of light emitted upwards, including
direct upward-facing light beams and scattered light. As the beams of streetlights serve to illuminate
pathways, they often face downwards. Hedgehogs might thus be exposed to light intensities differing
from those indicated in this light map. Furthermore, the light intensities mapped are displayed on
a relative scale, which impedes comparisons with light intensities emitted by streetlights as well as
other studies.

The measurement acuity of the GPS loggers undoubtedly impacts the acuity of the results as well.
The loggers were programmed to record the GPS position every 5 or 10 min. Hedgehogs, however, have
been reported to move with speeds of 1–2 m/s during brief sprints [58]. Together with the measurement
error of the logger itself, which is approximately 10 m, and the resolution of 1 × 1 m of the light map,
this might cause the measured GPS locations and thus the light intensity mapped to not reflect the
exact actual position and ALAN intensity for an animal. However, due to the maximum weight of
the loggers, which is limited by the hedgehog’s body weight, we were not able to use larger batteries
allowing for locational fixes obtained at higher frequencies in order to account for the measurement
error with repeated measurements. Bootstrap-analysis showed that for most animals, the number of
GPS locations measured clearly exceeded the numbers necessary to calculate a reliable HR. Thus, HR
estimation was accurate, but the high number of GPS positions also caused the corresponding number
of simulated random points to fill up most of the HR. Thus, the simulated values reflected a mean value
of the HR’s ALAN intensity rather than a simulated random path. Repetitions of these experiments
should thus aim at achieving more accurate GPS positions with smaller inter-measurement intervals
and a shorter overall measurement period to limit the total number of GPS positions.

Our study is the first to provide evidence that the movement of hedgehogs is related to ALAN
intensity. As the results of this study should reflect natural behaviour, the obtained knowledge
could be used to cushion population declines by increasing survival rates through conservation.
Hedgehogs could therefore be led around dangerous areas such as roads by building dark corridors
using vegetation and reduced illumination through streetlights. Apart from the threat of being killed
in traffic, hedgehog populations in urban areas might face genetic isolation [16–18]. Bridging parks
with dark corridors could help to safely connect isolated populations from different parks and thus
increase genetic diversity. In this regard, empirical studies examining the sensory capabilities of
hedgehogs using streetlights of different wavelengths and intensities would be helpful. The results of
these studies can help in establishing guidelines for intensity thresholds and properties of streetlights
by policymakers. Nonetheless, further studies are needed to confirm the influence of ALAN on the
movement of wild European hedgehogs. Additionally, the influence of other environmental factors
on the movement behaviour needs to be disentangled from the effect of ALAN. Shedding a light on
the cryptic lifestyle of the European hedgehog, an urban adaptor species in serious decline, can help
establish effective conservation measures for the protection of this nocturnal insectivore.

412



Animals 2020, 10, 1306

5. Conclusions

The results of our study provide unique evidence for an influence of ALAN on the movement
behaviour of hedgehogs inhabiting urban spaces. European hedgehogs preferred less intensely lit areas
compared to the ALAN intensity obtained via simulation. Moreover, this behaviour was observed
regardless of sex and for 17 out of 22 individuals. Further studies are needed to confirm the role of
ALAN and to disentangle it from the potential effects of other environmental factors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/8/1306/s1,
Figures S1–S4: Bootstrap results. Figures S5–S8: Site fidelity results.
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Simple Summary: Wildlife is exposed to environmental disturbances. Some are limited to a short
period and pass by, others are of a permanent nature. Often these two kinds of disturbances occur
simultaneously. This makes it difficult to disentangle the specific behavioural response to each
disturbance. As species may respond to different disturbances in different ways, it is important to
know the species-specific and disturbance-specific responses to develop effective species conservation
action. We investigated the behavioural responses of European hedgehogs (Erinaceus europaeus) in
Berlin to temporary disturbance (in the form of an open-air music festival) and permanent disturbance
(in the form of habitat fragmentation). We show that a music festival is a major stressor that strongly
influences all investigated behaviours. Urban hedgehogs in a highly fragmented area showed subtle
behavioural changes compared to those in low-fragmented areas, suggesting that fragmentation
was a moderate challenge which they could cope with. Thus, the temporary disturbance by a music
festival had a more serious impact on hedgehog behaviour than permanent disturbance caused by
fragmentation. Moreover, we show that males responded stronger to the transient disturbance and
females responded stronger to habitat fragmentation.

Abstract: Anthropogenic activities can result in both transient and permanent changes in the
environment. We studied spatial and temporal behavioural responses of European hedgehogs
(Erinaceus europaeus) to a transient (open-air music festival) and a permanent (highly fragmented area)
disturbance in the city of Berlin, Germany. Activity, foraging and movement patterns were observed
in two distinct areas in 2016 and 2017 using a “Before & After“ and “Control & Impact“ study design.
Confronted with a music festival, hedgehogs substantially changed their movement behaviour and
nesting patterns and decreased the rhythmic synchronization (DFC) of their activity patterns with the
environment. These findings suggest that a music festival is a substantial stressor influencing the
trade-off between foraging and risk avoidance. Hedgehogs in a highly fragmented area used larger
home ranges and moved faster than in low-fragmented and low-disturbed areas. They also showed
behaviours and high DFCs similar to individuals in low-fragmented, low disturbed environment,
suggesting that fragmentation posed a moderate challenge which they could accommodate. The acute
but transient disturbance of a music festival, therefore, had more substantial and severe behavioural
effects than the permanent disturbance through fragmentation. Our results are relevant for the
welfare and conservation measure of urban wildlife and highlight the importance of allowing wildlife
to avoid urban music festivals by facilitating avoidance behaviours.

Animals 2020, 10, 2109; doi:10.3390/ani10112109 www.mdpi.com/journal/animals
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1. Introduction

A disturbance describes a change in an environment that poses a change in the ecosystem [1].
Nowadays, all ecosystems are increasingly subjected to anthropogenic disturbances which include a host
of features, from artificial light, noise and air pollution to habitat fragmentation [2–4]. When habitats
are disturbed, animals must reconsider trade-offs between foraging or mating success and risk aversion
similar to the landscape of fear [5,6]. Humans may change these environments slowly, e.g., through
changes over decades, or fast within a few days when building a road, removing a forest patch
or harvesting hay from a meadow [4,7,8]. Fast changes require individuals to show appropriate
behavioural flexibility or plasticity within their own lifetime to cope. If facing frequent or regular
disturbances, such flexibility could contribute to population viability. On the individual scale, there are
several options to respond to disturbance: disperse and seek another place to live or stay or adjust
through behavioural plasticity [4,6]. On the population scale, genetic changes may be possible to adapt
to the new environmental conditions if they are permanent and exert sufficient selection pressure [7].

It can be challenging to disentangle the effects of transient and permanent stressors as different
forms of disturbance often operate simultaneously. In this study, we investigate the effects of habitat
fragmentation and transient disturbance on individual spatiotemporal behavioural responses in
urban European hedgehogs (Erinaceus europaeus) by monitoring two populations in Berlin, Germany.
One population lives in a habitat with permanent fragmentation, the other faced several severe transient
disturbances associated with a music festival.

Festivals often take place on open green areas. Within days, these green areas will be modified and
disturbed through heavy machinery and the presence of many people as the festival’s infrastructure is
being set up. During the festival, a huge crowd of people wanders around the festival site, loud music
plays throughout most of day and night and for enjoyment and safety, the whole area is lit up and
fenced. Thus, during the festival, wildlife living on the site is confronted with extraordinary amounts
of habitat changes, noise, light pollution and people activities.

Fragmentation is created by transforming habitats into smaller patches, thereby creating a
permanent mosaic-like landscape [9–11]. Thus, fragmentation can impede movements in the matrix
between resource patches [12] and limit access to mating partners [13,14], forcing animals to adjust
their behaviour to these changes [15]. Some examples of behavioural plasticity include increasing
home ranges and adjusted activity rhythms to cope with fragmentation [16–18].

The European hedgehog (Erinaceus europaeus) is a solitary, hibernating, nocturnal insectivore which
lives in a wide range of habitat types [19,20]. Long-term monitoring studies found that the overall
hedgehog population in several countries is declining, sometimes dramatically so [21–24]. The underlying
mechanisms responsible for these declines are likely to be complex and multifactorial, including habitat
loss, interspecific competition, traffic accidents and intensification of agriculture [21,25–28]. Increasing
fragmentation and decreasing hedgehog densities may cause negative genetic effects associated
with isolated populations [29–32]. Usually, urban green spaces such as public parks are favourable
environments for urban hedgehogs, providing easily accessible food and resting (nest) sites. If the
urban matrix provides a very patchy environment with only small, isolated patches of suitable habitat
dispersal out of unfavourable habitats can be problematic and limited [7]. It is at present unclear how
hedgehogs cope with habitat fragmentation as an example of environmental disturbance and how this
might influence their population structure. In order to develop effective conservation concepts, threats
to hedgehogs as well as their limits of adaptability should be known. Due to their cryptic lifestyle,
little is known about their behaviour in the wild, the effect of different disturbances on their behaviour,
and the limits to hedgehog adaptability [28,33].
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In the case of habitat fragmentation, hedgehogs need to trade-off between foraging profitability
and safety, by changing the distance to anthropogenic sources of disturbance, and reconsider options
for easily accessible food. To investigate the behavioural plasticity of hedgehogs in response to transient
changes and habitat fragmentation, we analysed the behavioural response at different levels. First,
we used GPS data to investigate the daily home range size and movement behaviour of hedgehogs,
both closely related to foraging [34,35]. Second, we assessed the circadian behaviour patterns of
hedgehogs, known to be usually strictly nocturnal but adjustable as a response to stress [19,35]. Third,
we monitored nesting behaviour. Nests are important resting sites of both sexes and typically used for
several days [36,37], females also keep their offspring in nests.

We investigated two scenarios. First, we studied effects of a transient and intense disturbance
in the Treptower Park in Berlin, Germany, which has little habitat fragmentation and low levels of
night-time disturbance outside the festival period. Second, we investigated the effects of habitat
fragmentation in the Tierpark Berlin, which has many daytime visitors but very low nightly disturbance.
We hypothesise that both transient disturbance and habitat fragmentation influence space use, activity
patterns and nesting behaviour to different degrees.

We predict the following behavioural adjustments in response to (A) transient disturbance:

(1) Regarding space use, we predict that hedgehogs avoid transient disturbed areas in their habitat, by
either leaving the area or adjusting movement patterns: (1a) We predict avoidance of the disturbed
(festival) area by shifting the centre of the nightly used area. (1b) Additionally, we predict a
decreased size of nightly home ranges in or close to the festival area due to avoidance of the
disturbed (festival) area.

(2) We predict that hedgehogs adjust their movement behaviour. The animals now have to look for
the same amount of food in a potentially less favourable and/or smaller area and thus foraging
effort may have to be increased. We, therefore, predict an increase in search intensity, greater
turning angles and slower speed under disturbance.

(3) The general levels of activity will be reduced due to increased vigilance behaviour which in
hedgehogs is characterised by immobility (little activity).

(4) We predict that high levels of disturbance during the festival induces females and males to switch
their nests more often and the number of days spent in the same nest decreases.

We predict the following behavioural adjustments in response to (B) fragmentation:

(1) In urban areas, or areas with predation risk, hedgehog movements are strongly associated
with linear structures [35], fragmentation will increase the area of space that is of no interest to
hedgehogs and thus increase the distances they have to cover. Thus, in a highly fragmented park,
the home range area would be bigger than in the low-fragmented park.

(2) As fragmentation is likely to increase distances for commuting between favourable food patches,
movement characteristics should change. We expect a faster speed, a larger number of smaller
turning angels and a lower search intensity than in a low-disturbed, low-fragmented habitat.

(3) Fragmentation could influence nesting behaviour in two ways: animals either have to change
their nests more frequently to be closer to favourable food patches, or extend their stay in nests if
they are close to favourable food patches. During disturbances, we predict a more frequent nest
change than in undisturbed areas or at undisturbed time.

2. Materials and Methods

2.1. Study Areas and Study Design

Fieldwork was conducted between 10th of August and 20th of September 2016 in the Treptower
Park, in southeast Berlin, Germany (52.48846◦ N, 13.46974◦ E) and between 14th of August and 4th of
September in 2017 in the Tierpark, a big park containing a zoological garden in East Berlin, Germany
(52.50326◦ N, 13.52976◦ E). Both parks include big trees and several green spaces of short grass swards
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with shrubs of various sizes and hedges. Additionally, there are playgrounds, larger sealed areas and
footpaths. Treptower Park is a public city park of 88.2 ha in size; it is open to the general public 24 h
and 7 days per week whereas the Tierpark is closed to the general public from dusk to the morning.
The Tierpark is a zoological garden of about 160 ha in size; it contains numerous animal enclosures,
small buildings, water ditches and many concrete footpaths, creating a mosaic-like fragmented habitat
with many areas that are non-accessible to hedgehogs. The maintenance of the parks is similar, with
leaf litter being removed from some areas, particularly the footpaths, but left in bushes and scrub
throughout the year, offering a similar habitat in both parks suitable for hedgehogs and other wildlife.

In 2016, the Lollapalooza Festival with over 140,000 visitors took place in the Treptower Park for
which a substantial portion of the park (excluding a war memorial and the southeastern segment) was
temporally substantially changed. Music stages, amusement facilities and enclosures were constructed
and built between 29th of August and 9th of September, the festival took place on 10th and 11th of
September, and deconstruction of all facilities took place from 12th of September onwards. We collected
data on hedgehog movements and behaviour before the festival (pre-festival) until construction work
for the festival started and during the festival-phase, including the time periods of construction
and deconstruction. The festival phase lasted from 29th of August until 16th of September 2016.
The pre-festival period is defined from 10th of August until 28th of August and represents the control
for both the transient disturbance caused by the festival and, as an example of hedgehogs living in a
low-fragmented and low disturbed urban habitat, for the hedgehogs studied in the Tierpark.

To investigate the effect of the transient disturbance, all data from hedgehogs in the Treptower
Park were used by comparing those collected before and during the festival. To investigate the effect
of fragmentation change, data from the highly fragmented park (Tierpark) were compared with the
pre-festival data from the low-fragmented park (Treptower Park).

2.2. Hedgehog Capture and Logger Attachment

At the beginning of each study period, surveys were carried out during two to three nights at least
one hour after sunset to find active hedgehogs by spotlighting (P14.2, LED Lenser, Solingen, Germany).
Every hedgehog located was marked with five shrink tubes glued to the spines [38]. The tubes were
labelled with a number starting with 1 to identify them during recapture [39]. From all previously
captured hedgehogs, we selected eight hedgehogs (four of each sex) and equipped them with Global
Positioning System (GPS)/Accelerometer (ACC) loggers (e-obs GmbH, München, Germany) and
Very High Frequency (VHF) (Dessau Telemetrie, Dessau, Germany) transmitters using a backplate
system [40]. We only used hedgehogs with a body mass exceeding 600 g to ensure that the attached
logger equipment was below the 5% body mass rule [41,42].

During the study, all hedgehogs were weighted and inspected for any problems once a week;
these occasions were also used for the necessary recharging of the GPS/ACC data loggers. At the end
of the studies, the animals were caught again, weighed, the loggers removed, and the backplate system
was cut off the spines.

All procedures performed involving the handling of animals were in accordance with the ethical
standards of the institution (IZW permit 2016-02-01) and German federal law (permission number
Reg0115/15 and G0104/14).

2.3. Logger Sampling Setup

In order to find the animals with data loggers at any time, VHF transmitters continuously broadcast
signals throughout the whole study period. GPS positions were taken during expected activity times
of hedgehogs from 7:00 p.m. to 7:00 a.m. in 10 min intervals, in bursts of five points, which means that
the GPS record 5 singular GPS positions of one-second difference. Acceleration data were recorded
alongside GPS data every minute. These three-dimensional accelerometers were programmed to
record a short burst of simultaneous high-resolution data. A sampling frequency of 100 Hz per axis was
chosen for the present study. A burst took 2.64 s for two individuals (01_2016 and 19_2016); the other
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individuals were recorded with bursts of 2.5 s. This difference in burst length is not ideal, although
the burst length is only important for three out of 25 predictors used for the model (see “Behaviour
prediction and budget” in Section 2.5.2).

2.4. Nesting Behaviour Monitoring

Nesting behaviour was recorded every day by locating the VHF signals of each hedgehog carrying
a logger (TRX-1000S, Wildlife Materials Inc., Murphysboro, IL, USA, or Wide Range Receiver AR 8200,
AOR Ltd., Tokyo, Japan). The nest position was recorded using a Garmin GPSmap 60CSx device
(Garmin Deutschland GmbH, Garching, Germany) every day for the nest the hedgehogs stayed in
during the daytime. If a hedgehog was found in the vicinity (2 m) of a nest without a new nest, the
existing nest was noted as the day nest of the hedgehog. Some animals had to be removed from
the dataset of 2017 in the Tierpark because they occupied fewer than 5 nests. If a hedgehog lost a
transmitter and could not be found to re-attach the transmitter, or night work had been discontinued,
the nest surveys for the individual were stopped.

2.5. Analyses

To investigate the effect of the transient disturbance of the festival, all data (GPS, ACC and nest
behaviour) from the hedgehogs in the Treptower Park were used by comparing before and during the
festival as a temporal control. To investigate the effect of permanent habitat change (fragmentation),
data from the highly fragmented park (Tierpark) were compared with data from the low-fragmented
park (Treptower Park) from the pre-festival period in a spatial control.

2.5.1. GPS Data

Because of high fluctuations in some GPS points, we excluded all points that were more than
1000 m away from the study site. We then calculated the average of all remaining GPS points measured
within a burst and we calculated the distance between two consecutive GPS positions to derive the
speed the hedgehogs had to overcome for that distance. Outliers of more than 2 m/s speed from one
location to the next were excluded. Overall, the mean error of the GPS position was between 10 and
40 m.

To conserve the natural variability, we decided to use every night as a single event and calculated
the following values accordingly using R and Rstudio [43,44]. To assess the nightly used area,
we calculated the 95% Minimum Convex Polygon (mcp95) and the Kernel density estimates (kde50) as
a core area of use by smoothing with the ad hoc method (href) [45]. In both cases, we used a linear
model [46] to perform a linear mixed effects analysis on the relationship between used area (mcp95 or
kde50) and our three treatments. As fixed effects, we entered treatment and sex with interaction
into the model. As random effects, we had intercepts for individuals. We did not include age as a
covariate because age determination in hedgehogs is generally difficult. Moreover, we can guarantee
that all hedgehogs were adults, meaning that they were born at least a year before the study To fit
these assumptions, we included a power function using varPower() as weights. Visual inspection of
residual plots did not reveal any obvious deviations from homoscedasticity or normality. To obtain
p-values of the mixed-effect model, an ANOVA (Type II) was performed on the fitted model using
the ‘Anova’ function from R-package ‘car’ and applying a Wald chi-square tests [47]. Subsequently,
differences between groups of the fixed-effects of the fitted model were tested using the R package
‘multcomp’ [48]. We compared the groups: pre vs. pre comparing both sexes, pre vs. festival within
sex, pre vs. fragmented within sex, fragmented vs. fragmented comparing both sexes.

We proceeded in a similar manner when analysing the movement speed of hedgehogs as a
travelled distance for a time interval between two consecutive GPS positions (m/s). We used the lme4
package to perform a linear mixed effects analysis on the relationship between speed and treatment [49].
As fixed effects, we entered treatment and sex (with interaction) and as random effects, we had
intercepts for individuals. Visual inspection of residual plots did not reveal any obvious deviations
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from homoscedasticity or normality. p-values were obtained by applying an ANOVA (Type II) and
group comparison as described above.

To evaluate how animals use the available habitat, we calculated a ratio of area used (mcp95 in
(m2)) and distance travel (m) per night (calculated with st_length [50]), resulting in a measure of search
intensity with units (m/(m2 × d)) or moved distance per square metre and day. To evaluate whether
treatment or sex had an effect on this parameter, we used the SpaMM package [51] by first finding the
right fit and then comparing the null model with different models. The SpaMM package was necessary
to counter auto-correlation.

To detect wherever the hedgehogs shifted their utilised area during the festival, the longitude and
latitude values of centroids per night were used separately using function centroid() [52]. We normalised
the values by subtracting the mean value from the pre-festival phase and worked with the absolute
values. For the latitude and longitude values, linear mixed effect models were fitted with treatment
as the fixed effect and sex as the random effect. Both time values had to be square-root transformed
before fitting the model to meet the assumptions of homoscedasticity or normality. P-values were
obtained from ANOVA (Type II) as described above.

Movement of hedgehogs was further characterized by calculating turning angles [53] and
plotted as absolute values because we were interested in the general movement. Results were then
randomly sampled and compared in a permutation approach 1000 times using a two-sample two-sided
Kolmogorov–Smirnov test [43]. This comparison was only done on the treatment level (pre-festival vs.
festival and pre-festival vs. fragmentation).

2.5.2. ACC/Acceleration Data

To account for missing data because of recharging or logger malfunctioning, all data with fewer
than 1430 measurements between 00:00 and 23:59 were removed from the data set (n = 1440 for
complete 24 h). This removal of data ensured that only days with a comparable length and the same
number of records during days and nights were considered for the analysis and, therefore, did not
favour behaviours that only occurred during a specific time of the day.

Behaviour Prediction and Budget

Acceleration raw data were tested for missing measurements within the bursts. All bursts where
fewer data were recorded than intended by the settings (n = 264) were removed. We sued the remaining
data for behaviour detection by applying a supervised machine learning algorithm. The train and
test dataset for the behaviour recognition were taken from a previous study. The whole procedure
is described in [54]. By joining multiple Support Vector Machines (SVM), the selected behaviours
were classified. Here, we considered three behaviour classes: resting, balling up and locomotion
(referred to as walking). To account for behaviours that are not included in the model but might occur
in hedgehogs, a threshold for the probability belonging to a class of 0.7 was set for the SVM. Otherwise,
the behaviour was classified as “other” behaviour.

The SVM model was then used to assign a predicted behaviour to every burst and its corresponding
timestamp. The behaviour of every individual was treated for the following tests separately. To test
for effects on behaviour classes, a general linear model was performed [49] taking a quotient of the
behaviour in relation to all behaviours. As a fixed effect, the treatment, as well as the sex and the
interaction, were put into the model. Individuals were included as random effect. This was followed
by an analysis of variance [47] and general linear hypotheses and multiple comparisons [48] using the
same matrix as before.

Stress Detection via the Degree of Functional Coupling (DFC)

The Degree of Functional Coupling (DFC) is a measure for the synchrony of (internal) cyclic
behaviour and the (external) environmental 24 h rhythm [55,56]. To calculate DFCs, the standard
deviations of raw acceleration data of all three axes were calculated and summed up per measurement
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interval (burst). Following the protocol of Berger et al. [56,57], this time series was autocorrelated in
order to filter out the noise and enhance rhythmic components. Afterwards, a Fourier transformation
was used to break it down into its rhythmic components, as described by the percentage of each
component in the original time series. The longest Fourier period tested covered the entire length of the
autocorrelation function (here three days); the shortest Fourier period tested was twice the sampling
interval (here 2 min). The DFC is then calculated by dividing the portion of Fourier transformation
components that harmonize with the 24 h rhythm by the entirety of the Fourier spectrum. To gain
an adequate statistical power of the 24 h period, DFC were calculated for time series of three days
equivalent to the procedure of a moving average (first data set covers day 1 to 3, second data set covers
day 2 to 4 and so on). The resulting DFCs were assigned to the day of the three days that entered the
calculation for the first time. These data were then analysed using a linear mixed effect model with
treatment and sex and their interaction. Values had to be arcsine transformed in order to meet the
assumptions of homoscedasticity and normality. Afterwards, an analysis of variance [47] and general
linear hypotheses and multiple comparisons [48] were performed.

2.5.3. Nesting Behaviour

For each nest, the duration of occupation was scored as exact if both starting and stopping dates
of nest use were recognised, or as right-censored (a minimum estimate), if either the starting date or
the stopping date at the beginning and end of study periods were not known. Then, the survivorship
function was calculated using package survival [58] separately for both parks and treatment conditions.
If significance was found, a post hoc Mantel test was performed to detect the source of the difference.

3. Results

Data were collected for 16 hedgehogs (8 of each sex) over a period of 3 to 41 nights per animal;
between 95 and 2566 GPS locations per animal were recorded (Table S1). In total, 39 days from the
Tierpark data set and 79 days from the Treptower Park data set were removed from further analyses
due to high number of outliers or missing data. In total, we tracked 426 nights including 156 nights
for the control, 152 for the festival and 118 for the highly fragmented site. Sexes are represented
with 236 females and 190 male data points. In Figures S1 and S2, we mapped GPS locations of some
hedgehogs in the two parks to indicate movement characteristics (paths) and spatial obstacles for the
hedgehogs which they have to run around.

The daily maximum temperatures were between 18 and 34.5 ◦C (mean = 25.2 ◦C) during the
2016 study period (41 days) and between 18 and 30 ◦C (mean = 22.1 ◦C) during the 2017 study period
(21 days). The lowest nighttime temperatures ranged between 7 and 18.4 ◦C (mean= 13.8 ◦C) during the
2016 study period and between 6.3 and 21 ◦C (mean = 13 ◦C) during the 2017 study period. The mean
rainfall was 0.8 mm/day (11 days with rain) during the 2016 study period and 1.1 mm/day (10 days
with rain) during the 2017 study period (https://www.wetteronline.de/, further weather information is
listed in Table S2).

3.1. Home Range Size

The nightly used area (Figure 1a) measured by the mcp95 was significantly smaller during the
festival (χ2 = 54.82, df = 2, p < 0.001) and in females (χ2 = 6.48, df = 1, p = 0.011, details on all models
Table S3). Although treatment was similar between sexes (χ2 = 1.74, df = 2, p = 0.42), females in the
control group used smaller areas by 1.9 times than males in the control group (2.55 ha to 4.71 ha,
respectively). While both sexes decreased their home ranges during the festival (females acute change
estimate E = −1.029 ± 0.22 (standard error), z = −4.648, p < 0.001; males −1.467 ± 0.38, z = −3.890,
p < 0.001), only females increased the area in the highly fragmented habitat (E = 1.942 ± 0.69, z = 2.796,
p = 0.028). Male hedgehogs occupied a bigger area than females in the control group and showed only
a slight increase in the highly fragmented area from the control group (E = 0.730 ± 0.8663, z = 0.843,
p = 0.92). Thus, males and females in the highly fragmented habitats had similar-sized home ranges
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(E = 0.6849 ± 0.8706, z = 0.787, p = 0.9390). These were replicated by the used core area measured by the
kde50, except for the comparison between pre-festival and fragmented within the females (Figure S1).

Figure 1. Results from the GPS data analyses. (a) MCP 95 measured per treatment and sex per day
(dots/triangles indicate mean values, whiskers are confidence interval); (b) mean speed (m/s) for each
treatment over both sexes (dots indicate mean values, whiskers are confidence interval); (c) mean
search intensity (m/(m2 × d)) for each treatment over both sexes (dots indicate mean values, whiskers
are confidence interval); (d) Distribution of absolute turning angles of one subsample that were tested.

3.2. Movement Speed and Turning Angle

Hedgehogs moved significantly faster in the highly fragmented area (0.049 m/s ± 0.001) than
in the low-fragmented area during the control period (0.040 m/s ± 0.008, Figure 1b; χ = 33.3, df = 2,
p < 0.001). During the festival, hedgehogs moved even more slowly (0.038 m/s ± 0.008, Figure 1b).
Mean search intensity (m/m2 × d) was lowest for the control group and the highest during the festival
(χ2 = 7.42, df = 2, p = 0.024); the highly fragmented area has the largest confidence interval in search
intensity (Figure 1c). There was no difference between the sexes (χ2 = 0.11, df = 1, p = 0.74) nor was the
interaction significant χ2 = 3.22, df = 2, p = 0.20). Although the curves of the subsample of the turning
angles appear to look different, there was no significant difference in the characteristics of the turning
angles (Figure 1d).

3.3. The Centre of the Nightly Home Range

The centroid values of the daily used area present the mean point of the used area and should
have shifted if the hedgehogs used other areas, and the distribution should change if they avoid
certain areas. During the control period, hedgehogs focused on a central big open meadow, both sexes
had a near to normal distribution in their longitudinal values (Figure 2). During the festival period,
hedgehogs moved significantly away from their mean centroids of the control period by on average
~35/30 m (longitudinal/latitudinal) in females and more than 65/105 m in males (effect of treatment
latitude χ2 = 80.59, p < 0.001/longitude χ2 = 80.86, p < 0.001, with the interaction of treatment and sex
χ2 = 21.44, p < 0.001/χ2 = 11.79, p < 0.001).

423



Animals 2020, 10, 2109

Figure 2. Centroid distribution. Circle/green = pre-festival period, triangle/red = festival period;
density plots show the total of kernel density estimates (kde50) in the same range.

3.4. Behaviour Parameters

There were significant differences in the behaviours between the control (pre-festival) and festival
period (Figure 3). In females and males, forming a ball (balling behaviour) was detected more frequently
during the festival than the control period, females showed an increase of 0.153 and males of 0.2
(Figure 3a). For walking behaviour, only males showed a significant increase of 0.03 (Figure 3b).
Resting behaviour was identified less in both sexes during the festival (−0.21 in females, −0.014 in
males, Figure 3c). In the DFC values as an indicator of the degree of synchrony of the overall behaviours
with diurnal rhythm, both sexes showed the same patterns. Both sexes showed similar values in the
control group, whereas the values during the festival were reduced. In the highly fragmented area,
we found high DFC values for females and slightly lower DFC values with high variation for males
(Figure 3d).
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Figure 3. Behaviour parameters in the context of transient and fragmentation habitat changes.
Mean values with 95% confidence interval for differences in behaviour parameter counts of balling up
(a), locomotion (b) and immobile behaviour (c) of female (f) and male (m) hedgehogs for the different
study phases. The difference represents changes in behaviour event counts. Negative values represent
a decrease in the behaviour counts while positive values represent an increase. We considered all
differences to be significant where the confidence interval does not include 0 (dashed line); (d) Mean
degrees of functional coupling for each study period and sex (1 means maximal synchrony animal’s
between behaviour and the environmental 24 h period, 0 means no synchrony), whiskers = 95%
family-wise confident intervals.

3.5. Nesting Behaviour

In the control group, female hedgehogs used their nests again on the next day in 66.1% of cases.
Nests of male hedgehogs were used with a probability of 57.8% on the next day. The comparison
between the control and the festival period showed significant changes in nesting behaviour and
differed between the sexes: During the festival, nests of male hedgehogs were used over significantly
shorter time periods (Mantel logrank test, N = 156, p = 0.02) and the probability of using a new nest
the next day was reduced from 57.8% to 45.5%. After eight days at the latest, males had left the nest
and moved to another one. In contrast, for females, values were in general similar to or higher than
during the control period (Mantel logrank test, N = 88, p = 0.83, Figure 4).
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Figure 4. Nest utilization probability for pre-festival (green) and festival (red) phase of nine males
(dashed line) and eight females (solid line) and for highly fragmented area (blue) with shortened x-axis
for comparison.

4. Discussion

Consistent with our predictions, there was an influence of fragmentation as well as of transient
changes in habitat on hedgehog spatiotemporal behaviours. However, hedgehogs demonstrated
sex-specific responses to different types of disturbances.

By using the same measuring method, the same number of animals, the same gender ratio,
the same season, similar park sizes (in parts of the city with comparable urbanity index) and hedgehog
population densities, we tried to achieve the greatest possible comparability between the two study
areas and years. The two study areas, Treptower Park and Tierpark, are comparable considering
their sealing index [59], which closely corresponds to other urbanization indices, such as human
population density, disturbance by humans and pets, noise and light pollution [60,61]. In hedgehogs
with main natural prey being earthworms and ground beetles, the sealing index will also be linked to
food availability.

Compared to Treptower Park, the Tierpark is clearly more fragmented for hedgehogs, which is
also the most obvious difference between the two parks: in Treptower Park almost all fences can be
slipped through by hedgehogs. Only a long semicircular wall around the Soviet memorial in the
middle of the park is impassable for hedgehogs. The Tierpark, on the other hand, consists of a large
number of enclosures, most with borders insurmountable for hedgehogs (moats with wall edges,
dense fences as protection against rats). Even if the hedgehogs manage to get into the enclosures,
it can be more dangerous for them there than outside—for example, keepers once found a pregnant
hedgehog kicked to death by takins (Budorcas bedfordi) in an enclosure. Hedgehogs therefore usually
move around the enclosures, often on visitor paths (see Figure S3, male 2017_31).

Moreover, the weather data of the two study years do not differ significantly from each other:
both summers were relatively warm; at least warmer than the average temperatures of 4 reference years
(Table S2). Summer 2016 was dryer than average, in 2017 rainfall was above average. The average
temperatures of September 2017 were lower than those of September 2016, and the amount of rainfall
in August 2017 was higher than in August 2016. However, the variance of weather data during both
study periods was greater than the differences between the two. As a warmer drier summer will
make earthworms harder to find and, therefore, hedgehogs need to roam further to meet their energy
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requirements, then hedgehogs in our study should have had smaller home ranges in 2017 than in 2016.
However, our measurements on hedgehogs in the Tierpark in 2017 and in 2018 (unpublished data)
demonstrated much larger distances and home ranges than those of the hedgehogs in Treptower Park.

Studies on urban foxes also showed that seasonal differences (and thus differences between years)
are attenuated due to the permanent availability of food [62]. In this respect, we have come to the
conclusion that the slightly different weather conditions in the two study years, although they are
boundary conditions to be considered, are not causally relevant for our study results.

Due to transient changes of the festival, hedgehogs decreased home range size, movement speed
and rested less but increased search intensity, performed balling up behaviour more frequently and
moved further away from their previous home range center. Thus, hedgehogs avoided the core festival
area, changed their behavioural budget and their activity patterns indicated stress.

In fragmented areas, hedgehogs increased home range size and movement speed without any
significant effects on their behaviour budget or synchrony to environmental 24 h rhythm.

These results suggest that hedgehogs can adjust to permanent disturbances such as fragmentation.
It was also interesting to see that disturbance affected females differently to males; males seemed to be
more active in avoiding or coping with the environmental changes. These findings show that urban
hedgehog populations can be resilient to transient as well as permanent habitat changes. However,
care should be taken when extrapolating our results to other urban environments.

4.1. Home Range Sizes

Consistent with our predictions, nightly home ranges decreased during the festival (A1b) and
home range size was enlarged in highly fragmented areas (B1). Fragmentation increased the neglected
area and thus increased the distances hedgehogs moved between resource patches. If hedgehogs in
the highly fragmented area accessed one spacious food patch the size of home ranges did not vary
between highly and low-fragmented areas [63].

Our home range sizes are consistent with earlier findings for urban areas [35] and in other
hedgehog species in suburban habitats [64] but are smaller than in many studies [65–69]. However,
these studies calculated 100% MCP from longer tracking periods, which commonly leads to bigger
home range than 95% MCP of high-resolution daily data. Furthermore, home range size may not be a
constant over time, as previous studies showed big differences in individuals which were compared
between two consecutive years [35]. Our results are consistent with the general conclusion that males
used larger areas than females [70]. In a study on hedgehogs in rural habitats, hedgehogs further away
from settlements had higher energy expenditure, presumably because they had longer distances to
cover [71]. The same study showed that hedgehogs may restrict their movements in the presence of
predators such as badgers. It is, therefore, important to know whether the trade-off between the use of
spatially fragmented areas (and concomitant high energy expenditure) and the risk of encountering
predators is biased in favour of hedgehogs in closer proximity to settlements [71].

4.2. Movement Speed and Turning Angle

A comparative study on movement behaviour of mammals demonstrated a negative effect of
anthropogenic disturbance on long distance displacements [72]. In key indicators of movement
behaviour, our results were consistent with predictions that during transient disturbance, hedgehogs
should increase search intensity, enlarge their turning angles and reduce speed (A2). Also, in the highly
fragmented areas, hedgehogs moved at a higher speed and increased the number of (smaller) turning
angles but we did not find the predicted lower search intensity than in low-fragmented habitat (B2).

In our study, we calculated mean speed based on GPS positions measured during both periods of
active and inactive behaviours. We report similar values to the mean (average over sex and season)
speed of Ethiopian hedgehogs of 0.039 m/s [70]. We identified differences between highly and low
fragmented areas, showing that hedgehogs in highly fragmented areas moved on average by 20% faster,
a substantial increase and relevant for total energy turnover [71]. In former studies, it was shown that
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hedgehogs move faster when passing bigger roads, which could mean that hedgehogs on tarmacked
or concrete paths in the fragmented area in the Tierpark also increase their speed if they use them [73].
Higher speed in the highly fragmented habitat could also be a consequence of commuting between
foraging patches, whereas slow movements in hedgehogs are often indicative of foraging [34,74].
These factors will increase the variance in search intensity in the highly fragmented habitat.

4.3. Centre of Nightly Home Range

Our results were consistent with the predictions regarding a shift of the centre of nightly home
ranges during the transient disturbance (introduction (A1a)).

The detected spatial shift of the nightly used core area is a clear indicator that hedgehogs avoided
the core festival area. As the open park areas, where the local hedgehogs usually foraged, was blocked
by festival visitors or, during the construction work, by workers, hedgehogs stayed for longer periods,
and sometimes the entire night, in areas on the edge of the park. Or they did not leave the bushes
where their nest where located. The observed sudden shift of the home range centroids which is
unusual for the season and linked to the timing of the festival is a clear sign of avoidance. Such a
response was also shown by hedgehogs living in cultivated land as a response to dramatic changes in
resource quality [75]. In a similar semi-experimental approach, koalas (Phascolarctos cinereus) were
tracked before and during a music festival and changed their home ranges in a manner similar to the
hedgehogs in Berlin during the festival [76,77]. Hence, it is important to facilitate avoidance behaviour
by creating escape routes for wildlife during events such as music festivals.

4.4. Behaviour Parameter

Where and when an animal conducts certain behaviours are crucial for understanding habitat use
as well as elucidating the response of wildlife to disturbances as changes in behavioural patterns can
be the consequence of disturbance [57].

Our results were consistent with predictions that during transient disturbance, the general level
of hedgehog activity will be reduced as vigilance behaviour should increase (A3). During the festival,
we observed an increase in the frequency of curling-up or roll-up behaviour. Disturbance first induces
an erection of spikes, and then is followed by a complete roll up if the animal is further stressed [19].
When analysing our data, we have to be careful about the possible misidentification between resting
and rolled up behaviour. The huge 95% confidence interval in the behavioural parameters suggests a
high variability in the behavioural response. Thus, visitors and noises of the festival as well as natural
predators such as red foxes and badgers that roam in both highly and low-fragmented areas could
cause curling-up behaviour. An alternative response to disturbance is that hedgehogs can run away
from a disturbance or a predator, which in turn would lead to increased activity levels. Hedgehogs are
known to move out of unfavourable habitats and thus could avoid disturbances if necessary [78].

Although the size of the area used in the highly fragmented habitat was increased, it was not
clear whether female hedgehogs may have a higher energetic investment there [71] as they covered
similar distances. In terms of behaviour parameters, there was no obvious general pattern as to how
hedgehogs responded to different disturbances. Such high inter-individual behavioural variance in
response to anthropogenic disturbance is an expression of behavioural flexibility and may contribute
to successfully persist in challenging environments such as big cities [54]. However, behavioural
flexibility also has the evolutionary cost that a chosen behavioural response may be inappropriate in
that situation [79], and these are more likely if the anthropogenic disturbance is unequal to natural
disturbances to which there may be an evolved response [41].

Rhythms in behaviours have evolved as adaptations to the environment and enable organisms to
behave at the times most suited to their physiology or ecology. DFCs are calculated as a measure of
harmony between behavioural rhythms and the most important environmental rhythm, the 24 h period.
High DFCs are often found in healthy animals or those that are strongly diurnal or nocturnal [80].
Low DFCs indicate that the animal is weakly synchronized with the environmental rhythm, which can
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be an indicator of stressors or disease, but also parturition [57,81]. In our study, DFC clearly decreased
during the transient disturbance in both sexes, while there was no change detected with regard to
fragmentation. Interestingly, we found the highest DFC values in females in a highly fragmented
habitat, suggesting that they had adjusted their biological rhythm to the environmental circumstances.
DFC values of male hedgehogs in the highly fragmented area had a higher variation, i.e., displayed
higher individual differences during this time of the year. This could be expected as male hedgehogs
may vary in their behaviour during and shortly after the mating season. Some of the females in our
study gave birth to hoglets during the study period, which could have influenced the DFC values
in addition to the disturbances. To disentangle the effect of reproductive status (such as parturition,
lactation) from transient disturbances, studies in semi-natural enclosures could give baseline data for
an energetic and hormonal assessment and for evaluation of DFC values as a non-invasive tool to
assess the stress response in wildlife [57].

4.5. Nesting Behaviour

Consistent with our predictions, male hedgehogs switched their nests more often and spent fewer
days in the same nest during the transient disturbance of the festival (A4). In contrast, females used
their nests longer, which might be related to the fact that some of them gave birth during the study
period and thus were restricted to stay in their nests.

Nocturnal hedgehogs change their day nests regularly. Changing nests more frequently rather
than reusing a previously built nest entails a higher expenditure of energy. In our study, we recorded
much higher numbers of nest changes within a period of up to 40 days than in Irish populations
of rural hedgehogs (our study mean values 7.5 in males, 4.9 in females vs. 2.5 in both sexes [37])
but similar ranges to hedgehogs on a golf course in the suburbs of London (males 5–10 (our study)
vs. 2–15, females 2–6 (our study) vs. 2–6 [36]). Our females used fewer nesting sites than males,
similar to the London study [36]. There are currently no other survival analyses of nesting studies
available. With access to data with day to day records it should be possible to find a baseline for
European hedgehogs.

4.6. Limitations and Outlook

Overall, we could show that males responded stronger to the transient disturbance, although
caring for hoglets may have diminished the response of some females to the transient disturbance
of the festival. In contrast, female hedgehogs responded stronger to habitat fragmentation, possibly
a consequence of their higher energy requirements for lactation. Details on individual differences
in coping strategies as a function of reproductive status or other aspects of individual life histories
could help predict responses to specific disturbances. Individual behavioural flexibility is, therefore,
an important issue for further studies [17,82].

In an anthropogenically changed environment, some species maybe have already adjusted their
behaviour to suboptimal habitats to avoid direct conflicts with people [83,84]. Thus, hedgehogs living
in urban areas may have already adjusted their behaviour to urban environments. The responses to
the transient disturbance of the festival clearly indicate that this constitutes a habitat change which
would worsen the situation.

Female hedgehogs in the highly fragmented areas increased their speed and the size of their
home ranges, which might either indicate higher energy requirements satisfied by abundant resources,
or energetically more efficient locomotion [7]. The right combination of state-of-the-art technologies
will enable us in future to study such subtle coping strategies. Nowadays, advanced technologies
offer a level of detail in behavioural studies of free-ranging wild animals that has previously been
impossible. This will improve our understanding of the role of behavioural mechanisms in ecological
and evolutionary processes [85], provided care is taken to combine on the ground close population
monitoring with advanced remote technologies [86,87].
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Figure S1: Mean kde95 and confidence intervals measured per treatment and sex. Figure S2: Map of GPS locations
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and a male (2016_01, light blue dots = locations with inactive behaviour, dark blue dots = locations with active
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a male measured in 2017 (2017_30), and a male measured in 2018 (2018_30) in the study area Tierpark. Table S1:
Overview of the study animals and data collected per animal. Table S2: Overview of mean yearly weather data
(source: https://www.wetteronline.de/). Table S3: Overview of model results. All GPS and ACC data are available
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Simple Summary: Urban areas are thought to represent a stronghold habitat for the West European
hedgehog population in the UK. However, little is known about hibernation patterns in residential
areas and if overwinter activity is influenced by any ”urban-associated” factors. We monitored
hedgehog activity in gardens during the winter hibernation period of 2017–2018 using weekly
presence/absence surveys. Hedgehogs were more likely to be present in gardens where householders
had provided food in previous seasons or where food was supplied more regularly in a given
season. Such relationships could have positive or negative effects on the survival or condition of
hedgehogs across the hibernation period. Consequently, further research is needed to identify the
effects of supplementary feeding on hibernation biology to help inform conservation guidelines
for householders.

Abstract: West European hedgehogs (Erinaceus europaeus) are likely to encounter unusual ecological
features in urban habitats, such as anthropogenic food sources and artificial refugia. Quantifying
how these affect hedgehog behaviour is vital for informing conservation guidelines for householders.
We monitored hedgehog presence/absence in gardens in the town of Reading, UK, over the winter of
2017–2018 using a volunteer-based footprint tunnel survey, and collected data on garden characteristics,
supplementary feeding (SF) habits, and local environmental conditions. Over a 20-week survey period,
hedgehog presence was lowest between January and March. Occupancy analysis indicated that SF
significantly affected hedgehog presence/absence before, during, and after hibernation. The number of
nesting opportunities available in gardens, average temperatures, and daylength were also supported
as important factors at different stages. In particular, our results suggest that SF could act to increase
levels of activity during the winter when hedgehogs should be hibernating. Stimulating increased
activity at this sensitive time could push hedgehogs into a net energy deficit or, conversely, help some
individuals survive which might not otherwise do so. Therefore, further research is necessary to
determine whether patterns of feeding by householders have a positive or negative effect on hedgehog
populations during the hibernation period.

Keywords: conservation; urban ecology; hedgehogs; Erinaceus europaeus; citizen science;
gardens; occupancy

1. Introduction

Hibernation is critical for the overwinter survival of a range of vertebrate and invertebrate
species [1–4]. A reduced core body temperature and lowered metabolic rate allows individuals
to conserve energy during periods of harsh environmental conditions and low food supply at the
cost of becoming physically inactive for periods lasting days, weeks, or months [5]. To ensure
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success, mammalian hibernators must increase food intake prior to entering hibernation to accumulate
sufficient fat reserves which will later provide energy for day-to-day body maintenance and inducing
arousal [5,6]. If too little fat is accumulated, individuals are in danger of depleting their reserves before
the hibernation season is over [7–9]. In addition, survival during hibernation is also likely to be linked
to nest quality [10] and local environmental conditions [11].

The West European hedgehog (Erinaceus europaeus) is a small (<1.5 kg) winter-hibernating
mammal that is thought to be in decline in the UK [12,13]. The specific drivers of this decline are
unclear, although a wide range of threats can be recognized, including the following: habitat loss,
fragmentation, and degradation [14–18]; road traffic accidents [19–21]; the application of chemical
herbicides, pesticides, and molluscicides, as well as the use of anticoagulant rodenticides [6,7,22];
competition with and predation by badgers (Meles meles) [23–26], and climate-driven changes in
invertebrate prey availability and hibernation success [7].

Although timings differ in relation to climate, sex, body size, and condition, hedgehogs typically
hibernate between November and April in the UK [6,7]. It is not unusual for hedgehogs to temporarily
rouse during the hibernation period and active individuals may relocate to alternative nests [6,10,27].
These partial arousals can last anywhere from several hours to several days [7,28,29]. Since hedgehog
hibernation timings are variable, it is difficult to pinpoint which factors trigger the process of entering
and arousing from hibernation, although it is likely to involve environmental and hormonal cues
related to lower ambient temperatures, shorter days, and reduced invertebrate prey availability [7].

Evidence suggests that hedgehogs are increasingly associated with areas of human
habitation [26,30] with substantially higher densities observed in towns and cities than in rural
habitats [31–33]. Despite a relative plethora of studies on the winter activity of captive, rehabilitated or
rural-dwelling hedgehogs [9,10,27–29,34–38], our understanding of the behaviour of urban-dwelling
hedgehogs during this period is limited [11].

Urban areas are associated with a range of factors that could potentially positively or negatively
affect patterns of hibernation. For example, in addition to potential nesting sites in patches of remnant
natural or semi-natural vegetation, hedgehogs can access cavities beneath buildings, gardens sheds,
or decking within residential gardens; urban residents may also supply artificial refugia in the form
of homemade or commercially available “hedgehog houses” [7,31]. However, within each of these
habitats/locations, hedgehogs are exposed to different levels of disturbance from humans or companion
animals [39,40], road traffic [19], and artificial light [41] and sound. Similarly, temperatures within
different microhabitats are likely to vary in relation to, for example, the density and composition of
surrounding buildings and associated structures [31,42]. It is possible that such ”urban-associated”
factors could have direct impacts upon the onset of and patterns of arousal during hibernation.
For example, warmer temperatures in urban areas [43] may stimulate early arousal from hibernation
which, in turn, could increase fat consumption, thereby posing a risk to overwinter survival [7,11].

It has been suggested that supplementary feeding could, in particular, negatively affect natural
patterns of hibernation behaviour in hedgehogs [44]. In the UK, many wildlife organisations actively
encourage householders to leave out food for hedgehogs in gardens during the colder months in
an effort to aid the accumulation of fat prior to hibernation but also to provide sustenance during
periodic arousals when natural food availability is low (e.g., [45–47]). The effects of anthropogenic
feeding on some aspects of the ecology of urban wildlife (e.g., density, health, and reproductive output)
have been investigated extensively (e.g., [48–50]), but data on the impacts on hibernating species
are limited. Key observations are that overwinter supplementary feeding is linked to the increased
probability of sighting animals [51], interruptions to denning behaviour [52], and accelerated telomere
attrition [53]. Conversely, artificial food sources could provide invaluable additional sustenance for
individuals in need [6].

Overall, urban areas act as significant strongholds for the UK hedgehog population and expanding
our knowledge of overwinter activity and the parameters affecting it is fundamental to developing
robust conservation management strategies. Therefore, studies are needed which investigate the
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following: (a) the activity patterns of urban hedgehogs throughout the hibernation season and (b) how
these are affected by external factors. In this study, we quantified patterns of hedgehog occupancy
within residential gardens before, during, and after the winter season (see Methods for our definition of
the winter season) in relation to within garden and surrounding habitat characteristics, environmental
conditions (e.g., daylength and temperature), and patterns of anthropogenic feeding.

2. Materials and Methods

2.1. Footprint Tunnel Survey

Hedgehog presence/absence surveys were carried out in the back gardens of private households
in the town of Reading, UK (51◦, 27′ N and 0◦, 58′ W; population >230,000; and area >60 km2) and
its outskirts from 18 November 2017–7 April 2018. Badgers and foxes (Vulpes vulpes) which are both
potential predators of hedgehogs and competitors for hedgehog food, are present in Reading, although
records of the former indicate that they are limited to the northern section of the town [54]. Domestic
dogs (Canis familiaris) were present in some gardens surveyed, but these were typically confined to the
owner’s garden from approximately 11 p.m., whereas hedgehogs could be active throughout the night;
consequently, dogs have been shown to not affect patterns of hedgehog occupancy [54]. Similarly,
there has been no evidence to suggest that domestic cats (Felis catus) are likely to affect hedgehog
occupancy either; cats pose little direct threat to hedgehogs and there is an abundance of anecdotal
evidence of both species using the same garden at the same time.

Volunteers (citizen scientists) were recruited through an advert on social media in October
2017. Interested participants were asked to provide information on their garden location,
current hedgehog-feeding habits, and, to the best of their knowledge, the frequency with which
hedgehogs used their garden (ranging from “never” to “every night”). This information was used
to categorise volunteers as those who were feeding hedgehogs prior to the start of the study itself
(and, by default, who had hedgehogs in their garden), those who were not feeding hedgehogs at this
time but who had them visiting their garden, and those who were not feeding hedgehogs at this time
and who did not think they visited their garden. As we were interested in investigating the patterns of
behaviour of hedgehogs in relation to the existing pattern of feeding by householders (i.e., this was an
observational study), and because we were reliant on members of the public agreeing to participate, the
distribution of households relative to one another and garden size were dependent on the volunteers
themselves; these issues are considered further below.

Prior to the start of the study, householders that had been feeding hedgehogs were asked to either
continue feeding them for the duration of the study (November–April) or to stop feeding completely;
asking them to maintain a consistent pattern of feeding throughout the study simplified the analyses,
especially as we had to assign the start and end of the hibernation period retrospectively. Consequently,
the sample of householders consisted of the following four groups: (i) people that had been feeding
hedgehogs previously and who continued to feed throughout the study, (ii) people that had been
feeding hedgehogs previously but who stopped feeding for the duration of the study, (iii) householders
that did not feed hedgehogs before and during the study but who did think they had hedgehogs in their
garden, and (iv) householders that did not feed hedgehogs before and during the study and did not
think they had hedgehogs in their garden. For those people that elected to continue feeding hedgehogs
throughout the project, we asked that they carried on feeding at the same frequency, give the same
volume of food each time, and not alter the type of food. This approach was adopted to avoid unduly
affecting patterns of hedgehog behaviour in relation to changes in the amount of food available.

Gardens were surveyed using footprint tunnels, which have been used previously to survey
hedgehogs in both rural and urban environments (e.g., [19,26,54–56]). Each householder was given
one footprint tunnel and instructed to place the tunnel in their rear garden in a position where they
thought hedgehogs would be likely to encounter it (e.g., parallel to fences at points where animals
could enter the garden). Tunnels consisted of folded corrugated plastic in the form of a triangular
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tunnel (1200 × 210 × 180 mm) [55]. Ink (carbon powder mixed with vegetable oil) was applied to two
strips of masking tape on either side of a food bait (~30 g of commercially available dry hedgehog
food) in the centre of a removable plastic insert inside the tunnel; two sheets of A4 paper were fastened
at either end of the insert to ”capture” footprints of any hedgehogs that traversed through. In order to
attract animals without significantly influencing their behaviour, the pot containing the food was sealed
but pierced with small holes to allow the scent of the bait to escape; this would prevent hedgehogs
(and foxes or domestic cats) from depleting the food bait within a given survey period. Volunteers were
given sufficient supplies for the footprint tunnel (e.g., food bait, ink, and paper) to last the duration of
the study, as well as an instruction booklet and animal tracks identification guide.

Volunteers checked their tunnels every Saturday and submitted weekly presence/absence results
of all tracks recorded through an online survey form (SurveyMonkey.com). Any suspected hedgehog
footprints were photographed and sent digitally to one of the authors (AG) for verification. The study
was terminated after 20 weeks when volunteer interest had started to decline (weekly reminders to
prompt the submission of results needed to be increased markedly in the latter stages).

2.2. Dividing the Data into Seasons

Whilst it is understood that hibernation timings vary between individuals, we opted to subdivide
the data into “seasons” that broadly reflected stages before, during, and after the principal hibernation
period (henceforth denoted as autumn, winter, and spring). The purpose of this approach was to
allow us to analyse the influence of different factors across the contrasting phases of the hibernation
season when hedgehogs would be expected to place different emphasis on those factors. For example,
the availability of anthropogenic food sources could be more important in the autumn season than the
winter season, whereas the reverse could be true when considering access to a secure long-term nest
site. Additionally, one assumption of occupancy analysis which we used to analyse these data was
that sites remain closed to changes in occupancy between sampling visits [57]. This assumption would
have been violated had the data been analysed as one continuous season as, for example, hedgehogs
could have consistently used gardens during autumn and spring but not during winter.

The cut-off dates encompassing each season were informed by the pattern of occupancy observed
during the 20-week survey. When ≤15% sites were occupied each week, the majority of hedgehogs
were considered to be inactive and any data collected during that time were allocated to the winter
category. Thus, the three time periods were identified as Weeks 1–7 (18 November 2017–05 January 2018),
Weeks 8–16 (06 January 2018–09 March 2018), and Weeks 17–20 (10 March 2018–06 April 2018). Although
we concede that this is an a posteriori approach to defining the hibernation period, the timing of low
occupancy is in line with that reported elsewhere for hibernation in Britain at this latitude [7,10,21].
Analyses were, however, also conducted with an alternative cut-off threshold (≤20% sites occupied,
Weeks 6–16) to investigate the consistency of the occupancy models; no marked differences in the
results were evident (see Supplementary Table S1).

2.3. Data Analyses

Pearson Chi-squared tests were used initially to assess whether hedgehogs tended to be consistently
present or absent in the same gardens between seasons. The effects of the variables listed in Table 1 on
hedgehog presence/absence within each season were investigated using occupancy analysis, a technique
which has been used successfully in previous studies of hedgehogs [26,54,55]. In occupancy modelling,
an optimisation process is used to find the maximum likelihood of an event occurring. Data from each
season were initially analysed independently of any covariates to identify whether the best-fitting
baseline models were ones where weekly detection rates (p) were considered to be constant (detection
probability did not vary between weeks within that season) or survey specific (detection probability
did vary between weeks within that season). These initial analyses were also used to compare naïve
occupancy (the proportion of sites where hedgehogs were detected) and true occupancy (Ψ, an estimate
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of the proportion of sites where hedgehogs were present, accounting for false absences). Analyses
were conducted using Presence 12.24.

Variables were quantified using an online questionnaire at the end of the study, from the data itself
or from external sources (Table 1). The questionnaire survey requested information about features
within the participant’s back garden, the proportion of neighbouring gardens that were accessible to
hedgehogs from their own garden, patterns of feeding during the study, and the number of potential
nesting sites.

Three variables were used to investigate the potential effects of garden size and proximity to
other survey gardens on patterns of detection and occupancy (Table 1). For example, garden size
(mean ± SD = 238.5 ± 244.8 m2) could have potentially affected detection rates as we only used
one footprint tunnel in each garden, although the majority of gardens (93.7%) covered <550 m2,
three gardens (4.8%) covered 786–870 m2, and one garden (1.6%) was 1520 m2 in area. Within each
season, the straight-line distance to the nearest other house and the straight-line distance to the nearest
other house where hedgehogs were detected were incorporated to determine whether hedgehogs
were more likely to be detected in houses close to one another, which would potentially indicate that
patterns of detection were not independent.

Habitat characteristics in the area around each house were quantified using the straight-line
distances to the nearest arable, grassland, and woodland habitats, and the total area of habitats within
250 and 500 m radii of each garden. These measures were quantified from Natural Environment
Research Council land class datasets [58] with QGIS 3.4.4 (Table 1). Radii of 250 and 500 m were selected
based upon existing data of hedgehog nightly ranges outside the hibernation season [15,59]. Minimum
grass level and air temperatures, and weekly rainfall volume, were taken from a weather station
on the University of Reading’s Whiteknights campus [60]. Mean weekly daylength was quantified
from sunset and sunrise measurements from Benson weather station, approximately 18 km north of
Reading [61]. As these data were taken from sites in proximity to the survey gardens, but not in the
gardens themselves, they reflected general environmental conditions and not the specific micro-habitat
characteristics of each garden.

Table 1. Summary of the variables used in analysis, collected from questionnaire surveys and external
data sources. Q indicates that the data were derived from a questionnaire survey of the householder;
D indicates that the variable was extracted from the occupancy data itself; E indicates data from an
external source (see text).

Covariate Source Description

FEEDHOG Q
An ordinal measure of whether food was left out for hedgehogs
during the study: 1 = never, 2 = less frequently (monthly or less),
3 =more frequently (nightly or weekly)

FEDBEFORE Q A binary measure of whether the participant usually left out food
for hedgehogs prior to the commencement of the study

FEEDOTHERS Q A binary measure of whether food was left out by the participant for
birds or other animals at some point during the study

NESTSITES Q

The number of potential types of nest sites available in the
participant’s garden as assessed by the participant. Tick-box options
of possible nesting sites were listed on the questionnaire as
“hedgehog house”, “under a shed or decking”, “under bushes or
shrubs”, “under a compost heap” or “other (please provide more
information)”. The total number of potential nest sites were
converted to z-scores

CONNECTIVITY Q
The proportion of front and back gardens neighbouring the
participant’s household that is accessible for hedgehogs from the
participant’s own gardens
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Table 1. Cont.

Covariate Source Description

FRONT2BACK Q A binary measure of whether a hedgehog could access the
participant’s back garden from their front garden

GOODHABITAT Q
The proportion of habitat in the participant’s back garden only that
is considered ”good” for wildlife, including lawn, shrubs,
flowerbeds and ponds

HOUSETYPE Q A binary measure of whether houses were: (i) semi-detached,
link-detached or detached; or (ii) other (e.g., terraced)

GARDENSIZE E The area of each garden (m2) converted to z-scores

NEARESTOTHER D Distance from each site to the next nearest site (m) converted to
z-scores

NEAREST + VE D Distance from each site to the next nearest hedgehog-positive site
(m) per season (autumn, winter or spring) converted to z-scores

ARABLEDIST E Distance from each site to the nearest area of arable land (m)
converted to z-scores

ARABLE 500 m E

The area of arable land (m2) within a 500 m radius of each site
converted to z-scores (Note: As only 4 sites fell within 250 m of
arable land, the potential variable ARABLE250 m was not
considered for analyses)

WOODDIST E Distance from each site to the nearest area of woodland (m)
converted to z-scores

WOOD 250 m and
WOOD 500 m E The area of woodland (m2) within 250 and 500 m radii of each site

converted to z-scores

GRASSDIST E Distance from each site to the nearest area of grassland (m)
converted to z-scores

GRASS 250 m and
GRASS 500 m E The area of grassland (m2) within 250 and 500 m radii of each site

converted to z-scores

URBAN 250 m and
URBAN 500 m E

The area of urban and suburban habitat (m2) within 250 and 500 m
radii of each site converted to z-scores (Note: As all sites fell within
the urban habitat classification, the straight-line distance from each
site to urban habitat was not considered for analysis)

DAYTIME E Mean daylength (time between sunrise and sunset) per week,
converted to z-scores

AIRTEMP E
Minimum air temperature (◦C) averaged per survey week based on
hourly recordings taken between 21:00 and 09:00, converted to
z-scores

GRASSTEMP E Minimum grass temperature (◦C) averaged per survey week based
on daily recordings taken at 09:00, converted to z-scores

Following checks for multicollinearity, single-species, single-season models were fitted; all
variables were first considered in single-covariate models. Then, multi-covariate models were
constructed based upon the known ecology of hedgehogs, as well as the hypothesised importance of
different variables on occupancy during each season. Supplementary feeding before and during the
study, as well as feeding intended for other species, were considered to be important in all seasons,
and for autumn, models included the availability of and proximity to potential winter nesting sites;
for winter and spring, models included environmental conditions that were likely to affect the timing of
hibernation, i.e., daylength, ground temperature, and air temperature. A maximum of three covariates
was considered in each model because of the relatively small sample sizes. This approach was favoured
to produce a realistic set of candidate models, avoiding the shortcomings of algorithm-based model
selection [62,63].
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The goodness-of-fit of the most global model for each season was tested using the bootstrap
method with 1000 replicates. Bootstrapping simulates detection histories for each site and produces a
test statistic (Pearson Chi-squared) for each of the 1000 runs [64]. A measure of ”lack of fit”, defined
as a variance inflation factor ĉ, is calculated by dividing the observed test statistic by the average
bootstrap statistic [65]. When ĉ > 1, there is evidence of poor fit and it is recommended that (a) Akaike’s
information criterion (AIC) values should be converted into quasi-likelihood adjusted AIC (QAIC) and
(b) standard errors of beta estimates should be inflated by a factor of

√
ĉ [62,64,65]. Models that did not

converge were excluded. Those with ΔQAIC values <2 were considered to be top-ranking models [62],
and covariates were regarded as significant when their associated 95% confidence intervals did not
cross 0 [66].

3. Results

3.1. General Trends

Overall, 63 householders completed the study (Figure 1). During Week 1, results were obtained for
26 (41.2%) sites as compared with 100% in subsequent weeks; this was associated with the challenges
of getting volunteers started but is not likely to have affected the results since occupancy analysis is
robust to missing data [67]. In autumn, or ”pre-hibernation”, hedgehogs were and were not being fed
in 25 (39.7%) and 38 (60.3%) gardens, respectively (Figure 1).

 

Figure 1. The locations of gardens (n = 63) in Reading and surrounding areas surveyed for hedgehogs
between November 2017 and April 2018 inclusive. Circles denote gardens where hedgehogs were fed
by householders prior to the study; diamonds denote gardens where hedgehogs were not fed prior to
the study; filled and open symbols denote gardens where hedgehogs were and were not detected at
any point during the current study, respectively.

Hedgehogs were active throughout all survey periods (Figure 2) and were recorded on
247 occasions (19.6% of the 1260 surveyor weeks). In autumn, hedgehogs were detected in 34
(54.0%) gardens, i.e., 21 of 25 (84.0%) gardens where they had been fed previously and 13 of 38 (34.2%)
gardens where they had not been fed previously (Figure 1). Cumulatively, 97.1% of hedgehog-positive
sites were detected by the third week of surveying. Occupancy (Ψ) and detection probability (p) were
lowest between January and March (autumn true Ψ = 0.54, winter true Ψ = 0.32, and spring true
Ψ = 0.39); full occupancy estimates from the baseline models are given in Table 2. False-absence error
rates were very low (autumn 0.1%, winter 2.1%, and spring 0.6%).
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Of the 34 hedgehog-positive gardens, 18 gardens (52.9%) were used every season, 9 (26.5%)
were used during the autumn period only, and none were used exclusively during winter or spring.
Consequently, there was a strong association in the pattern of presence/absence of hedgehogs in
individual gardens between successive seasons, i.e., autumn-winter (Chi-squared test χ2

1 = 23.204,
p < 0.001) and winter-spring (χ2

1 = 37.010, p < 0.001).

Figure 2. The proportion of all gardens surveyed (n = 26 in Week 1 and n = 63 for Weeks 2–20) where
hedgehogs were recorded each week. Weekly survey dates are given in the format dd/mm, running
from November 2017 to April 2018 inclusive.

Table 2. Summary of baseline hedgehog occupancy models where detection rate was modelled as
constant (did not vary between weeks within each season) versus survey specific (did vary between
weeks within each season). Seasons are illustrated in Figure 2.

Season Model QAIC ΔQAIC AIC Weight Model Likelihood K Detection Rate Naïve Ψ True Ψ

Autumn
Ψ(.), p(survey-specific) 270.59 0.00 1 1.0000 8

0.8234

0.5397 0.5403

0.8225
0.8225
0.6756
0.6756
0.2938
0.2938

Ψ(.), p(.) 294.26 23.67 0.0000 0.0000 2 0.6138 0.5397 0.5411

Winter

Ψ(.), p(.) 213.63 0.00 0.9852 1.0000 2 0.2626 0.3016 0.3224

Ψ(.), p(survey-specific) 222.02 8.39 0.0148 0.0151 10

0.2481

0.3016 0.3198

0.2481
0.2481
0.397
0.1489
0.1489
0.3474
0.1489
0.4467

Spring

Ψ(.), p(.) 64.13 0.00 0.8006 1.0000 2 0.6459 0.3810 0.3870

Ψ(.), p(survey-specific) 66.91 2.78 0.1994 0.2491 5

0.5377

0.3810 0.3838
0.5377
0.6204
0.9100

Ψ = occupancy, p = detection probability, K = number of parameters. ΔQAIC is the change in quasi-likelihood
adjusted Akaike’s information criterion. For each season, the variance inflation factor ĉ was adjusted based on
goodness-of-fit tests of the most parameterised models (1.3226, 1.3385, and 3.5534 for autumn, winter, and spring,
respectively). Naïve occupancy is the number of gardens where hedgehogs were detected and true occupancy is the
number of gardens estimated to be occupied by hedgehogs after accounting for the false-absence error rate.

3.2. Factors Affecting Hedgehog Occupancy

For analyses incorporating covariates (Table 1), all top-ranking models included a feeding variable
(Table 3). Occupancy in autumn and winter was associated with supplementary feeding prior to the
hibernation period (FEDBEFORE), whereas in spring it was most associated with feeding in that season
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(FEEDHOG). There was also some support for detection probability being positively influenced by
DAYTIME and FEEDOTHER during spring, but the effect was not significant. All other covariates
reported in the best-fitting models, in each season, had statistically significant positive effects on
occupancy or detection probability. Full model results can be found in Supplementary Tables S2–S4.
Garden size, proximity to other gardens per se, and proximity to the nearest other garden where
hedgehogs were detected in that season were not included in the top-ranked models in any season.

Table 3. A summary of the top-ranking models (ΔQAIC < 2) produced in single-season occupancy
analyses. Seasons are illustrated in Figure 2.

Season Model QAIC ΔQAIC AIC Weight Model Likelihood K

Autumn Ψ(FEDBEFORE +WOOD500 m),
p(survey + NESTSITES) 283.85 0.00 0.8966 1.0000 11

Winter
Ψ(FEDBEFORE), p(FEEDHOG + FEEDOTHERS) 214.42 0.00 0.4561 1.0000 5
Ψ(FEDBEFORE), p(FEEDHOG + GRASSTEMP) 215.41 0.99 0.2780 0.6096 5

Ψ(FEDBEFORE), p(FEEDHOG + AIRTEMP) 215.51 1.09 0.2645 0.5798 5

Spring
Ψ(FEEDHOG), p(DAYTIME + FEEDOTHERS) 71.83 0.00 0.2413 1.0000 5

Ψ(FEDBEFORE), p(.) 71.97 0.14 0.2250 0.9324 3
Ψ(FEEDHOG), p(.) 72.82 0.99 0.1471 0.6096 3

Ψ = occupancy, p = detection probability, K = number of parameters. ΔQAIC is the change in quasi-likelihood
adjusted Akaike’s information criterion. For each season, the variance inflation factor ĉ was adjusted based on
goodness-of-fit tests of the most parameterised models (1.1309, 1.1531, and 2.8138 for autumn, winter, and spring,
respectively).

In winter, hedgehogs were recorded in 16 of 25 (64.0%) gardens where the householder had been
feeding them in autumn as compared with 3 of 38 (7.9%) gardens where they had not been fed. Overall,
of the hedgehog-positive sites within each season, gardens where householders had previously put
out food were visited, on average, for 4.4 weeks in autumn (n = 21 gardens, 62.9% of weeks in the
7-week season), 2.6 weeks in winter (n = 16 gardens, 28.9% of the nine-week season), and 2.7 weeks in
spring (n = 18 gardens, 67.5% of the four-week season). Comparable figures for gardens where they
were not fed were 3.3 weeks (n = 13 gardens, 47.1%), 2.0 weeks (n = 3 gardens, 22.2%), and 2.5 weeks
(n = 6 gardens, 62.5%), respectively. Consequently, hedgehogs were much more likely to be present in
gardens where food was supplied by householders (Figure 3).

Figure 3. The proportion of gardens (n = 26 in Week 1 and n = 63 for Weeks 2–20) where hedgehogs
were detected in relation to the frequency with which householders provided food at the outset of
the study. Weekly survey dates are given in the format dd/mm, running from November 2017 to April
2018 inclusive.

4. Discussion

Hibernation is an adaptive physiological response to reduce energetic requirements during
periods of low food availability. Hedgehogs, therefore, need to accumulate sufficient fat reserves
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prior to hibernation, and then minimize expenditure of energy during this period. In behavioural
terms, this essentially means that hedgehogs need to avoid rousing unnecessarily from hibernation.
However, they do need to retain the ability to be able to respond if environmental conditions become
unfavourable or, for example, if they are detected by predators or disturbed. Consequently, individuals
need to find locations that afford them protection, but which are also in proximity to alternative
locations, with appropriate building materials, if they need to move.

In this study, hedgehog occupancy and detection in autumn were significantly linked to the
area of woodland habitat within 500 m (WOOD 500 m) of focal gardens and the number of potential
nest sites available within gardens (NESTSITES), respectively. Previous studies have reported that a
significant proportion of winter nests are constructed in wooded areas [9,10] and the nearby woodland
measured in this study area may have provided valuable pockets of semi-natural nesting habitat
within an otherwise built-up area. However, the relative qualities of woodland and within-garden
nesting sites are unknown. For example, wooded areas can be associated with a higher abundance of
favoured building materials (the leaves of broadleaved trees: [7]) but urban woodlands are often open
to the public and are likely to be associated with high levels of disturbance by walkers and especially
their dogs. Alternatively, gardens offer potentially advantageous nesting sites such as beneath sheds
and decking, but where natural nesting materials could be scarce. Future studies of urban hedgehog
populations, therefore, need to focus on quantifying where hibernacula are located and if this is linked
to over-winter survival rates.

Urban areas also pose one additional challenge. Research to date has indicated that hedgehogs tend
to enter hibernation in response to the combination of a reduction in temperatures and a decline in food
availability [7]. This was also evident in this study, with hedgehog detection during winter reduced as
grass and air temperatures declined. In urban areas, however, food supplied by householders was not
directly linked to prevailing temperatures. As a result, hedgehogs could be getting “mixed messages”,
that is, food availability is still high even though temperatures are low. Ultimately, this could result in
maladaptive responses leading to reduced over-winter survival rates and longevity.

In autumn, hedgehog occupancy was correlated with whether they had been fed in the previous
season. Hedgehogs were detected in 54.0% of gardens overall, with a marked difference between
those houses where they had (84.0%) and had not (34.2%) been fed. Similarly, occupancy in winter
(30.2% of gardens overall) was also correlated with the pattern of feeding at the outset of the study,
with an increase in the disparity between gardens where they had (64.0%) and had not been fed (7.9%).
This was consistent with the radio-tracking data reported by Rasmussen et al. [11] which indicated that
urban-dwelling hedgehogs tended to stay in the vicinity of local feeding stations during both active
and inactive seasons, but also potentially suggested that patterns of feeding prior to hibernation could
increase the likelihood that hedgehogs visited gardens during the hibernation period. In contrast, in
spring, hedgehog occupancy tended to be associated with the frequency with which animals were
being fed in that season, with occupancy higher where they were being fed more frequently.

Winter activity is, however, not unusual, and hedgehogs typically relocate nests at least once
during the hibernation period [6,10,27]. As we used footprint tunnels to record hedgehog activity
on a weekly basis, it was not possible to determine if detections during the winter season reflected
individual animals in the normal process of relocating nests, or if they reflected the behaviour of
several animals in the same garden. For example, the continued use of a single garden by individual
hedgehogs overwinter has been recorded previously [9,11]. That being said, hedgehogs were detected
for an average of 2.6 weeks in winter in gardens where they had been fed previously (n = 16) as
compared with 2.0 weeks in other gardens (n = 3). Again, this is suggestive of the fact that householder
feeding patterns could be influencing over-winter activity.

However, although anthropogenic feeding could negatively affect hedgehogs during
hibernation [52,68], it is possible that it could be beneficial [9,28]. For example, it could enable animals
that have not accumulated sufficient body fat to delay the point at which they enter hibernation [6],
especially juveniles born in late summer [7]. Similarly, it could also help animals that have roused
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from hibernation to replenish some of their reserves. This could be important for animals that
experience an increasing number of arousal events in relation to changing climatic conditions and
anthropogenic influences.

Conversely, as hedgehogs are capable of surviving losses of up to 44% of their pre-hibernation
weight [9,11,27,69], it is not clear if access to food during winter is beneficial. For example, it has been
suggested that hedgehogs might only enter into a ”partial hibernation” where food is available [7].
Since even a single rousing can consume the same amount of energy required to survive 3–4 days
of hibernation [36], animals can experience proportionately larger losses in mass overwinter if they
cannot access sufficient food [7]. Furthermore, animals that are active during the winter also face
the additional risks associated with, for example, road traffic, companion animals, and domestic
gardens [11,21,39]. ”Shortenings” of the hibernation period, caused by increased arousals or a delay in
hibernation commencement, have also been linked to accelerated cellular aging in mammals [53,70–72],
thereby potentially having implications for longevity [73–75]. In addition, there is a need to consider
the nutritional value of foods being provided by householders. For example, should animals come to
rely on non-natural foods as a principal source of energy, it is possible that these do not fulfill their
nutritional requirements and could compromise their condition [50]. Therefore, additional information
is required on the types of food used by householders and its nutritional content relative to the needs
of hedgehogs at this time.

Despite the absence of any definitive data that feeding hedgehogs overwinter is beneficial, it is
encouraged by several wildlife organisations in Britain [45–47]. Given that arguments can be made that
overwinter feeding could negatively impact hedgehogs, there is an urgent need to study its effects in
more detail so that accurate advice can be given to householders. Such investigations will require the
study of the activity and movement patterns, body mass changes, reproductive success, and longevity
of individual hedgehogs before, during, and after the hibernation period in an experimental framework
(i.e., controlling the frequency and volume of food supplied by randomly selected householders).
These studies are, however, likely to be associated with significant challenges since they would require
the cooperation of large numbers of householders for extended periods of time.

5. Conclusions

This study has indicated that residential gardens may be used frequently by hedgehogs throughout
all stages of hibernation. Supplementary feeding in preceding seasons was found to be a key
factor associated with hedgehog presence/absence during the hibernation period. This potentially
indicates that supplementary feeding could affect key components of the hibernation behaviour of
urban-dwelling hedgehogs, which could be detrimental or beneficial to overwinter survival and
reproduction. Therefore, further intensive studies of known individuals before, during, and after the
hibernation period are required.
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Simple Summary: Hedgehogs are one of several mammals that occur in urban areas in the United
Kingdom and are fed by people. Food provided by people may help wild animals but may also
attract animals together that could compete, injure, or predate each other. To understand the impact
of food on urban animals we need to investigate how they interact when food is available. In
this study, we assessed the type of interaction between hedgehogs, foxes, badgers, and cats using
videos submitted by the public. We analyzed interactions between pairs of species to determine
interaction type, hierarchical relationships, and the effect of food. We found that agonistic interactions
(aggression and/or submission between animals) were more common than neutral interactions,
and that between-species interactions showed greater ‘agonism’ than those within the same species.
Of interactions within a species, those between hedgehogs were the most agonistic (54.9%) and
between badgers the least (6.7%). The species interacting affected the level of agonism, with cats and
foxes showing the highest level when together (76.7%). Badgers also outcompeted cats where there
were contests over food, but cats were equally as successful as foxes, which were more successful
than hedgehogs. However, hedgehogs dominated access to food over cats. We discuss the need to
understand interactions between urban animals and the effects of providing food, to inform practice
and ensure any potential risks are minimized.

Abstract: Hedgehogs occur within an urban mammal guild in the United Kingdom. This guild
commonly utilizes anthropogenic food provision, which is potentially beneficial to wild animal
populations, but may also bring competitors and predators into proximity, raising the question of
how these species interact in urban gardens. In this study, we determined interactions between
hedgehogs, foxes, badgers, and domestic cats using videos submitted via citizen science. We analyzed
interactions within and between species to determine interaction type, hierarchical relationships, and
effect of supplementary food presence/amount. We found that overall agonistic interactions between
individuals occurred more frequently (55.4%) than neutral interactions (44.6%) and that interspecific
interactions showed greater agonism (55.4%) than intraspecific ones (36%). Within intraspecific
interactions, those between hedgehogs were the most agonistic (54.9%) and between badgers the least
(6.7%). Species composition of the interaction affected agonism, with interactions between cats and
foxes showing the highest level (76.7%). In terms of overall “wins”, where access to garden resources
was gained, badgers dominated cats, which were dominant or equal to foxes, which dominated
hedgehogs. However, hedgehogs exhibited a greater overall proportion of wins (39.3%) relative to
cats. Our findings are important in the context of the documented impact of patchy resources on
urban wildlife behavior, and we show that provision of anthropogenic food can potentially result in
unintended consequences. We recommend actions to reduce proximity of guild competitors in space
and time to limit negative effects.
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1. Introduction

Increasing urbanization, where habitats have been highly modified for intense human
use and residence, typically has a negative effect on biodiversity [1], yet a few species
appear to benefit, as evidenced by their urban colonization, and high relative densities
(e.g., [2]). These species are termed “synurbic” [3]. Although urban development can
present challenges for wildlife, it can also offer benefits. For example, thermal climatic
conditions are more stable in urban environments, and ground and air temperatures can be
higher than in surrounding rural areas [4], while towns and cities provide numerous shel-
tering opportunities, and abundant supplementary food from anthropogenic sources [5,6].
Among the many reasons to colonize urban landscapes, food availability is perhaps one of
the most important [7].

The intentional provision of supplementary food to wild animals by urban residents,
either as surplus household food or commercially purchased for this purpose, has increased
in the UK [8], where an estimated 87% of urban dwellers have access to a back or front
garden/yard of their residence [9]. Supplementary feeding can benefit wild populations
by providing food sources when natural food sources are low. However, it can also create
clustered, abundant, spatio-temporally predictable food resources in urban areas [10],
leading to behavioral modifications of wildlife, such as changes in foraging and spatial
behavior [6,11], diet [12], and social/territorial configuration [11,13] with corresponding
changes in density. In the United Kingdom (UK), synurbic mammal species include the
Western European hedgehog (Erinaceus europaeus) (hereafter “hedgehog”), the red fox
(Vulpes vulpes) (hereafter “fox”), and the Eurasian badger (Meles meles) (hereafter “badger”).
These three species form a guild within which they compete for similar food resources;
however, badgers and foxes can prey on hedgehogs, i.e., intraguild predation (IGP) also
occurs [14,15]. The presence of both badgers and foxes negatively predicts UK hedgehog
presence [16,17], but it is unclear whether this is due to predation, competition, or a
combination of both. Modeling studies suggest that intraguild predation dynamics may
additionally be confounded by the presence of supplementary food [18].

Higher densities relative to rural counterparts, have been documented in hedgehogs [5,16],
foxes [6], and to some extent badgers [19]. Factors affecting hedgehogs in the UK are of
particular interest due to recent widespread population declines [20–23]. Within popula-
tion studies, sub/urban habitats are considered potential refuges for hedgehogs [16,24,25],
typically providing a range of ecologically favorable attributes, including high food avail-
ability and low overall populations of badgers, although high badger sett (burrow network)
densities have been documented in some sub/urban areas [26]. This raises the question of
how these species interact and co-occur in towns and cities.

Exploitation of supplementarily provisioned food in urban gardens has been ob-
served in all three species, and although this often manifests in individuals feeding alone,
co-occurrence and aggregation of multiple individuals and species can also result [8,27].
In addition to synurbic wildlife, domestic cats (Felis catus) occur at high densities in ur-
ban areas [28] and utilize anthropogenic food sources, spatially overlapping with urban
wildlife [29]. Therefore, cats can also be considered part of the urban mammalian guild
when investigating species interactions.

Most urban mammals, including cats, forage alone, despite some living in social or
family groups, except for hedgehogs, which are considered solitary [30]. Hierarchy within
social groups, such as those comprised of badgers or foxes, reduces competition and the risk
of aggressive interactions [31]. Evidence of aggression between conspecifics is limited in
hedgehogs except for in the context of mating [32]. A garden in which supplementary food
is provided could be considered a ‘high-quality’ patch containing predictable resources
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in abundance. Individuals may compete to defend, or acquire, high-quality patches and
engage in intra- and interspecific agonistic behavior (fighting or conflict behavior, such as
threatening, aggressive, and/or submissive behaviors) to dominate access for their own
benefit [33]. Each dyadic encounter (paired encounter between individuals) represents the
balance of the possible fitness costs and benefits from competing with the opponent/s for
access to the resource [34] and will also reflect hierarchical positioning within groups and
between competing species.

Currently, there is a gap in our knowledge of how these species interact when coming
into proximity at focal food resources. Aggregation of multiple individuals of several
species in gardens attracted by food could potentially result in higher encounter rates
between competitors and predators. Increasing interference competition, aggression, stress,
and predation risk may result. There have been reported incidents of urban hedgehogs
admitted to rehabilitation centers with injuries from suspected encounters with urban preda-
tors, including 2.3% of admissions attributed to injuries from dogs and cats [35]. Therefore,
it is essential we understand the interactions between synurbic mammals, what factors drive
interactions and access to food, and how coexistence in these habitats can be supported.

The aims of the study were to determine if the type of interaction between sympatric
urban mammal species varied depending on which species were interacting, which of the co-
occurring species was most likely to ‘win’ dyadic competitions for access to supplementary
food, and finally, if presence and amount of food affected the type of interaction. We
hypothesized that there would be lower levels of agonism within species, especially those
with established hierarchies, and greater agonism between species. We hypothesized that
the largest of the species (badger) would dominate and be the most successful at ‘winning’
access to food, and that increased food availability would increase levels of agonistic
interactions between and within species. Understanding interactions between synurbic
mammals and the effect of supplementary feeding on interactions can help inform best
practice around food provision to prevent unintended costs to the species concerned.

2. Materials and Methods

2.1. Data Collection and Cleaning

Data on urban mammal interactions were obtained from the public following a na-
tional appeal for such video footage on a UK television broadcast (British Broadcasting
Commission [BBC] “Springwatch” series) in May 2017. This program is part of a long-
standing seasonal series on British wildlife that has approximately 2.5 million viewers. The
broadcast explained the study aims and provided details of a link to a data capture site
where videos and associated metadata could be submitted. The link was also available
on the associated program website and the University of Brighton website. We did not
provide instructions of an experimental set-up to follow, but instead called for people
who had existing footage of multiple animals within their gardens to submit their existing
footage. Once on the site, the public (volunteers) could upload their videos and answer
a questionnaire on the location, video content, and food provision where the video was
taken. The link was available between 29 May and 15 June 2017, during which time 683 files
were submitted. Video analysis at feeding sites has previously been used as a method to
determine relationships and interactions between sympatric species [36].

2.2. Data Handling

All data collected were downloaded to an Excel sheet with a linking unique ID code
assigned to each video. Prior to analysis, data were removed that were not in video format
or did not contain a hedgehog, fox, badger, or cat. We included videos where at least
two adult individuals were visible, recorded in a UK residential garden between Jan 2010
and May 2017. Urban habitat was verified by using Google Maps for the postcode data
submitted with the video. Multiple files from the same address/date were assumed to
be consecutive recordings, so only one representative video was used. Of the 683 files
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submitted, 586 dyads (interactions between two individuals) [30] were extracted during
behavioral analysis.

2.3. Behavioral Analysis

Interactions between species were assessed per dyad. When interactions involved
three or more individuals, multiple dyads were derived. For each dyadic interaction, the
following were recorded from the video analysis: interaction number (for videos with more
than two dyadic interactions); duration of video (in seconds); visible food present (yes
or no); duration of the interaction (in seconds); species; predominant behavior of animal;
interaction type (neutral or agonistic) [36]; and outcome for both individuals in the dyad
(“win” or “no win”) [31]. The amount of food left out (“high” or “low”, where “high” was
two handfuls or more and “low” was a single handful or less) was also included from
the questionnaire response. An ethogram was compiled containing detailed descriptions
of six typical dyadic behaviors [37] during encounters (passive, submissive, avoidance,
defensive, aggressive, attack; see Table 1). As the study focused on multiple species, some
definitions included reference to a particular species. During the analysis, a predominant
behavior was assigned to each member of the dyad and an interaction type then chosen
to summarize the encounter. Behaviors that appeared to have no impact on either animal
were deemed neutral, i.e., animals were passive towards each other, there was no defensive
or aggressive behavioral change in the presence of another, and/or there was no observed
agonistic behavior. Conversely, behaviors involving submission, threat, aggression, defense,
or attack were classified as agonistic [36]. Dyadic outcomes for each animal were classified
as either “win” (if one animal was seen eating the food or dominating the space close to the
food during the video clip), “draw” if the two animals continued feeding or stayed in the
garden together, or “unclear” if the video or observation ended before an outcome could be
determined. A loss, draw, or unclear outcome was classified as “no win” for the individual
in the dyad.

2.4. Data Analysis

To test the effect of dyad composition (i.e., species), food presence, and amount
on interaction type and probability of wins, Generalized Linear Models (GLMs) were
computed with binomial error structures in R Studio (RStudio, 2012) using R v3.6.1 [38]
and packages MASS and lme4. Inter- and intraspecific dyads were modeled separately. For
interaction type, both models contained dyad composition as the independent variable
and interaction type (Neutral = 0, Agonistic = 1) as the dependent variable. For the
intraspecific model, the highest neutral interaction dyad (badger-badger) was used as a
reference in the model. For probability of wins, the independent variables comprised
interaction type (Neutral = 0, Agonistic = 1), whether supplementary food was provided
(No = 0, Yes = 1), and the amount of food (Low = 0, High = 1) and dyad composition (all
the interspecific dyads that contain at least one of the target species for that specific model).
The hedgehog-cat dyad was used as a reference for the interspecific model, as the highest
neutral interaction dyad that was not deemed a potentially predatory interaction. The
dependent variable in each case was win (eats the food = 1) or no win (lose, draw/shares
food or is unclear = 0) for each test species. Finally, the reference level was switched for
each dyad comparison (using the relevel function) so that all pairwise dyad comparisons
were tested against each other.

Prior to applying models, proposed explanatory variables were checked for multi-
collinearity using Variance Inflation Factors (VIFs). If variables had VIFs greater than
3 or correlation coefficients more than 0.6 with other variables, they were excluded from
models [39]. Model residuals were assessed for normality and heteroscedasticity. Omnidi-
rectional stepwise selection was undertaken to build the best model in each case using the
step function with the command direction = both. This procedure sequentially keeps or
drops variables starting with the null (intercept only) model through testing the significance
of each independent variable in a linear regression model.
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Table 1. Behavior categories and types of interaction based on analysis of encounters between four
species of urban mammal—Western European Hedgehog (Erinaceus europaeus), Eurasian badger
(Meles meles), Red fox (Vulpes vulpes), and domestic cat (Felis catus). Symbols represent each behavior
and how they relate to the two broad interaction types.

Animal Behaviour Interaction Type

Passive Animal continues feeding or remains in the area when
approached by the other individual. Departs without

retaliation if aggression occurs.
Neutral

 
�

Behaviour of both animals has no impact
on the other, e.g. ignore each other.

Submissive
 

An act or posture that does not challenge the incoming
animal. Body position or response indicting lower

hierarchy or submission, e.g. in foxes the body and head
lower. In cats crouching with ears flattened, avoiding,

retreating or fleeing.

Avoid
�

Animal moves or backs away from the area or other
animal before close proximity or physical contact. Often
with body held low, casting repeated glances at the one

which stays.

Defensive
�

A defensive posture or positioning e.g. piloerection,
frowning or complete rolling in hedgehogs. In cats,

hissing or piloerection.
Agonistic

�

�

 

�

Includes submissive, threat, attack and
aggression behaviour. Could result in

injury, or death, of at least one individual.

Aggressive
�

Vocalisation or aggressive posture. Action of initiating
physical contact with another animal including lunging,
biting, scratching etc. Foxes side profile body position

with arched back and head up.

Attack
One animals runs towards the other in an aggressive
manner. Chases, lunges, bites etc. In badgers, head is

lowered in a threat posture and pursues the challenger
with physical contact. Cat striking with paw.

3. Results

A total of 683 files were received from volunteers. The files collected dated from May
2010 to June 2017. Using the filtering method stated in the methods section 586 separate
dyads were analyzed, representing both intra- and interspecific interactions. Two datasets
were created with these data; the ‘all dyads’ dataset, which included all 586 separate dyads,
and the ‘outcome’ dataset, which consisted of 331 interspecific dyads with wins, draws,
and unclear outcomes recorded, alongside data on food presence and amount.

3.1. Interactions between Sympatric Species

Badger-badger dyads had the lowest level of agonistic interactions and were recorded
to be neutral in 93.3% of interactions (Table 2). In comparison, fox-fox and hedgehog-
hedgehog dyads exhibited neutral behavior in 63.6% and 45.1% of interactions, respectively.
Hedgehog-hedgehog dyads had the highest number of intraspecific agonistic interactions
(54.9%). The most frequent interspecific dyad was fox-hedgehog, with 143 separate in-
stances of this dyad recorded (Table 2). The split between agonistic and neutral interactions
for fox-hedgehog dyads was relatively even at 49% and 51%, respectively. Interspecific
interactions between cats and foxes had the highest level of agonistic interactions (76.7%).
Badger-cat dyads were the least recorded, being observed only eight times, but also showed
a high proportion of agonistic interactions (75%). In every dyad containing a cat, the propor-
tion of agonistic interactions was greater than neutral; however, the incidence of these was
relatively low compared to other dyads (Table 2). Hedgehogs displayed higher agonistic
interactions with foxes than badgers, although these comprised <50% of interactions.
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Table 2. The number of events recorded from videos sent in by volunteers for each dyad of four
species of urban mammal (Western European Hedgehog (Erinaceus europaeus), Eurasian badger
(Meles meles), Red fox (Vulpes vulpes), and domestic cat (Felis catus)) and the number and relative
percentage of agonistic or neutral interactions.

Dyad No. of Events
No. of Agonistic Interactions

N (%)
No. of Neutral Interactions

N (%)

Intraspecific Dyads

Hedgehog-Hedgehog 142 78 (54.9) 64 (45.1)
Badger-Badger 95 7 (6.7) 88 (93.3)

Fox-Fox 33 12 (36.4) 21 (63.6)

Total 270 97 (36.0) 173 (64.0)

Interspecific Dyads

Fox-Hedgehog 143 70 (49.0) 73 (51.0)
Badger-Hedgehog 16 5 (31.3) 11 (68.7)

Cat-Hedgehog 28 16 (57.1) 12 (42.9)
Badger-Fox 78 45 (57.7) 33 (42.3)

Fox-Cat 43 33 (76.7) 10 (23.3)
Badger-Cat 8 6 (75.0) 2 (25.0)

Total 316 175 (55.4) 141 (44.6)

3.2. Comparisons between Species Dyads

Statistical models revealed a greater level of agonistic behavior in all other intra- and
interspecific dyads compared to badger-only dyads (Table 3). Statistically, only cat-fox
dyads had higher agonistic interactions than hedgehog-hedgehog dyads. Cat-fox and
badger-fox showed significantly higher agonistic interactions than fox-fox. Both badger-
hedgehog and badger-fox agonistic interactions were greater than badger-badger but less
than cat-fox. Badger-fox agonism was less than cat-fox but greater than fox-fox.

Table 3. Generalized Linear Models (GLM) of the test results investigating the effects of intraspecific
and interspecific dyadic composition on interaction type (Neutral = 0; Agonistic = 1), using the
relevel command in R to switch the levels to investigate all dyad comparisons against each other. Dis-
played are parameter estimates ± standard error, z-value and p-value for each pairwise comparison.
‘<’ agonistic interactions are greater than the reference dyad and ‘>’ are less than the reference dyad.

Reference Dyad Explanatory Variables
Parameter

Estimate ± SE
z-Value p-Value

Badger-Badger <Cat-Hedgehog 2.819 ± 0.548 5.147 <0.001
<Cat-Fox 3.725 ± 0.533 6.984 <0.001
<Hedgehog-Hedgehog 2.729 ± 0.427 6.386 <0.001
<Badger-Cat 3.63 ± 0.906 4.007 <0.001
<Badger-Fox 2.845 ± 0.455 6.249 <0.001
<Badger-Hedgehog 1.743 ± 0.668 2.612 <0.01
<Fox-Fox 1.972 ± 0.534 3.692 <0.001
<Fox-Hedgehog 2.490 ± 0.427 5.832 <0.001

Hedgehog-
Hedgehog <Cat-Fox 0.996 ± 0.398 2.5 <0.05

Fox-Fox <Cat-Fox 1.754 ± 0.511 3.431 <0.001
<Badger-Fox 0.870 ± 0.428 2.031 <0.05

Badger-
Hedgehog <Cat-Fox 1.982 ± 0.649 3.054 <0.01

Fox-Hedgehog <Cat-Fox 1.236 ± 0.398 3.106 <0.01
>Badger-Badger −2.490 ± 0.427 −5.832 <0.001

Badger-Fox <Cat-Fox 0.884 ± 0.428 2.067 <0.05
>Fox-Fox −0.870 ± 0.428 −2.031 <0.05

Cat-Fox >Hedgehog-Hedgehog −0.996 ± 0.398 −2.5 <0.05
>Badger-Badger −3.725 ± 0.533 −6.984 <0.001
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Table 3. Cont.

Reference Dyad Explanatory Variables
Parameter

Estimate ± SE
z-Value p-Value

>Badger-Fox −0.884 ± 0.428 −2.067 <0.05
>Badger-Hedgehog −1.982 ± 0.649 −3.054 <0.01
>Fox-Fox −1.754 ± 0.511 −3.431 <0.001
>Fox-Hedgehog −1.236 ± 0.398 −3.106 <0.01

3.3. Species Dominance and Hierarchy

In terms of overall percentage of wins (access to garden resources), the order of
dominance was firstly badgers, then cats, and then foxes. Foxes dominated hedgehogs,
but hedgehogs dominated cats; hence, the hierarchy was non-linear (Table 4; Figure 1
for diagrammatical representation). However, there were a large proportion of draws
and unclears in these dyads, so it is not always apparent which species won in each
combination. Badgers tended to be more successful at ‘winning’ interactions than the other
species, winning 45.9%, 42.1%, and 66.6% of interactions against foxes, hedgehogs, and
cats, respectively. Foxes had the largest proportion of wins of any species when the dyad
was with hedgehogs (46.2%). While cats won 44.4% of their dyads with foxes, foxes won
31.1% of these dyads (Table 4). Unexpectedly, hedgehogs won 39.3% of the time in dyads
with cats, compared to cats winning only 10.7% of these dyads.

Table 4. The number of events recorded from videos sent in by volunteers between each dyad of
four species of urban mammal (Western European Hedgehog (Erinaceus europaeus), Eurasian badger
(Meles meles), Red fox (Vulpes vulpes), and domestic cat (Felis catus)), and the number and relative
percentage (%) of ‘wins’ for each species within the dyad.

Win Draw Unclear
Dyad No. of Events Hedgehog Badger Fox Cat

Fox-Hedgehog 145 14
(9.6)

67
(46.2)

41
(28.3)

23
(15.9)

Badger-Hedgehog 19 2
(10.5)

8
(42.1)

7
(36.8)

2
(10.5)

Hedgehog-Cat 28 11
(39.3)

3
(10.7)

9
(32.1)

5
(17.9)

Badger-Fox 85 39
(45.9)

8
(9.4)

30
(35.3)

8
(9.4)

Cat-Fox 45 14
(31.1)

20
(44.4)

7
(15.6)

4
(8.9)

Badger-Cat 9 6
(66.6)

1
(11.1)

1
(11.1)

1
(11.1)

Total 331 27
(14.1)

53
(46.9)

79
(28.7)

24
(29.3)

101
(30.5)

43
(12.9)

3.4. Impact of the Presence of Food

When data were applied to models to test the effect of interspecific dyad, interaction
type and presence/amount of food on probability of wins, badgers won more interactions
when agonistic behavior was involved in the dyad (parameter est. ± S.E. = 1.395 ± 0.413;
z = 3.375; p < 0.001). Zero-inflated datasets prevented the inclusion of food presence and
amount in some models. However, foxes exhibited a greater chance of winning when the
interaction was agonistic (parameter est. ± S.E. = 2.734 ± 0.397; z = 6.878; p < 0.001) and
food was present (parameter est. ± S.E. = 2.143 ± 0.830; z = 2.581; p < 0.01).
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Figure 1. A diagrammatical representation of the hierarchical relationship in ‘winning’ access to food
during paired dyads. The direction of the arrow shows the direction of the dominance is the species
with the higher % of wins within dyads.

4. Discussion

Our study is the first to quantify behavioral interactions between hedgehogs and
three other intraguild mammal species in sub/urban gardens in the UK. We have shown
that food provided in gardens by human residents is utilized by a range of intraguild
species with associated evidence of interactions within and between species. Based on the
assessment of ‘wins’ during interactions over food access, we have derived a hierarchical
relationship between a community of sympatric urban mammals. The study findings
supported our hypothesis that the largest of the species (badgers) in the guild would be
most successful at ‘winning’ access to food. We also found some support for our hypothesis
that food availability affected interaction type, with higher levels of agonistic interactions
when food was present than when it was absent, although analysis of this element was
limited due to an unbalanced dataset. Spatially predictable and/or abundant food patches
can create focal activity hotspots of resource exploitation, causing aggregation of sympatric
species, which likely lead to higher occurrences of interactions [40]. The consequences
of interactions between garden mammals are potentially numerous. Direct interactions
between competing species can be aggressive, leading to injury or death, with increased
competition or competitive exclusion reducing access to resources for subordinate species
or individuals, with knock-on welfare effects. Furthermore, the dynamics of space use
overlap and interaction rates within wild populations and between domestic and wild
species has implications for pathogen transmission, particularly in urban areas at the
interface between humans and wildlife, where zoonoses can emerge [41].

4.1. Intraspecific Interactions

Our findings support the hypothesis that agonistic behavior would be higher between
species compared to within species. As expected from previous studies [31], we also
showed there were few agonistic interactions between badgers at feeding sites (7%). It
appears that this observation is consistent between urban and rural badger populations,
despite differences in urban badger group size, density, and territory size compared to
rural [19]. As expected, foxes showed higher intraspecific agonism than badgers. Although
foxes typically forage alone, there is a hierarchy within fox social groups [42]. Subordinate
foxes have been shown to use supplementary food patches in urban gardens in a different
way to dominant foxes, using fewer patches, spending less time in predictable patches,
and feeding later [43]. This is explained as an evolved behavioral strategy to reduce
competition/antagonism within social groups.
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Hedgehogs are considered solitary and non-territorial [32]. Field studies of behavior
have shown that hedgehogs tend to avoid each other, and adults are usually only found
together during courtship, or when attracted to a localized food source. Other than during
courtship, when females are typically aggressive towards males, and competing male
suitors may fight each other, overt aggression is rarely seen [44]. Contrastingly, we observed
high levels of agonism between wild hedgehogs. This included a characteristic behavior
where one hedgehog attacked another by running at it, causing the victim to roll up, after
which the attacker pushed it away. Typically, the function of this behavior appeared to
involve moving a competitor away from the food source, such as to the edge of the garden.
In one case, an individual was pushed down a flight of concrete, and another into water.
We termed this behavior ‘barge and roll’ and deemed it to be competitive.

Many of these observations of agonism between hedgehogs occurred outside of the
breeding period. Anecdotal evidence from rescue centers suggests aggression can occur
when food is provisioned to a group; thus, the most likely explanation for agonism in our
study is defense of food patches. This behavioral disparity may be a consequence of patchy
distribution and abundance of urban food resources relative to rural or wilderness areas.
Previous studies on red deer (Cervus elaphus) have shown increased aggression at food
patches when provided with spatially and temporally predictable supplementary food
during winter [45]. Access to food that will allow for an increase in body weight may be
more critical for hibernating species such as hedgehogs than species that are active all year,
as very low body weight could affect overwinter survival [46,47]. As the focus of our study
was to investigate intraguild interactions of urban wildlife, we did not request videos of
cat-cat interactions in this study, and thus, could not determine such interactions at garden
feeding sites.

4.2. Interspecific Interactions and Hierarchy

Between-species interactions were more agonistic overall than those within species,
and badgers tended to be more successful at securing food than all other species. In our
study, badgers were dominant over foxes where contests occurred, but if initial interactions
did not escalate to aggression, each species was unaffected by the presence, proximity,
or orientation of the other (consistent with [34]). Nonetheless, our study is a temporal
snapshot, and previous experience may affect what was observed [36]. Interspecific inter-
actions involving hedgehogs showed the highest levels of agonism with cats, although
cats were predominantly observed to be submissive during these interactions, allowing
hedgehogs access to food without contest. Hedgehogs co-occurred in urban gardens with
potential predators (badgers and foxes) and approximately half of encounters between
hedgehogs and foxes were agonistic. Hedgehogs have previously been reported to avoid
predators [48], but in urban gardens where food is provided, they may not always do so,
with the benefits of access to food provision potentially outweighing predation risk.

As cats are typically fed by owners, access to additional food is less critical to their
survival or fitness compared to wild counterparts, although they are highly territorial [49]
and likely to defend the gardens within their territories. We observed high levels of agonism
between cats and foxes, with the former appearing dominant over the latter overall. The
relatively high proportion of hedgehog wins over cats was unexpected but may relate to
hedgehog spines, which domestic cats are not physically or behaviorally adapted to defend
themselves against, as compared to wild predators. Although competition could impact
access to food, previous studies have shown that there is more food available in urban
areas than some species metabolically require (e.g., foxes [12,42,43]), which suggests that if
an animal unsuccessfully forages at one patch, there are likely to be multiple alternative
patches where competition could be lower due to temporal activity partitioning [43]. These
may be readily accessible to more mobile species, such as foxes [50], whereas hedgehog
movement can be affected by barriers in urban areas [51]. This may account for the higher-
than-expected agonism observed between hedgehogs, i.e., if the value of a feeding patch is
perceived to be high and movement between patches is restricted, defense may be adaptive.
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Hierarchical positioning of the garden mammal guild is dominated by badgers. Foxes
and cats then rank approximately equally, with cats dominating access to food over foxes,
and hedgehogs dominating food over cats. However, just under half of contest outcomes
overall were either unclear or a draw, and the same proportion involved no contest at all,
i.e., neutral co-occurrence. Thus, “noise” in the dataset was substantial.

4.3. Disease Transmission Risk

Increases in space use overlap can increase both intra- and interspecific pathogen
transmission risk [41]. We showed evidence of animals coming into proximity and utilizing
similar feeding sites within urban gardens and interactions between and within species, as
well as between wild and domestic animals. Common pathogens spread by the species in
this study include the sarcoptic mange mite (Sarcoptes scabiei) [52] and the dog roundworm
(Toxocara canis) [53]. Rabies lyssavirus [54] and Echinococcus multilocularis [53,55] are trans-
mitted between foxes, cats, and badgers in Europe, and have the potential to emerge in the
UK, although E. multilocularis has not yet been detected in European hedgehogs [56]. Food
provision practice that reduces spatio-temporal species overlap could, thus, also reduce
pathogen transmission.

4.4. Application of Findings to Hedgehog Conservation

This study has important implications for hedgehog conservation, in the context
of both intraguild predation, and competition. Previous studies report hedgehog abun-
dance to be negatively associated with badger abundance [57], with experimental evidence
showing a doubling of hedgehog populations when badgers were absent or present at
very low density, i.e., meso-predator release [58]. In our study, badgers and hedgehogs
co-occurred at feeding sites, although most interactions between them were classed as
neutral, including occasions where both species ate simultaneously close together. Where
agonistic interactions did occur, approximately 2/3rd of these were seen as competitive,
with 1/3rd considered potentially predatory, representing a small proportion of overall
interactions involving these two species (10%). Although we did not record any direct
hedgehog predation events by foxes in our study, 5% of agonistic interactions between the
two species were classed as potential predatory behavior, with the remaining agonistic in-
teractions considered competitive. Levels of fox-hedgehog agonism were, thus, greater than
badger-hedgehog agonism, but in the form of competition rather than predation. Research
conducted in Regents Park in London, UK, found foxes to be a major cause of hedgehog
mortality due to injury, although this may also arise from competitive interactions rather
than direct predation [59]. Rehabilitation centers report occasional admission of hedgehogs
with injuries from wild predators, but these may also be caused by domestic pets [35]. Any
agonistic interaction could potentially result in injury or death, and mechanisms to prevent
co-occurrence at feeding sites are likely to reduce both outcomes.

However, feeding sources are not always utilized by multiple animals simultaneously,
with solitary feeding regularly observed. In our study, feeding did not always lead to
interactions and many co-occurrences were neutral. Supplementary feeding can benefit
hedgehogs by providing food at times when natural food resources are low, potentially
contributing to increased abundance [5]. Nonetheless, it is pertinent to adopt strategies to
minimize negative effects of agonism towards hedgehogs according to the precautionary
principle. Variable food availability in space or time, for example, reduces its predictability
and the corresponding spatio-temporal overlap between or among species. Strategies to do
so could include altering timing of food provision and providing food in locations with
restricted (species-specific) access, such as hedgehog feeding boxes (although this would
not reduce intraspecific hedgehog agonism) or at multiple sites within the garden.

As urban areas are considered refuges for hedgehogs [23], understanding how to
minimize negative impacts of interactions in urban habitats will aid conservation manage-
ment. In general, hedgehogs do not commonly inflict injury on conspecifics [35], although
injury/other consequences of the frequently observed ‘barge and roll’ behavior are cur-
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rently unknown. High levels of agonism and the associated risk of lethal/sublethal effects
can be disproportionately high where hedgehogs aggregate around feeding sites in urban
gardens. Sublethal effects such as exacerbated health conditions and reduced fecundity and
breeding success [60] may follow competitive exclusion from food resources and associated
stress. It is, therefore, recommended that feeding practices also aim to reduce hedgehog
intraspecific agonism.

4.5. Use of Citizen Science and Data Limitations

Citizen science data collected from volunteers can elucidate species interactions in
inaccessible areas, such as urban gardens [61]. Collecting data in private gardens can be
intrusive to owners, involve a lot of time, and be logistically challenging [62]. To achieve
a sufficiently large sample size of independent videos throughout UK sub/urban areas
would be challenging in a short time frame; hence, national citizen science approaches were
deemed preferable in our study. One limitation of this approach is lack of standardization
in video collection, although standardized video processing can partially compensate.
Participant responses to questions on presence and abundance of food provision were
also difficult to standardize; thus, the trustworthiness of questionnaires is a limitation
in their use [63]. Overall representativeness of datasets can also be compounded by
the lower likelihood of citizen scientists submitting less ‘interesting’ data, which in our
study could mean a bias toward dramatic interactions, potentially overestimating levels
of agonism. In addition, in our study an unbalanced dataset arose from cameras typically
being deployed at locations where animals were already encouraged such as feeding sites;
hence, footage from sites with food absent is limited. The robustness of the model including
food presence/absence and amount was, therefore, inevitably reduced relative to other
analyses. Finally, grouping of the “no-win” category in video processing to include ‘draws’
and ‘unclear’ interactions as well as losses to allow computation of the binomial regression
analysis, reduced our capacity to model nuance in species interactions.

5. Conclusions

Citizen science is a useful method of investigating urban wildlife, where access to
private spaces is limited, with the main challenge being access to participants across a broad
geographic range, although media recruiting can partially compensate for this. Animal
interaction studies have benefited from the increasing availability, affordability, and ease of
use of remote monitoring cameras to the public in recent years. Urban wildlife behavior is
a suitable focus to engage the public, as species are familiar and interesting interactions can
be easily observed at close quarters within private spaces.

Our study is the first to quantify interactions within a sympatric urban mammal
community and document hierarchical relationships between wild and domestic mammals
in urban gardens. We show that badgers tend to dominate this hierarchy and that high
levels of agonism can occur between hedgehogs within sub/urban populations. We also
report relatively high levels of agonism between hedgehogs and their potential preda-
tors, although the majority of these were competitive interactions, and actual predation
events were rare. Clearly, clustering of supplementary food sources in urban environ-
ments through anthropogenic feeding can lead to multi-species co-occurrence (including
both domestic animals and wildlife) and high species abundance at feeding sites. Where
species co-occur at food patches, agonism is typically higher, with potential for increases in
transmission rates of some pathogens. Distribution of food sources in urban areas affects
the spatial ecology of synurbic animals, in addition to interaction dynamics within and
between co-occurring species. Further research is necessary on the impact of supplementary
food in the urban environment on animal health, ecology, and disease risk via changes
in species interactions. As urban areas are considered hedgehog refuges, understanding
interactions within the guild they occupy is critical for informing conservation and welfare
management, including feeding practices, for this declining species.
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Simple Summary: Anticoagulant rodenticides are commonly used as a method of rodent population
control. Unfortunately, many non-target species are exposed to rodenticides. The route by which
non-target animals are poisoned is not always clear, which can hinder conservation efforts. It has
been suggested that insectivorous species may be exposed to rodenticides via the consumption of
contaminated insect prey. This study examined whether rodenticide baits mixed with the biomarker
rhodamine B can be used to track invertebrate consumption of rodenticide baits in a natural envi-
ronment, and, in doing so, we assessed whether insects could be a source of rodenticide poisoning
in insectivores. The rhodamine B baits created an observable response; molluscs were the most
frequent consumers of bait. Maximum temperature, distance from baits, the addition of copper tape
to boxes, and proximity to buildings were all found to affect their rate of uptake. Other invertebrates
rarely showed signs of uptake. This has provided valuable insights into the mechanisms by which
insectivores experience rodenticide poisoning, which is necessary in developing effective mitiga-
tion measures to aid conservation efforts. We suggest that further investigation into using mollusc
repellents around bait boxes should be considered.

Abstract: Non-target species are commonly exposed to anticoagulant rodenticides worldwide, which
may pose a key threat to declining species. However, the main pathway of exposure is usually
unknown, potentially hindering conservation efforts. This study aimed to examine whether baits
mixed with the biomarker rhodamine B can be used to track invertebrate consumption of rodenticides
in a field environment, using this to observe whether invertebrate prey are a potential vector for
anticoagulant rodenticides in the diet of insectivores such as the European hedgehog (Erinaceus
europaeus). Rhodamine B baits were found to create an observable response. Uptake was negligible
in captured insects; however, 20.7% of slugs and 18.4% of snails captured showed uptake of bait.
Maximum temperature, distance from bait, proximity to buildings, and the addition of copper tape
to bait boxes all influenced the rate of bait uptake in molluscs. Based on these data, it seems likely
that molluscs could be a source of rodenticide poisoning in insectivores. This research demonstrates
which prey may pose exposure risks to insectivores and likely environmental factors, knowledge
of which can guide effective mitigation measures. We suggest that further investigation into using
mollusc repellents around bait boxes should be considered.

Keywords: insectivores; rodenticides; route of exposure; wildlife conservation; non target;
invertebrates; secondary exposure; molluscs

1. Introduction

Rodents are estimated to cost the UK economy £60–200 million every year, mainly
through disease transmission and food spoilage [1]. Anticoagulant rodenticides are a
preferred control method, working by inhibiting vitamin K1-2,3 epoxide reductase, which
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in turn inhibits the ability to clot blood. This leads to delayed death via haemorrhag-
ing [2,3]. Second generation anticoagulant rodenticides (SGARs), developed in response
to the genetic resistance that emerged after extensive usage of first generation anticoagu-
lant rodenticides (FGARs), are routinely used worldwide with five licensed for use in the
UK [1,4,5]. SGARs are more potent than their predecessors, with a greater affinity for bind-
ing sites in the liver which results in increased persistence, toxicity, and accumulation [5,6].

Although anticoagulant rodenticides have many advantages, as they work by targeting
a biochemical pathway that occurs in all mammals and birds, they pose a risk to many
non-target species [7]. Small mammals [6], predatory birds [8], and even passerines [9]
suffer from exposure to anticoagulant rodenticides worldwide. Typically, non-target species
are exposed to rodenticides either by directly consuming baits (primary exposure) or by
consuming contaminated prey (secondary exposure), and can even be exposed at further
levels [10].

Exposure can occur at multiple levels in a single organism, accumulating from dif-
ferent sources [11]. The high persistence of SGARs allows for both bioaccumulation and
biomagnification of rodenticides in non-target predatory species, such as red foxes (Vulpes
vulpes) and polecats (Mustela putorius)—rodenticide residues were found in 82% of avian
and mammalian scavenger and predatory species sampled in Finland [12–14]. Only re-
cently has the extent to which rodenticides travel through the food chain become clear; baits
are consumed not only by non-target mammals and birds but by also reptiles and inver-
tebrates [10,15,16]. Rodenticides could easily accumulate in invertebrates as they possess
different blood clotting mechanisms to target species, decreasing the likelihood of death
after consumption [5]. As previous research on non-target carnivores suggests a major route
of rodenticide exposure is via consumption of contaminated small mammals it has been
suggested that contaminated invertebrate prey may similarly expose non-target insectivore
predators to rodenticides through food chain transfer [5,10]. However, research is limited
in this area—data on invertebrate uptake is rarely linked to insectivore exposure and tends
to focus on risks individual species pose rather than assessing the dietary spectrum.

Few studies observe whether secondary poisoning occurs in insectivores; however,
what research there is indicates that exposure is widespread. European starlings (Sturnus
vulgaris), dunnocks (Prunella modularis), and the common shrew (Sorex araneus) have been
found to experience rodenticide uptake [6,10,17–19]. Samples taken from dead Stewart
Island robin nestlings (Petroica australis rakiura) and New Zealand dotterels (Charadrius
obscurus aquilonius) contained brodifacoum residues, suggested to be a result of ingesting
contaminated invertebrate prey [9,20]. Rodenticide residues have been found in high
numbers of European hedgehog (Erinaceus europaeus) liver samples from Spain, Britain,
and New Zealand, often testing positive for several different rodenticides [5,14,21–23].

Information about the routes of rodenticide exposure in threatened non-target species
is necessary to develop effective mitigation measures and aid conservation efforts [11].
Several insectivorous species are experiencing significant population declines across the
UK, including European hedgehogs, spotted flycatchers (Muscicapa striata), and common
swifts (Apus apus) [24–26]. A long term study of British woodland birds found that 27%
of foliage insectivores and 57% of ground insectivores could be classed as a ‘declining
species’ [27]. Pesticides such as rodenticides may be contributing towards these declines;
however, the lack of in-depth information available on the subject may be obscuring this
threat and hindering conservation efforts.

This study aims to help address the knowledge gap by testing whether multiple
invertebrate species consume rodenticide baits in field environments across UK locations.
The handful of studies that have focused on the detection of rodenticides in invertebrates
have usually used HPLC or LC-MSMS, though as these techniques utilise rodenticides, they
risk environmental contamination [10,16]. We tested whether a rodenticide-free non-toxic
indicator paste bait mixed with rhodamine B (rhdB), a xanthene dye with fluorescent
properties often used in bait uptake studies and shown to create an observable fluorescent
response in invertebrates [28,29], can be used to track invertebrate bait consumption in the

465



Animals 2023, 13, 3873

field. Using this paste, we assessed the effects of environmental variables (temperature,
rainfall) and UK habitats (close to and far from buildings) on bait uptake across invertebrate
groups. Assessing rodenticide uptake in a broad range of invertebrate species in a natural
environment will provide a more comprehensive idea of which insectivore prey items
pose an exposure risk. This methodology will also provide new information on this under-
researched topic, including whether rhdB can be used as a low-cost and non-toxic method
of tracking bait consumption in invertebrates, and whether invertebrate uptake of and
activity around rodenticide baits is influenced by environmental variables. When taken
together, these data will have the potential to provide valuable insights into the mechanisms
by which insectivores experience rodenticide poisoning.

2. Materials and Methods

2.1. Laboratory Pilot Study

Previous work has not shown whether rhodamine B can be detected in molluscs. To
test this, we carried out a brief pilot study using garden snails (Cornu aspersum) collected
from various locations around the city of Lincoln (UK) by hand during February 2021. The
snails were housed in tanks in the University of Lincoln insectary between February and
April 2021, kept at ~20 degrees Celsius and fed with lettuce, cabbage, and ProRep Bug
Gel, a mixture of water and Polyacrylamide gel which provides a source of hydration to
invertebrates without the risk of drowning [30].

We mixed Deadline’s Non-tox Indicator Paste (Deadline®, Professional Pest Control,
Crawley, UK) with rhdB powder at 0.5% and 1% concentration; both provided an observable
response in the foot and body under light from a handheld UV torch after 48 h exposure
when tested on a group of five snails.

Following this, 70 snails were divided into two groups (N = 35 each). Each snail was
then weighed and placed inside a plastic salad box containing 8–10 g of rhdB paste bait
or no paste. Within each group, 14 snails were exposed to 0.5% rhdB paste, 14 snails to
1% rhdB paste, and 7 controls to no paste. Group one and control snails were left for 24 h
before the baits were removed. Group two and control snails were left for 48 h before baits
were removed. Following bait removal, the presence or absence (Y/N) of snail fluorescence
under UV light was recorded. The snails were then returned to their boxes and provided
with lettuce and bug gel. Every day for the seven following days the snails that had showed
uptake were observed for fluorescence under UV light to measure the persistence of rhdB
in their system. Following this all snails no longer showing fluorescence were moved back
to the tank, while the remainder (N = 5) underwent continued observation for five days.

Following analysis, rhdB mixed with non-toxic rodenticide paste at 0.5% concentration
was determined to be suitable for tracking consumption of bait in invertebrates when
exposed for 24 h or longer.

2.2. Field Exposure Study

The field study took place across two farms—Riseholme Farm in Lincoln (53.268192,
−0.52743664) from April to August 2021 and Malthouse Livery and Stables in Oxfordshire
(51.728834, −1.4448872) during October and November 2021 (Figure 1). Rat rodenticide
boxes from Rentokil were set out, each containing two dishes with ~8 g of 0.5% rhdB paste
bait, in various habitats (farm buildings, urban, hedgerow, forest (deciduous trees) and
pine forest (coniferous trees)). Bait boxes are a common and recommended method used
in rodenticide baiting [31] and so were used here to match the method design as much as
possible to real life baiting. The boxes were left in place for 72 h, after which they were
opened and checked for invertebrates. Any invertebrates found were viewed under a
UV torch to assess whether the consumption of the bait had occurred (indicated by body
fluorescence). The number of captures and the UV responses were noted. Invertebrates
were released at the site of capture. The bait boxes were then removed and moved to
the next location, and four to six pitfall traps were placed around where the bait boxes
had been. Maximum distance was measured by using a tape measure to mark 0–1 m and
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1–2 m away from the bait stations, and half the pitfall traps were placed within each of
these ranges. Yeast paste was used as bait in half of the traps as mixtures using yeast are
known to attract molluscs [32]. In the remaining traps, a non-toxic indicator paste that
did not contain rhdB was used, as it had already been established that invertebrates will
consume paste bait, and it was determined from this that it may act as an attractant. The
traps were left for 24 h, after which, they were checked for invertebrate activity. Again, any
invertebrates found were observed under UV light to check for bait uptake, which along
with the number of captures was noted before they were released. Maximum temperature
and rainfall values for the postcodes of the sites on data collection days were taken from
World Weather Online [33].

Figure 1. Sampling locations: Riseholme Farm in Lincoln, Lincolnshire (April to August 2021), and
Malthouse Livery and Stables in Standlake, Oxfordshire (October to November 2021). Urban and
Farm Building sites are classified as ‘near’ buildings (within 30 metres) and Hedgerow and Forest
sites as ‘far’ from buildings (over 85 metres away).

Early on, it was found that molluscs were frequently present in bait boxes and fre-
quently consuming bait. If a mollusc repellent could be added to bait boxes, this could
significantly reduce the number of molluscs entering and exiting the boxes and so reduce
their bait consumption. Copper is a known mollusc repellent [34] and so copper tape
(Evergreen Goods copper tape, width 20 mm) was adhered to the boxes, covering the full
outline of each entrance, on certain baiting occasions, to test its effectiveness as a deterrent.
Around 30 cm of tape was used to cover each entrance.

2.3. Statistical Analysis

For the pilot results, effects of snail weight prior to exposure (g), exposure length
(hours), and bait concentration (%) on the uptake of the baits were analysed by running
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a generalised linear model. Fluorescence of the body and foot or faeces that were pink
in colour to the naked eye, indicating consumption of bait, were counted as a ‘Y’ uptake
response. For those snails with a ‘Y’ response, we then tested persistence of rhdB using
a binomial generalised linear mixed effects model (GLMM). We ran two models due to
convergence issues: in the first, we included time (hours) as a continuous covariate with
the interactions of time x weight and time x exposure length. In the second model, we
included time (hours) as a continuous covariate with the interactions of time × weight and
time × concentration.

The field data from slugs and snails were combined and run through a binomial
GLMM to test how distance from bait (m), maximum temperature (◦C), and precipitation
(mm) influenced the percentage of molluscs showing uptake. In each model, sampling
event nested within site was included as a random effect. Data from other invertebrates
were not analysed, as their bait uptake was too low. We then then used a Poisson GLMM to
test how distance from bait, maximum temperature, and precipitation influenced the total
numbers of slugs and snails that ingested the bait. Again, we included sampling event
nested within site as a random effect.

A binomial GLMM was run to test how proximity to buildings affected the percentage
of molluscs showing uptake in the field study, while a Poisson GLMM was run to test how
it affected the total number of molluscs showing uptake of bait. Sampling locations were
divided into ‘near’ to and ‘far’ from buildings; ‘near’ locations were within 30 metres of
buildings, while the ‘far’ locations were all found > 85 metres from buildings.

Finally, using a subset of sites where boxes with and without copper tape attached
were set out, we tested whether using copper tape affected the number of molluscs showing
uptake or the total number of molluscs present in the bait boxes using paired-Wilcoxon tests.

GLMMs were run using the package ‘lme4′ [35], in R version 4.3.1 [36]. We calcu-
lated the Wald stats using the car package [37]. Figures were plotted using the package
ggplot2 [38].

3. Results

3.1. Laboratory Pilot Study

Most snails exposed to baits ingested rhdB within 48 h (41/56). Snails exposed to 0.5%
rhdB bait were significantly more likely to show bait uptake (89.3%, 25/28 snails) compared
to those exposed to 1% (42.8%, 12/28 snails; X2 (1, N = 70) = 18.80, p = 0.004), but there
was no difference in uptake between those exposed for 24 and 48 h (X2 (1, N = 70) = 0.34,
p = 0.557). Heavier snails were significantly more likely to show uptake of the baits than
lighter snails (X2 (1, N = 70) = 14.56, p < 0.001; Figure 2a).

Figure 2. (a) The median +/− IQR starting mass (g) of the snails that did (yes, orange) and did
not (no, green) consume bait. Plots (b,c) show the percentage of snails that showed visible signs of
rhdB consumption following (b) exposure to rhdB for different time periods (24 h, green, or 48 h,
orange) and (c) exposure to different concentrations of rhdB (0.5%, green, or 1%, orange), up to 300 h
after exposure.
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Following uptake, rhdB persisted in the system of those exposed to baits for 24 h
significantly longer than those exposed for 48 h (exposure length × time: X2 = 5.47,
p = 0.019; Figure 2b). There was no effect of weight on persistence (weight × time: X2 = 0.76,
p = 0.380). Persistence of rhdB was significantly longer for snails consuming 1% rhdB bait
than those exposed to 0.5% rhdB bait (X2 = 12.92, p < 0.001; Figure 2c), though the retention
was similar up to about 96 h for both concentrations (Figure 2c).

3.2. Field Exposure Study

Across 70 baiting events, 1588 invertebrates were captured (Table 1). Of these, 20.7%
of slugs and 18.4% of snails showed evidence of bait uptake. In contrast, only a handful of
other invertebrates (two springtails, four earwigs, and one carabid beetle) showed uptake
of bait (Table 1).

Table 1. The total number of each invertebrate species caught over the course of the field study, and
the percentage of those that showed uptake of bait.

Category Total Caught % Bait Uptake

Ant 32 0.0
Aphid 2 0.0
Beetle 589 0.2

Caterpillar 8 0.0
Earthworm 6 0.0

Earwig 63 6.8
Lepidoptera 1 0.0

Millipede 23 0.0
Slug 239 20.7
Snail 251 18.4

Springtail 178 1.1
Woodlouse 196 1.0

The percentage of slugs and snails showing uptake of bait was significantly higher
closer to the bait boxes (Table 2; Figure 3a) and at cooler temperatures (Table 2; Figure 3b).
Precipitation had no significant effect. However, while the total number of molluscs
showing uptake of rhodamine B baits was also higher closer to the bait boxes (Table 2;
Figure 3c), temperature or precipitation had no effect (Table 2).

Table 2. The X2, df, and p values for the effects of tested factors on (a) the percentage of molluscs
caught showing visible signs of bait uptake and (b) the total number of molluscs caught showing
visible signs of bait uptake. Significant explanatory variables are in bold.

Model Parameter X2 df p

(a) Percentage uptake Distance 37.51 1 <0.001
Max. temperature 4.50 1 0.034

Precipitation 0.55 1 0.460

(b) Total number showing uptake Distance 4.98 1 0.026
Max. temperature 1.63 1 0.202

Precipitation 3.73 1 0.053

Proximity to buildings had a significant positive effect on mollusc bait uptake, with
both the percentage (X2 = 4.336, p = 0.037; Figure 4a) and the total number (X2 = 4.910,
p = 0.027; Figure 4b) of molluscs showing uptake of bait being higher closer to buildings.
The total number of molluscs captured was also significantly higher closer to buildings
(X2 = 8.167, p = 0.004).
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Figure 3. The median +/− IQR percentage of molluscs found to consume bait in relation to (a) max-
imum distance from the bait (m) and (b) maximum temperature (◦C). Plot (c) shows the median
+/− IQR total number of molluscs captured that showed uptake of bait in relation to maximum
distance (m).

Figure 4. (a) The median +/− IQR percentage of molluscs found to consume bait in relation to
proximity to buildings, and (b) the median +/− IQR total number of molluscs found to show uptake
in relation to proximity to buildings.

There was no significant difference in the percentage of molluscs showing uptake of
rhdB when copper tape was present (V = 23.5, p = 0.472); however, the total number of
molluscs found in boxes was significantly lower when copper tape was added (V = 128.5,
p = 0.014; Figure 5).

Figure 5. The median +/− IQR total number of molluscs caught when copper tape was not (NO,
green) and was (YES, orange) present.
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4. Discussion

The most common consumers of rodenticide bait in this study were snails and slugs,
indicating that consumption of contaminated molluscs may be a key source of rodenticide
contamination in UK insectivores (Table 1). These findings are backed up by previous
data—multiple studies have found gastropods to be present on or to consume rodenticide
baits [10,16,39,40]. Mollusc bait consumption may be even higher in areas where boxes are
not used, and bait is therefore easier to access, putting insectivorous species at higher risk
of exposure. This is concerning, as mollusc predators range beyond insectivores from birds
to mammals, including species vulnerable to decline in the UK such as Scottish wildcats
(Felis s. silvestris) [41].

Very few other invertebrate species were found to consume bait in this study (Table 1).
However, rodenticide residues have been detected in earthworms following exposure to
baits [16], and Orthoptera, Arthropods, Collembola, and Dermaptera have all been ob-
served to feed on baits and bait mimics in previous studies [6,40,42,43]. Furthermore, mul-
tiple beetle species have been found in bait trays or directly feeding on rodenticides [42,43].
Families such as Carabidae which consume vertebrate carrion may consume rodenticides
via their prey and so pose a risk to insectivores through tertiary poisoning, another pathway
which should be considered [44]. Although using non-toxic baits mixed with rhdB could
prove a convenient, cost-effective, and non-lethal way of investigating the movement of
rodenticides through food chains, using UV detection rather than HPLC may miss uptake
if it is in particularly low amounts, such as in tertiary feeders. Further investigation is
needed to confirm whether rhdB is sufficiently detectable in other invertebrates, and further
research using more sensitive equipment and analysis would be valuable in gathering a
comprehensive picture of the poisoning risks all invertebrate species pose to insectivores.

Bait Uptake

Higher maximum temperatures significantly decreased the percentage of molluscs
ingesting bait (Table 2; Figure 3b), but had no significant effect on the total number of
molluscs showing uptake of bait (Table 2). The decrease in the percentage uptake at warmer
temperatures is therefore likely a result of there being a greater number of molluscs present
overall at higher temperatures. Warm temperatures and high moisture levels have been
found to correlate with increased slug activity in multiple species, and snail climbing
behaviours have been found to increase at higher temperatures [45,46]. Furthermore, it
has been reported that when temperatures are high, terrestrial gastropods tend to restrict
activity to favourable times such as nights and mornings, so high levels of activity may be
maintained [47]. In addition, data were collected between April and November. Multiple
species of land snails and slugs enter a state of dormancy in colder months [48]; as a result,
it is likely that mollusc activity was much lower in the latter months when maximum
temperatures were at their lowest. The influence of maximum temperature on mollusc
activity may be important when considering the risk they pose to insectivores via secondary
poisoning, as greater prey availability at warmer temperatures may reduce the risk to non-
target insectivorous species via a dilution effect.

Both the percentage of molluscs and the total number of molluscs showing uptake
of bait decreased with distance from the baited boxes (Table 2; Figure 3a,c). This reflects
previous findings in multiple other species; however, spatial data on non-target rodenticide
poisoning is limited [3,18]. It is likely those further away from baits had not encountered the
bait. Supporting this, the rate of secondary poisoning in predators appears to be lower the
further away from bait stations they are, although again, data are limited [49]. Alternatively,
the shelter provided by the bait boxes may have attracted molluscs; in turn, molluscs may
attract insectivores to areas around bait boxes.

Proximity to buildings significantly increased the percentage and total number of
molluscs ingesting bait (Figure 4). In this study, the sample sites closest to buildings were
the urban and farm building sites. What is particularly concerning is that although in
this study the same number of bait boxes were used in each location, in reality, urban
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habitats and locations near rural buildings likely provide particularly high accessibility of
rodenticide baits to molluscs, further increasing the likelihood that contaminated molluscs
are present in these areas. Multiple studies have found that exposure in predators is
positively correlated with human population densities, thought to reflect the high utilisation
of rodenticides against commensal urban rodents [22,50]. One study found that the majority
of commercial and industrial buildings associated with urban areas within the study area
had permanent SGAR bait stations on the perimeter [51]. Additionally, although the use of
rodenticides on farms is not particularly well documented or monitored [49], permanent
baiting is common, especially in and around farm buildings; one study found almost 40% of
farms they investigated permanently baited with SGARs [31]. Urban habitats or areas near
rural buildings therefore have the potential to become hotspots for insectivore consumption
of contaminated molluscs.

The presence of copper tape around the entrances to the bait boxes did not significantly
affect the number of molluscs ingesting bait but significantly reduced the number of
molluscs found in boxes (Figure 5). These results suggest that copper tape may be useful
in limiting the movement of slugs and snails around baits; however, it does not appear to
be powerful enough to limit bait uptake. Further research using copper tape around bait
boxes is needed across a wider variety of seasons and locations to conclusively investigate
its efficacy in preventing mollusc bait uptake. Testing the effectiveness of different widths
of tape may also be useful. Additionally, other forms of copper such as copper hydroxide
fungicides should be tested, along with other formulations found to act as mollusc repellents
such as cinnamamide crystals and sodium silicate [52].

Molluscs appear to be key consumers of rodenticide baits; insectivorous species in
which molluscs make up a large part of the diet may, therefore, be at especially high risk
of secondary poisoning. Molluscs make up a notable portion of European hedgehog diet
across their geographic range (25–51% of total diet in mainland Europe [53,54] and up 59%
in the UK [55–58]), comprise 6.4% of the diet of European starlings (Shrey 1981, cited in
South, 1992 [59]), and account for between 14.2 and 18.4% of the diet of common shrews [60],
all insectivorous species previously found to suffer from exposure to anticoagulant rodenti-
cides [10]. Although multiple insectivorous species have been reported to be exposed to
rodenticides, the route of exposure and the potential threat rodenticides pose to insectivore
populations are areas of limited research. This has resulted in gaps in our knowledge of
the ecology of insectivores, which in turn could be limiting conservation efforts; a concern
that needs to be addressed if we are to halt continuing population declines of species
such as European hedgehogs. Exposure to rodenticides could lead to reduced mobility,
impaired hazard awareness and reaction speeds, and clotting disorders [3,6]. Findings
from this study provide new information on the route by which insectivores are exposed
to rodenticides, and the factors that influence the threat contaminated prey pose. This
information is necessary to develop effective mitigation measures and aid conservation
efforts. Limiting the access of molluscs to baits should be considered as a measure to
decrease sources of contamination and so insectivore exposure. Other mitigation measures,
including reducing permanent baiting and adding bittering agents to baits, may also help
decrease non-target exposure. Furthermore, efforts should be made to find a less toxic
alternative to second generation rodenticides regardless of the route of exposure. Third
generation anticoagulants using less persistent diastereomers have been proposed, as these
would clear from the system of non-target animals more quickly [61].

Data on the percentage of diet that individual invertebrate species make up would
be useful to further assess the risks that rodenticide contaminated invertebrates pose to
insectivores. If reliable data on the concentrations of rodenticide residues in invertebrate
prey were also available, toxicity exposure ratios could be calculated to determine whether
contaminated prey pose a significant threat to individual insectivore species [10].
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5. Conclusions

Despite a strong case to suggest that insectivores are exposed to rodenticides via con-
sumption of contaminated invertebrate prey, this theory had not been subject to extensive
testing. Our work assessing rodenticide uptake in multiple invertebrate species within a
natural environment has provided a more comprehensive idea of which prey items pose a
potential exposure risk to insectivores, and which environmental factors influence inverte-
brate bait uptake. Analysis showed that molluscs consumed rodenticide paste bait at a far
higher rate than any other invertebrate group, making up nearly a third of invertebrates
captured. Uptake decreased with maximum temperature and increased with proximity
to buildings and bait boxes. As such, it appears that molluscs could pose a particular
risk to insectivores via secondary poisoning. Using rhdB baits proved successful in the
tracking of invertebrate uptake of rodenticides and, following further research, may prove
a useful method of investigating the movement of rodenticides through the food chain.
Supplementary research using more sensitive analytic techniques such as HPLC would also
be valuable, as would further investigation into using mollusc repellents around bait boxes
including copper tape which, although ineffective in limiting mollusc bait uptake here,
decreased the number of molluscs entering the bait boxes. These data have the potential to
provide useful insights into the mechanisms by which insectivores experience rodenticide
poisoning, generating an enhanced understanding of their ecology and the threats they face.
With many insectivorous species in worrying decline, such research may prove invaluable.

Author Contributions: Conceptualization, C.D.S. and E.J.W.; methodology, C.D.S., S.C.C. and
E.J.W.; formal analysis, C.D.S. and E.J.W.; writing—original draft preparation, C.D.S. and E.J.W.;
writing—review and editing, C.D.S., S.C.C. and E.J.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by the Non-Human
Ethics Committee of the University of Lincoln (ref: 6550 on the 28/4/2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are contained within the article and has been uploaded to
FigShare (https://figshare.com/articles/dataset/Williams_et_al_-_Consumption_of_rodenticide_
baits_by_invertebrates_as_a_potential_route_into_the_diet_of_insectivores_-_field_data_and_pilot_
data/24842055, accessed on 10 October 2023; DOI: 10.6084/m9.figshare.24842055).

Acknowledgments: Thank you to the teams at Riseholme Farm and Malthouse Livery and Stables
for facilitating the setup of the field studies at their sites.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sainsbury, K.A.; Shore, R.F.; Schofield, H.; Croose, E.; Pereira, M.G.; Sleep, D.; Kitchener, A.C.; Hantke, G.; McDonald, R.A.
Long-term increase in secondary exposure to anticoagulant rodenticides in European polecats Mustela putorius in Great Britain.
Environ. Pollut. 2018, 236, 689–698. [CrossRef] [PubMed]

2. Witmer, G.W. The Changing Role of Rodenticides and Their Alternatives in the Management of Commensal Rodents. Hum. Wildl.
Interact. 2019, 13, 186–199.

3. Geduhn, A.; Esther, A.; Schenke, D.; Mattes, H.; Jacob, J. Spatial and temporal exposure patterns in non-target small mammals
during brodifacoum rat control. Sci. Total Environ. 2014, 496, 328–338. [CrossRef] [PubMed]

4. Shore, R.F.; Walker, L.A.; Potter, E.D.; Chaplow, J.S.; Pereira, M.G.; Sleep, D.; Hunt, A.G. Second Generation Anticoagulant Rodenticide
Residues in Barn Owls 2018; NERC/Centre for Ecology & Hydrolog: Lancaster, UK, 2019.

5. Dowding, C.V.; Shore, R.F.; Worgan, A.; Baker, P.J.; Harris, S. Accumulation of anticoagulant rodenticides in a non-target
insectivore, the European hedgehog (Erinaceus europaeus). Environ. Pollut. 2010, 158, 161–166. [CrossRef] [PubMed]

6. Brakes, C.R.; Smith, R.H. Exposure of non-target small mammals to rodenticides: Short-term effects, recovery and implications
for secondary poisoning. J. Appl. Ecol. 2005, 42, 118–128. [CrossRef]

7. Smith, R.; Shore, R. Environmental Impacts of Rodenticides; CABI: Wallingford, UK, 2015; pp. 330–345.
8. Walker, L.A.; Turk, A.; Long, S.M.; Wienburg, C.L.; Best, J.; Shore, R.F. Second generation anticoagulant rodenticides in tawny

owls (Strix aluco) from Great Britain. Sci. Total Environ. 2008, 392, 93–98. [CrossRef]

473



Animals 2023, 13, 3873

9. Masuda, B.M.; Fisher, P.; Jamieson, I.G. Anticoagulant rodenticide brodifacoum detected in dead nestlings of an insectivorous
passerine. N. Z. J. Ecol. 2014, 38, 110–115.

10. Alomar, H.; Chabert, A.; Coeurdassier, M.; Vey, D.; Berny, P. Accumulation of anticoagulant rodenticides (chlorophacinone,
bromadiolone and brodifacoum) in a non-target invertebrate, the slug, Deroceras reticulatum. Sci. Total Environ. 2018, 610–611,
576–582. [CrossRef]

11. Quinn, N. Assessing Individual and Population-Level Effects of Anticoagulant Rodenticides on Wildlife. Hum. Wildl. Interact.
2019, 13, 7.

12. Lohr, M.T.; Davis, R.A. Anticoagulant rodenticide use, non-target impacts and regulation: A case study from Australia. Sci. Total
Environ. 2018, 634, 1372–1384. [CrossRef]

13. Tosh, D.G.; McDonald, R.A.; Bearhop, S.; Lllewellyn, N.R.; Fee, S.; Sharp, E.A.; Barnett, E.A.; Shore, R.F. Does small mammal prey
guild affect the exposure of predators to anticoagulant rodenticides? Environ. Pollut. 2011, 159, 3106–3112. [CrossRef] [PubMed]

14. Koivisto, E.; Santangeli, A.; Koivisto, P.; Korkolainen, T.; Vuorisalo, T.; Hanski, I.K.; Loivamaa, I.; Koivisto, S. The prevalence and
correlates of anticoagulant rodenticide exposure in non-target predators and scavengers in Finland. Sci. Total Environ. 2018, 642,
701–707. [CrossRef] [PubMed]

15. Lettoof, D.C.; Lohr, M.T.; Busetti, F.; Bateman, P.W.; Davis, R.A. Toxic time bombs: Frequent detection of anticoagulant rodenticides
in urban reptiles at multiple trophic levels. Sci Total Env. 2020, 724, 138218. [CrossRef] [PubMed]

16. Booth, L.H.; Fisher, P.; Heppelthwaite, V.; Eason, C.T. Toxicity and Residues of Brodifacoum in Snails and Earthworms; Department of
Conservation: Wellington, New Zealand, 2003; p. 14.

17. Barker, G.M. Natural Enemies of Terrestrial Molluscs; CABI: Wallingford, UK, 2004.
18. Elmeros, M.; Bossi, R.; Christensen, T.K.; Kjær, L.J.; Lassen, P.; Topping, C.J. Exposure of non-target small mammals to anti-

coagulant rodenticide during chemical rodent control operations. Environ. Sci. Pollut. Res. 2019, 26, 6133–6140. [CrossRef]
[PubMed]

19. Walther, B.; Geduhn, A.; Schenke, D.; Jacob, J. Exposure of passerine birds to brodifacoum during management of Norway rats on
farms. Sci. Total Environ. 2021, 762, 144160. [CrossRef] [PubMed]

20. Dowding, J.E.; Lovegrove, T.i.G.; Ritchie, J.; Kast, S.N.; Puckett, M. Mortality of northern New Zealand dotterels (Charadrius
obscurus aquilonius) following an aerial poisoning operation. Notornis 2006, 53, 235.

21. Spurr, E.; Maitland, M.; Taylor, G.; Wright, G.; Radford, C.; Brown, L. Residues of brodifacoum and other anticoagulant pesticides
in target and non-target species, Nelson Lakes National Park, New Zealand. N. Z. J. Zool. 2005, 32, 237–249. [CrossRef]

22. López-Perea, J.J.; Camarero, P.R.; Molina-López, R.A.; Parpal, L.; Obón, E.; Solá, J.; Mateo, R. Interspecific and geographical
differences in anticoagulant rodenticide residues of predatory wildlife from the Mediterranean region of Spain. Sci. Total Environ.
2015, 511, 259–267. [CrossRef]

23. The Royal Parks. Appendix 8 Post-Mortem Analysis of Hedgehog Liver Tissue Samples for Second-Generation Rodenticides; The Royal
Parks Foundation: London, UK, 2016.

24. Wilson, E.; Wembridge, D. The State of Britain’s Hedgehogs 2018; People’s Trust for Endangered Species: London, UK, 2018.
25. BTO. Spotted Flycatcher. Available online: https://www.bto.org/understanding-birds/birdfacts/spotted-flycatcher (accessed on

24 November 2023).
26. Finch, T.; Bell, J.R.; Robinson, R.A.; Peach, W.J. Demography of Common Swifts (Apus apus) breeding in the UK associated with

local weather but not aphid biomass. Ibis 2023, 165, 420–435. [CrossRef]
27. Fuller, R.J.; Noble, D.G.; Smith, K.W.; Vanhinsbergh, D. Recent declines in populations of woodland birds in Britain. Br. Birds

2005, 98, 116–143.
28. Blanco, C.A.; Perera, O.; Ray, J.D.; Taliercio, E.; Williams, L., III. Incorporation of rhodamine B into male tobacco budworm moths

Heliothis virescens to use as a marker for mating studies. J. Insect Sci. 2006, 6, 5. [CrossRef] [PubMed]
29. Mascari, T.M.; Foil, L.D. Evaluation of Rhodamine B as an Orally Delivered Biomarker for Rodents and a Feed-Through

Transtadial Biomarker for Phlebotomine Sand Flies (Diptera: Psychodidae). J. Med. Entomol. 2009, 46, 1131–1137. [CrossRef]
[PubMed]

30. ProRep. Bug Gel. Available online: https://www.pro-rep.co.uk/portfolio/bug-gel/ (accessed on 25 November 2023).
31. Tosh, D.G.; Shore, R.F.; Jess, S.; Withers, A.; Bearhop, S.; Ian Montgomery, W.; McDonald, R.A. User behaviour, best practice and

the risks of non-target exposure associated with anticoagulant rodenticide use. J. Environ. Manag. 2011, 92, 1503–1508. [CrossRef]
[PubMed]

32. Cranshaw, W. Attractiveness of Beer and Fermentation Products to the Gray Garden Slug, Agriolimax Reticulatum (Muller) (Mollusca:
Limacidae); Colorado State University: Colorado State University Agricultural Experiment Station: Fort Collins, CO, USA, 1997.

33. World Weather Online. World Weather API and Weather Forecast. Available online: https://www.worldweatheronline.com/
(accessed on 1 September 2021).

34. Schüder, I.; Port, G.; Bennison, J. Barriers, repellents and antifeedants for slug and snail control. Crop Prot. 2003, 22, 1033–1038.
[CrossRef]

35. Bates, D.; Mächler, M.; Bolker, B.; Walker, S. Fitting Linear Mixed-Effects Models Using {lme4}. J. Stat. Softw. 2015, 67, 1–48.
[CrossRef]

36. RStudioTeam. RStudio: Integrated Development Environment for R, RStudio; PBC: Boston, MA, USA, 2020.
37. Fox, J.; Weisberg, S. An {R} Companion to Applied Regression, 3rd ed.; Sage: Thousand Oaks, CA, USA, 2019.

474



Animals 2023, 13, 3873

38. Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: Berlin/Heidelberg, Germany, 2006. [CrossRef]
39. Elliott, J.E.; Hindmarch, S.; Albert, C.A.; Emery, J.; Mineau, P.; Maisonneuve, F. Exposure pathways of anticoagulant rodenticides

to nontarget wildlife. Environ. Monit. Assess. 2014, 186, 895–906. [CrossRef] [PubMed]
40. Dunlevy, P.A.; Campbell, E.W.; Lindsey, G.D. Broadcast application of a placebo rodenticide bait in a native Hawaiian forest. Int.

Biodeterior. Biodegrad. 2000, 45, 199–208. [CrossRef]
41. Széles, G.L.; Purger, J.J.; Molnár, T.; Lanszki, J. Comparative analysis of the diet of feral and house cats and wildcat in Europe.

Mammal Res. 2018, 63, 43–53. [CrossRef]
42. Spurr, E.B.; Drew, K.W. Invertebrates feeding on baits used for vertebrate pest control in new zealand. N. Z. J. Ecol. 1999, 23,

167–173.
43. Morgan, D.R.; Wright, G.; Ogilvie, S.C.; Pierce, R.; Thomson, P. Assessment of the Environmental Impact of Brodifacoum during

Rodent Eradication Operations in New Zealand. 1996. Available online: https://digitalcommons.unl.edu/vpc17/38/ (accessed
on 17 October 2021).

44. Evans, M.J.; Wallman, J.F.; Barton, P.S. Traits reveal ecological strategies driving carrion insect community assembly. Ecol. Entomol.
2020, 45, 966–977. [CrossRef]

45. Morii, Y.; Ohkubo, Y.; Watanabe, S. Activity of invasive slug Limax maximus in relation to climate conditions based on citizen’s
observations and novel regularization based statistical approaches. Sci. Total Environ. 2018, 637–638, 1061–1068. [CrossRef]
[PubMed]
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Simple Summary: Hedgehogs are declining in the United Kingdom and are now absent from large
areas of agriculture land. This commentary discusses the requirements of hedgehogs and links
these to land management options that are currently used to benefit wildlife in agricultural areas.
Using our knowledge of hedgehog requirements for population persistence, we suggest which land
management practices are likely to be of benefit to hedgehogs in the hope that land owners will
adopt some of the suggestions to help maintain and expand existing hedgehog populations across
agricultural landscapes of the United Kingdom.

Abstract: Hedgehogs (Erinaceus europaeus) are traditionally thought of as being a rural dwelling
species, associated with rural and agricultural landscapes across Europe. However, recent studies
have highlighted that hedgehogs are more likely to be found in urban than rural habitats in the United
Kingdom. Here, we review the status of rural hedgehog populations across the UK and evaluate the
potential benefits of agri-environment schemes for hedgehog persistence, while highlighting a lack of
empirical evidence that agri-environment options will benefit hedgehog populations. Our synthesis
has implications for future conservation strategies for hedgehogs and insectivorous mammals living
in agricultural landscapes, and calls for more empirical studies on agri-environment options and
their potential benefits to hedgehogs.

Keywords: insectivore; agri-environment schemes; habitat preference; farmland biodiversity; small
mammal; conservation

1. Introduction

The western European hedgehog (E. europaeus) (hereafter referred to as ‘hedgehog’) is a species of
conservation concern in the United Kingdom [1–3], due to reported population declines [4–6]. Possible
reasons for decline may include agricultural intensification leading to the loss of habitat complexity due
to the removal of hedgerows and increased field sizes [7–9]; limited connectivity and fragmentation in
rural landscapes [10]; reductions in food availability due to wide scale pesticide use and cultivation,
and possible climate mediated effects [11,12]. The Eurasian badger (Meles meles) is also implicated in
the decline of hedgehogs due to their increasing abundance and through the mechanism of intra-guild
predation [13,14]. Mortality risk associated with road traffic collisions may also have increased due to
an increase in the density of road networks and associated traffic [15–19]. Conservation actions are
therefore required to identify key habitats for hedgehogs and habitat management to ensure hedgehog
persistence in the wider countryside.

Hedgehogs are traditionally thought of as being a rural dwelling species, associated with Europe’s
countryside and agricultural landscape. However, recent studies have highlighted that hedgehogs are
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more likely to be found in towns and cities [20–23], and have higher densities in urban areas [24,25]
compared to agricultural landscapes.

Other studies have also struggled to find hedgehogs on agricultural land, and more often closely
associated with villages surrounded by an agricultural matrix [9,20,21,23]. Indeed, hedgehogs were
only found in 22% of 262 survey sites across the UK [26]. This is particularly worrying since 70% of
the land across the United Kingdom is made up of rural agricultural habitats [27], suggesting that
hedgehogs are no longer ubiquitous across these landscapes, but rather have a much more patchy
discontinuous distribution.

Where hedgehogs do exist in the rural landscape, they display clear habitat preferences for pasture
fields, and avoidance of arable and woodland habitats [26–28]. Arable areas may be used if bordered
by field margins and extensive hedgerows as prescribed by agri-environmental schemes [8,29,30].
Furthermore, hedgehogs in southern Ireland actively selected arable fields for foraging after the
autumn harvest [31]. Therefore, hedgehogs can and do persist in agricultural landscapes. However,
no studies have empirically tested whether changes in agricultural land management can lead to
changes in the density and distribution of hedgehogs.

Agri-environment schemes are designed to help land managers manage their land in an
environmentally friendly way and many options have been suggested as being beneficial to hedgehogs.
The uptake of agri-environment schemes by land managers in the UK has increased since their inception
in the late 1980s [32]. In 2018, 3.2 million hectares were managed under some form of agri-environment
scheme, which is 18% of the total agricultural land area of the UK [33]. Despite the increase in the
uptake of agri-environment schemes, hedgehogs have continued to decline [6], which suggests that
either agri-environment schemes are not being implemented across sufficient areas of land or that they
are not beneficial to hedgehogs. Here, we will review literature on hedgehog ecology to provide an
informed insight as to which agri-environment options are likely to benefit hedgehogs and evaluate
the evidence pertaining to these.

2. The Importance of Food Availability

Hedgehogs require an abundant and varied macro-invertebrate prey base and any habitats that
provide this spatially and temporally are likely to benefit hedgehogs. Hedgehogs are principally
insectivores, but they also take a wide range of more unusual food items such as bird eggs,
smal mammals, amphibians, and occasionally fruit [23,34]. What a hedgehog eats on any given
night will depend on local food availability which is determined by a range of factors such as the local
habitat, daily weather, and temperature [34]. Therefore, a hedgehog’s diet will vary from night to night
and throughout the year [35,36], suggesting that a diversity of food will be beneficial.

Food availability is often cited as having a positive influence on hedgehog distribution [37] and
has been shown to influence hedgehog habitat selection [8,11,30,31]. The ability of hedgehogs to
associate with food rich patches has also been demonstrated experimentally [37]. Therefore, where
prey abundance is high or becomes more readily available at a site, they are likely to be exploited.

Sites of high food availability have also been used to explain variation in hedgehog density [23,24,37].
For example, supplementary feeding in villages has been suggested as the cause of observed higher
hedgehog densities in villages compared to the surrounding agricultural landscape [24]. Natural prey
availability may also be higher in villages due to lower pesticide application relative to agricultural
landscapes [24]. Lower food availability in agricultural landscapes has been suggested as causing
larger hedgehog home ranges, where individual movements need to be larger to meet daily energy
requirements [38]. Therefore, it appears the daily resources required by hedgehogs are more widely
distributed on agricultural land compared to villages that have higher food availability. The impacts
of pesticides on hedgehog prey abundance and the concurrent role of supplementary feeding on
hedgehog movement and abundance requires further investigation.

Competition for food resources may also impact hedgehogs, although no empirical studies have
investigated this [34]. The degree to which competition influences population size is unknown [39],
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but hedgehogs have been shown to co-exist with larger competitors such as badgers and foxes
(Vulpes vulpes) in urban areas where food resources are thought to be abundant. Abundant food
resources therefore are likely to allow co-existence across a range of mammals and may allow greater
niche differentiation. Individual hedgehogs also face intra-specific competition with population size
regulated via density dependence [29], further supporting the idea that increases in food availability
will increase population size.

If food availability is limiting hedgehog density and distribution in rural agricultural habitats [9,23],
it follows that any land management that increases hedgehog prey abundance is likely to be beneficial
to hedgehogs locally.

3. The Need for Habitat Connectivity

Habitat fragmentation is one of the major drivers of global biodiversity loss. Small areas of
fragmented habitat result in small populations which face higher probabilities of extinction. Recent
studies on hedgehogs suggest that their populations are highly fragmented in the rural agricultural
landscape [26]. Furthermore, rural local populations are genetically differentiated [15], suggesting
hedgehogs are either poor dispersers or that barriers to dispersal are fragmenting populations [40].
Therefore, identifying and creating suitable connecting habitat such as hedgerows or field margins can
reduce the probability of local extinction [41].

Some of the insights into hedgehog movements come from studies that have released rehabilitated
hedgehogs into the rural environment. These studies have shown that hedgehogs move quickly through
agricultural landscapes, presumably in search of areas occupied by other hedgehogs [28,29,42,43].
Hedgehogs released into novel surroundings undergo highly variable exploratory movements, showing
a significant preference for urban areas while avoiding agriculturally dominated areas [42,44]. Whether
naturally dispersing hedgehogs follow these patterns is uncertain and further research into how
and over what distances hedgehogs disperse is needed to fully inform the functionality of habitat
corridors. However, based on the available evidence, it is plausible that hedgehog movement through
the landscape is likely to be facilitated by greater habitat complexity, with increases in the number of
linear features such as hedgerows, and smaller field sizes that would facilitate movement and improve
population connectivity [41].

4. Shelter Resources

One of the most important resources for hedgehogs is the nest site. During the day, hedgehogs
will rest in a nest which provides security and protection from the elements. The nest is also important
during winter hibernation [45,46], and for giving birth to young [34]. Nests vary in construction materials
and location, but typically comprise broad leaves and or grass constructed in a supporting structure of
brambles or hedge [34]. In the UK, the majority of nests are sited within thorny or stinging vegetation,
under bramble, holly, hawthorn, or nettles [46–48]. Hedgehogs will rest up in any dense vegetation and
in summer, may forego the construction of nests and simply sleep in dense vegetation [34].

Winter nests for hibernation are also particularly important to hedgehogs. In the UK, hibernation
usually starts around mid-November and continues through to Mid-March, but the exact timings vary
due to local weather conditions, with a mean hibernation period of 149 nights in southern Ireland [12].
Most individuals will become active for short periods over winter, typically in response to warmer
temperatures, and on average hedgehogs, will use four to five nests per winter [45,46]. In warmer
climates such as Italy, hibernation lasts for two months between January and February [49]. Therefore,
nest availability or structures that could support nests are an important resource for hedgehogs and
any enhancements of such features are likely to be beneficial.

5. The Role of Habitat Mediating Badger Predation

Predation is a natural process that can regulate prey densities. In natural systems where prey
and predator co-exist, the predation of prey does not result in the extinction of the prey due to a large
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number of complex interactions such as: the density of predators and prey; predators being able to
predate a wide range of prey; and prey having evolved strategies to reduce individual chances of
predation, such as camouflage and avoidance of areas with predators. These complex interactions
work together to make it difficult to predict how the predation by one species will influence the
prey populations.

Hedgehogs could be prey to a small number of predators in the UK. The main predator is
the badger, but foxes and pet dogs (Canis familiaris) can also cause some mortality, especially in
juveniles [34]. The degree to which predation could limit hedgehog populations is unknown, as are the
badger predation rates experienced by hedgehogs across their distribution. However, there is evidence
that hedgehogs spatially avoid badgers [20,50], and that in areas where badger numbers have been
reduced via culling, local hedgehog numbers have responded positively [39].

Despite these trends and relationships, no empirical study has been able to demonstrate the
mechanism by which badgers would exert a negative population response on hedgehogs, i.e., whether
this is through direct predation, competition for food resources, or via a landscape of fear. Indeed, there
are many areas in the UK where badgers and hedgehogs are known to co-exist [21,26], and hedgehogs
have also been shown to decline in areas with low badger sett density [5]. Therefore, it seems that
badgers may exert a negative influence of hedgehogs, but factors other than badgers are also having
an impact on hedgehog distributions.

Whether particular features in the landscape can help hedgehogs avoid or reduce predation is
unknown. It may be that at a fine scale, badgers and hedgehogs prefer different habitats across the
landscape. In the Netherlands for example, the distribution of hedgehogs was positively influenced
by recreational areas (parks), urban areas, and roads, whilst these factors negatively influenced the
distribution of badgers [22], suggesting that either hedgehogs are spatially avoiding badgers or that
both species have differing habitat preferences. Further research on each species habitat preference is
needed to untangle these affects.

Where both badgers and hedgehogs co-exist, one may speculate that habitat features such as
dense vegetation, intact hedgerows, and areas of scrub may help provide suitable refuges that make it
harder for badgers to find and predate hedgehogs [30]. Hedgehogs do stay closer to edge habitats in
areas frequented by badgers than in areas without them [30]. Under such circumstances, any increase
in edge habitat such as smaller fields, increased hedgerow extent, and possible extensive field margins
could facilitate hedgehog persistence in areas with badger presence.

6. Beneficial Management Actions

For hedgehog populations to persist in the UK’s rural countryside, management action that helps
provide suitable sites for shelter, connectivity and abundant food are essential. However, as this
review indicates, very few studies have empirically tested whether increases in food availability, or
improvements in habitats result in hedgehog population improvements. This knowledge gap needs
addressing before resources are devoted to habitat improvements specifically for hedgehogs. In the
meantime, many of the options included in current agri-environment schemes designed to improve
habitat for farmland birds and invertebrates could also benefit hedgehogs (Table 1). In many cases,
food, connectivity, and shelter can be increased under the same management actions. For example,
maintaining and increasing hedgerow density should provide nest sites, shelter, and refuge from
predators while increasing invertebrate prey biomass and provide corridors for dispersal between
neighboring populations [30]. Using the information provided in the review above, we contend that
the following management actions are likely to be beneficial to hedgehogs, as well as wider biodiversity
targeted beneficiaries such as farmland birds, and re-assure landowners that the implementation of
these agri-environmental schemes is likely to have genuine biodiversity benefits.
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Table 1. Summary of agri-environment management options that benefit biodiversity and are likely
to be of benefit to hedgehogs (Erinaceus europaeus) in agriculturally dominated landscapes in the
United Kingdom.

Management Action Key Requirements
Benefits to Other

Species
Potential Benefits for

Hedgehogs

Hedgerow management

1. Maintain a hedge at least 2 m tall and
1.5 m wide.

2. Cut hedgerows: either no more than 1
year in 3 or no more than 1 year in 2.

3. In-fill any length of hedge with more
than 10% gaps.

Increases blossom for
invertebrates, food for
overwintering birds and
nesting habitat.

Shelter, corridors for
movement connecting
populations and
invertebrate food.

Field margin availability
and management

1. Establish or maintain a 4 to 6m wide
grass buffer strip.

2. Cut between 1 and 3 m of the strip
next to the crop edge every year after
15 July.

3. Only cut the remaining width to
control woody growth.

Provides habitat and
movement corridors for
wildlife.

Corridors for
movement connecting
populations and
invertebrate food.

Beetle banks

1. Create or maintain an earth ridge,
measuring between 3 m to 5 m wide
and at least 0.4 m high.

2. Establish or maintain a tussocky
grass mixture.

Provides nesting and
foraging habitat,
benefiting invertebrate
biodiversity, small
mammals and barn owls

Corridors for
movement connecting
populations and
invertebrate food.

Areas of scrub and
decaying vegetation

1. Only cut to maintain the scrub and
grass mosaic and to control the spread
of noxious weeds and invasive
non-native species.

2. Protect growing trees from livestock
and wild animals.

Provides enhanced
habitat for wildlife such
as birds and
invertebrates.

Shelter, corridors for
movement connecting
populations and
invertebrate food.

6.1. Hedgerow Availability and Density

Increasing the density, width, height, and length of hedgerows on agricultural land will benefit
many species [51] including hedgehogs. To be of benefit, species rich hedgerows with stands of trees
will improve hedge structure increasing invertebrate abundance and diversity [52] and improve food
availability. Maintaining and re-establishing well connected hedgerows with bramble understorey
and good ground cover within arable habitat is recommended to enhance the suitability of fields for
hedgehogs both during summer foraging and winter hibernation [12]. Species such as brambles and
rose will also improve the structure of the hedge for nest sites [34]. Mature trees provide additional
nesting material and are also beneficial to invertebrate prey [53]. If combined with appropriate
field margins, the hedgerow matrix across the landscape will allow dispersal and movement linking
hedgehog populations [41], reducing fragmentation and increasing population viability.

The size and management of hedgerows may also improve the wider landscape characteristics
that are beneficial for hedgehogs. Larger hedges will provide more shelter and foraging opportunities
for hedgehogs than small ones. Hedges that are over 3 m in height and flayed in winter (January
onwards) on a 3-year rotation will provide robust and healthy hedges that have high flower and fruit
yields [54], which has wider biodiversity benefits for many invertebrates [55] and their predators.
Cutting on rotation will also ensure that two thirds of hedges will be uncut in any year, reducing
the levels of mulch at the base of the hedge which can hamper vegetative growth needed for nest
construction in the understorey. Ideally, the base of the hedge should be greater than 2 m wide, with
dense vegetation at the base of the hedge with no gaps. When cutting hedges, care must be taken not
to cut the vegetation at the base of the hedge to protect nesting and hibernating hedgehogs.

Hedges are often fenced to prevent damage from livestock, and farmers can receive payments for
fencing which can ensure a good hedge for nesting, foraging, and dispersal. However, the size of fence
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mesh needs consideration to ensure they are large enough to allow hedgehogs to pass through and
access the hedge.

6.2. Field Margin Availability and Management

Agri-environment schemes that (re)create hedgerows and establish field margins are recommended
for hedgehog conservation, particularly in intensively farmed arable landscapes where food availability
and nesting sites are sparse [11]. Of great importance is the presence of a hedge buffer or headland
that will provide additional cover, nest material, and invertebrate prey. The margin of grass should
be allowed to extend by at least 2 m from the base of the hedge into the crop. Where possible, wide
grassy/bushy margins around agricultural fields should be established to help hedgehogs disperse
and access to suitable resources [41]. Unmanaged grassy margins in pasture fields should also be
encouraged to provide summer nesting/resting up areas [41]. Establishing and/or maintaining 4–6 m
grassy field margins and incorporating conservation headlands in arable dominated landscapes is
recommended and supported by agri-environment schemes to provide refuge and foraging habitat [30].

Tussocky grass can be used by hedgehogs for cover and daytime nests during summer, and where
this is particularly thick, it may be used for hibernacula in winter. Such dense undergrowth also
provides good habitat for beetles, spiders, and caterpillars [56] which are important food.

Beetle banks that cross large arable fields will improve food availability for hedgehogs and
potentially act as corridors for movement. The benefits to the landowner for maintaining a beetle bank
is that it will support predatory spiders and beetles that will migrate into the crop and feed on aphids
and other pest species that feed on crops [57]. This will reduce pest damage and reduce the need for
insecticides, providing economic benefits for the farmer [58].

6.3. Field Size in Relation to General Habitat Availability in the Landscape

Large field sizes are likely to hinder hedgehog movement due to their propensity for using field
boundaries. Therefore, landscapes with high density of linear features and small land parcels will be
advantageous for movement. Where field sizes are large, the addition of field margins, robust hedges,
and features such as beetle banks will make these habitats more penetrable, while also providing
additional food resources [41,43,44].

Hedgehogs are capable of long-distance dispersal (>4 km) and thus populations located within
this range are unlikely to be isolated [42]. Habitat edges, particularly roads and hedgerows, are utilised
as dispersal corridors by hedgehogs, thus management activities should be sensitive to the potential
presence of hedgehogs and should focus on increasing suitability by maintaining connectivity between
linear features [30].

Management actions that increase the diversity of invertebrate species are recommended to allow
for niche partitioning amongst different age classes of hedgehogs and include but are not limited to
agri-environment options that include buffer strips, establishing and managing hedgerows, organic
farming, and beetle banks [36]. Having diverse land use will also increase heterogeneity in the
landscape, creating habitat for a greater diversity of wildlife. As such, mixed farms with areas of
pasture, arable crops, and set-aside fields have the potential to be beneficial to hedgehogs and are
more likely to support a viable hedgehog population than single use arable farms [59]. Increasing
heterogeneity in the landscape by increasing edge habitat, copses, different land uses with amenity,
and garden habitats surrounding buildings will all help to provide a diverse array of shelter and
foraging resources.

6.4. Cropping and Ploughing Regimes in Relation to Prey Availability

Traditional farming methods that include mosaics of pasture and arable, well connected hedgerows,
over-winter stubble, and fodder crops are recommended to increase the suitability of arable land for
hedgehogs [30]. The greater the diversity of land types will provide a greater array of habitats types
from which to support invertebrate prey that is needed throughout the year [36]. Where possible, areas
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that are dominated by arable crops could enhance habitat in less economically important habitats in
the wider arable landscape. For example, habitat around farm buildings could be enhanced to support
local populations, with enhancement of gardens, amenity grassland, and small pasture fields that
could provide refuge habitats.

Organic farming will increase prey availability and has great potential as rural hedgehog habitat
due to the increased invertebrate abundance associated with organic farms [60]. Many taxa have
been shown to benefit from organic farming practices through increases in abundance and species
richness which are principally driven by reductions in the use of pesticides and herbicides, sympathetic
management of non-cropped areas, and utilisation of mixed farming. Such practices are likely to
be beneficial to hedgehogs as well and may be equally as beneficial if targeted at specific areas on
non-organic farms [59].

Reduced tillage will increase earthworm abundance [61,62] and may increase arable field use by
hedgehogs [31]. There is a direct negative relationship between earthworm abundance and the depth of
tillage, with no-till and conservation agriculture providing highest earthworm abundance. Switching
from conventional tillage will also improve levels of soil organic matter, reduce the depth of the soil
organic layer, and reduce soil compaction [62]. However, it is acknowledged that switching from
conventional tillage to no-till or conservation agriculture will take up to 10 years for improvements in
soil structure and health and associated earthworm biomass [62].

6.5. Areas of Scrub and Decaying Vegetation

Unkept areas providing cover and leaf litter are often utilised by hedgehogs principally for
nest building [47] but also as a habitat for invertebrate prey [11]. Leaf litter is an important nesting
resource for hedgehogs throughout the winter and should be either left or collected into piles near
potential hedgehog nesting sites, such as tree lines, copses, or hedgerows [48]. Sheltered areas with
bramble should be established and/or maintained as these provide important hibernacula sites that
have increased longevity and lower daytime temperatures which may reduce arousal and thus risk of
mortality of hedgehogs over winter [48]. Management of scrub during winter should be sensitive to
hibernating hedgehogs, whereby areas of scrub and piles of leaf litter should be left intact [47,48].

7. Conclusions

Rural hedgehog populations across the UK tend to be located in villages more than the surrounding
agricultural matrix of habitats [44] and it is important for their future persistence that the wider rural
landscape can be utilised by hedgehogs. Based on our understanding of hedgehog ecology, we contend
that many agricultural schemes designed to combat biodiversity loss would also benefit hedgehogs
including enhancements to the extent and size of hedgerows and field margins, less intensive
agriculture, and more diverse farming types. These changes will likely improve food availability,
shelter, connectivity, and possibly reduce predation by badgers. Unfortunately, there is a lack of
conservation evidence that such changes would result in tangible benefits to hedgehogs and more
research is required to test these suggestions so that more specific targeted actions for hedgehogs can
be proposed and implemented. Without such action, it is likely that hedgehogs will only be found in
urban habitats in the future.
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