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Article

Alien vs. Native—Influence of Fallow Deer (Dama dama)
Introduction on the Native Roe Deer (Capreolus capreolus)
Population

Jakub Gryz 1, Dagny Krauze-Gryz 2,* and Karolina D. Jasińska 2

1 Department of Forest Ecology, Forest Research Institute, Braci Leśnej 3, Sękocin Stary, 05-090 Raszyn, Poland;
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2 Department of Forest Zoology and Wildlife Management, Institute of Forest Sciences, Warsaw University of
Life Sciences WULS-SGGW, Nowoursynowska 159, 02-776 Warsaw, Poland; karolina_jasinska@sggw.edu.pl

* Correspondence: dagny_krauze_gryz@sggw.edu.pl

Abstract: Fallow deer is one of the most widespread alien mammals in Europe. We documented
the response of the roe deer population shortly after the fallow deer was introduced to a hunting
ground in central Poland. Mean roe density dropped from 17.6 ind./100 ha to 10.5 ind./100 ha after
the alien species was introduced. In the reference area, where fallow deer was absent, the roe deer
density did not change in the analogue study period. At both study sites, mean roe deer productivity
before fallow deer introduction was similar (1.6 juv./female). However, in the first study area, the
productivity dropped to 1.4, while in the reference study area, it slightly increased to 1.75. The
presence of fallow deer influenced roe deer space use negatively, i.e., the number of pellet groups
of roe deer decreased with an increase in the number of fallow deer feces. Overall, the introduction
of the fallow deer was successful and the population grew quickly. Yet, the economic impact of its
introduction was far from satisfactory. At the same time, its negative influence on the roe deer was
apparent. This shows that the fallow deer is an alien species threatening local biodiversity.

Keywords: alien invasive species; wildlife management; population density; reproduction rate;
interspecific competition

1. Introduction

Alien species are recognized among the biggest threats to global biodiversity [1–4],
with alien ungulates being no exception [5]. Nevertheless, predicting the impact of an
alien species is not straightforward, as the same species can cause different types and
magnitudes of impacts when introduced to different contexts [6]. The common fallow deer
(Dama dama) is one of the most widespread alien mammals in Europe [7]. Its undoubtedly
native geographic range is in Asia Minor [8–10], where fallow deer currently live in just
one natural site in south-western Turkey [11,12]. Recent evidence suggests that Anatolia
and the Balkans were the sole glacial refugia of the species [13]. In medieval times, the
fallow deer became a popular species, being kept in fenced hunting grounds and in parks.
In the following centuries, the deer’s geographic range expanded steadily because of
numerous intentional introductions [9]. Currently, fallow deer live on all continents except
Antarctica [14–16]. It is a widespread game, ornamental, and farmed species [8,15–18]. The
number of individuals in captivity has already exceeded five million worldwide [19], and
the number of free-living fallow deer keeps growing [18].

The exact time of the fallow deer’s introduction to Poland is unknown. Most likely,
it was in the 17th century, but it may have been as early as the 13th century (review in
ref. [20]). In recent decades, the number of fallow deer has grown rapidly for the following
reasons: introductions by hunters (in 1987, the national program for the development of
fallow deer population in Poland was accepted and supported by the government); escapes
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from captivity (in 1997, the fallow deer was listed as livestock) [21]; and transborder
immigration [20]. In practice, there are no impediments to the introduction of fallow deer.
Thus, each year, new populations are established by hunters. Officially, in March 2022,
there were 35,540 fallow deer on hunting grounds in all of Poland [22]. Unfortunately, there
is no scientifically based system for game monitoring in Poland. Yet, such mostly hunter-
reported game statistics may be underestimated by as much as five-fold [23]. Nevertheless,
fallow deer populations have clearly increased. In 2001, the fallow deer occurred in 6% of
4965 hunting grounds; in 2020, this figure rose to 19%. Similarly, in 2006, the fallow deer
occurred in just one national park [24]; in the next 17 years it was reported in seven more
national parks [25–27]. In the 1970s, the fallow deer was present mostly in the western
Poland, with some single localities in central Poland. Currently, this species inhabits the
whole country [22,27,28]. The number of hunted animals has also increased, i.e., from
1412 ind. in 1990 to 10,117 in the 2021/2022 hunting season [9,22]. The number of captively
bred animals (i.e., animals for venison production, further introductions, and scientific,
educational, or ornamental purposes) has also grown rapidly. It is estimated that this
number increased from less than 200 in 1990 to 16,000 in 2012 [20,29,30]. Importantly,
the fallow deer is not included in the List of Invasive Alien Species of European Union
concern [31], so its number is expected to grow further.

The fallow deer is a highly adaptable species that thrives in a range of ecosystems
and shows a very wide spectrum of food preferences [15]. It also presents great behavioral
and social flexibility, including several mating tactics [32]. Fallow deer have proven able
to compete for feeding resources with native cervids, with food niche overlap exceeding
50% [33]. Its negative impact on roe deer Capreolus capreolus have been clearly documented,
e.g., [34,35]. In Italy, this smaller cervid avoided sites heavily penetrated by the fallow deer,
and in areas of high density of the fallow deer, roe deer were rare [36]. This alien species
was also shown to be able to compete successfully at feeding sites with red deer Cervus
elaphus [37]. The fallow deer is a host for many species of parasite that might infect native
cervids [38], livestock and humans (review in: ref. [16]). It has also been shown to impact
native flora and natural habitats negatively [39–45].

Previous studies have documented relations between the fallow and the roe deer
in areas where both species have coexisted for a long time, e.g., [35,36]. In our case, we
documented the response of the roe deer population shortly after the fallow deer was
introduced. The aim of the study was to assess the effect of the fallow deer introduction on
the local roe deer population. First, we used two population indices, i.e., population density
and productivity. We assumed that if the roe is negatively affected by competition with the
fallow deer, the two indices will decrease after the fallow deer is introduced. We compared
those with analogue indices but calculated for a nearby population (assumed to be affected
by similar environmental conditions but unaffected by the fallow deer). Finally, we also
assumed that the roe deer, as a competitively weaker species, will avoid areas that are
highly penetrated by the fallow deer, i.e., its spatial distribution will be negatively affected
by the presence of the fallow deer. We also supposed that this effect would be weaker in
areas where the fallow deer is present for a long time. We also tried to assess income and
spending connected to the fallow deer’s presence to robustly assess the economic results of
its introduction.

2. Materials and Methods

2.1. Study Area

This study was conducted in central Poland, a region that is affected by the mild
oceanic climate of Western Europe and the harsh and dry continental climate of Eastern
Europe and Asia. The growing season lasts for ca 210 days; the total precipitation equals
ca 600 mm per year; and the mean ambient temperature ranges from −4 ◦C in January to
+18 ◦C in July. A mosaic of fields and forests dominates the landscape of this part of Poland.
The percentage share of forest cover is the lowest in Poland and does not exceed 20%.
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The first study area was over 1000 ha in Głuchów forest (51◦45′11.8′′ N, 20◦06′24.1′′ E).
In January 2008, fallow deer started to be introduced there in order to increase the prof-
itability of game management. The forest is surrounded by open fields, woodlots, and the
Rawka River valley (a nature reserve); fish ponds border the forest to the south. The main
tree species is Scots pine (Pinus sylvestris) with an admixture of oaks (Quercus spp.). Black
alder (Alnus glutinosa) dominates part of the forest.

The second (and the reference to Głuchów) study area (Strzelna) was located near
Rogów village (51◦49’17.98′′ N, 19◦53’54.15′′ E) in a smaller (710 ha in total) and fragmented
forest, covered by Scots pine and oaks with an admixture of larch (Larix decidua) ca 15 km
from the first study area. A busy, national road and a railway cut through the forested area.
Surrounding arable fields and meadows mostly belong to private owners. The fallow deer
was absent from this area.

Both study areas belong to Warsaw University of Life Sciences and are managed by the
Experimental Forest Station in Rogów. The two aforementioned study sites were located in
central parts of two hunting grounds (their areas being 5917 ha and 4575 ha, respectively)
also managed by the university. The two study sites were separated by arable lands, sparse
built-up areas, and a national road. In the first study area (Głuchów), fencing of young
forest plantations was very rare prior to fallow deer introduction. In the second study site
(Strzelna), most of deciduous plantations were fenced due to the high density of roe deer.
In both study sites, chemical methods of forest protection against browsing were applied.

The third area was Spała Forest, located approximately 15 km south of the Głuchów
forest. It is a big, compact forest complex to which the fallow deer was introduced before
World War II, so the roe deer and the fallow deer have coexisted for decades. It is a part of
Pilicka Forest, which is a forest complex of around 50,000 ha managed by the State Forests.
It is pine-dominated and crosscut by the Pilica River. Our research was conducted in the
northern part of the complex (Spała Forest Distrct) north of the Spała village (51◦32′28′′ N
20◦08′17′′ E).

2.2. Data Collection
2.2.1. Estimation of Fallow Deer Population Development after Its Introduction to the
Głuchów Forest

At first, all released to the Głuchów forest (the first study area) animals had highly
visible earrings, and their flight initiation distance was relatively short. Thus, during the
first three years after the introduction (until 2011), their total abundance was assessed
directly at feeding stations or in places where they tended to aggregate (such as meadows
and food plots). When the population grew and most of the individuals were not marked,
such a census was no longer possible. Density estimation by drive counts (see Section 2.2.2)
was also not reliable as fallow deer tended to aggregate (thus either no individuals or the
whole herd could be recorded). Therefore, we applied winter counts, aiming to assess an
index showing a relative number of fallow deer for year-to-year comparisons. The counts
were conducted in winter (December–February 2011/2012–2021/2022), on snowy and
frosty days when fallow deer no longer stayed in open fields and congregated in mid-forest
meadows, food plots, feeding stations, etc. All such known places were monitored by
camera traps and additionally by direct observations. Data were captured by 12 camera
traps (Reconyx HyperFire: PC90, PC800, PC850, PC900, RECONYX, Inc., Holmen, WI,
USA), which were permanently located in the forest (see Section 2.2.3), and additional eight
camera traps set in places where fallow deer were observed by local foresters or where
their tracks/feeding signs were found. Simultaneously, direct observations were conducted
by two or three people. Different spots in the forest where fallow deer aggregated were
visited one by one during on the same day. Data from the camera traps and from direct
observations (collected on the same day) were combined. The number of animals in a
herd and their individual characteristics were taken into account. Finally, we pooled these
observations to estimate a minimal number of fallow deer in the study site.
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2.2.2. Estimation of Roe Deer Density Prior to and after Fallow Deer Introduction

The drive counts [46] were used to estimate roe deer density in the first study site
(Głuchów forest) and in the second study area (Strzelna, no fallow deer, a reference area).
The obtained results can be biased by a range of factors and the error produced can be high,
e.g., [47]. Thus, we did not study year-to-year variation but compared data from longer
periods of at least 10 years (see below). The drive counts were performed prior to fallow
deer introduction (1997–2007, n = 10) and after introduction (2008–2018, n = 15). For the
second study area, we used comparable data (1997–2007, n = 10 and 2008–2018, n = 11). The
drive counts were performed by students of biology and forestry (WULS). In the first study
area, they were performed every year in late October or at the beginning of November; in
the second study area, they were carried out in early March (data from the Department of
Forest Zoology and Wildlife Management, WULS). This difference was due to students’
schedule. Nevertheless, we did not compare data from the two study sites but compared
data for each study site between the two periods. Animals were counted in selected plots
(i.e., one plot consisted of one or two forest compartments). We censused ca 30% of the
whole forest complex. The plots were selected in terms of stand age, species composition,
and the distance from the forest edge. Observers stood 50–100 m apart (to maintain visual
contact) around each rectangle plot. Around one hundred students were simultaneously
involved. Next, the observers along three sides of the plot stayed in place, while those
along the fourth side walked inward and through the entire area, rousing the animals from
the plot. All observers recorded animals passing through the line of observers. Each person
counted only animals passing by on their left side to avoid duplications [48]. On the basis
of the number of observed roe deer within the plots and the total area of the plots, the
density of animals per 100 ha was calculated.

2.2.3. Estimation of Roe Deer Productivity Prior to and after Fallow Deer Introduction

The number of offspring of roe deer was estimated in the first study site (Głuchów
forest) and in the second study area (Strzelna, no fallow deer, a reference area). The counts
were made prior to fallow deer introduction (2001–2007) and after introduction (2008–
2018). Data from the same periods were compared in the second area, Strzelna. In both
study areas, we estimated the number of roe deer offspring mostly on the basis of direct
observations collected during extensive field work or by local foresters. In the second study
period, apart from direct observations, data from camera traps were added. In the first
study site, 12 camera traps were set in permanent spots to monitor ungulates [49]. In the
second study site, data from camera traps that were used to monitor dens of carnivores
were used [50]. We collected data between May (beginning of giving birth time) and the
first days of October (when hunting season for females and fawns starts). Finally, we
calculated the mean number of juveniles per female. We took under consideration only
females with at least one (visible) young.

2.2.4. Spatial Relationship between Roe Deer and Fallow Deer

We used the faecal standing crop method [51] to show the relationship between
fallow deer and roe deer distribution, i.e., that areas highly penetrated by fallow deer are
potentially avoided by roe deer [52]. In Poland, leaves that fall down in October/November
cover the feces [52], and disappearance of faces is lowest in winter [53]. Thus, we performed
the counts in late March and the beginning of April (i.e., the period after the snow melt but
before the vegetation started)., i.e., pellets that accumulated through late autumn–winter
were counted. Because feces of both species may be misidentified [54], we applied a metric
procedure to tell them apart [55]. The counts were performed in the two study areas in
which the fallow deer was present. In 2021 and 2022, this was the first study area (Głuchów
forest, where the fallow deer was recently introduced), and in 2021, this was the third study
area (Spała forest, where the fallow deer had been present for decades). The counts were
made along 2 m wide transects placed randomly within the forests. The number of pellet
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groups was recorded per each 80 m long section of a transect. The total length of transects
equaled 54.1 km (676 80-m long stretches) in Głuchów, and 35.1 km (439 stretches) in Spała.

Additionally, behavioral observations of interactions between roe and fallow deer
were conducted in the Głuchów forest. The whole description of the method and obtained
results are shown in Appendix B.

2.2.5. Hunting Bag and Financial Data

Data on the hunting bag of fallow deer (Głuchów forest—the first study area) and
roe deer (Głuchów and Strzelna forests), trophy mass and carcasses mass of fallow deer,
costs of forest protection against cervids (fencing and repellents), and compensations paid
to farmers for damage in which fallow deer were involved were provided by the Forest
Experimental Station in Rogów. Data on the hunting bag of roe deer and fallow deer in the
first and second study area refer to the total area of the hunting grounds. Data on 15-year
spending (2008–2022) on supplementary feed (beets, carrot, corn, hay, apples, salt and
others food types) for fallow deer was impossible to evaluate precisely. Thus, we roughly
estimated a minimum value. We also added the costs of wooden feeding stations that were
built before fallow deer were introduced. It was impossible to even roughly assess the costs
of damage done by fallow deer in the forest. Finally, we only took into consideration the
costs of fencing young forest plantations from the last 5 years (2016–2020), when population
of fallow deer was relatively big. Moreover, before fallow deer introduction, this method
was applied only accidentally. Robust final revenue and spending statistics were calculated
according to current (2023) EUR price.

Additionally, data on death cases of fallow deer in the Głuchów forest were collected
(2008–2022), i.e., any remnants found were recorded, and foresters and game managers
were interviewed (Appendix A).

2.3. Statistical Analysis

The Mann–Kendall trend test was used to assess whether the time series presenting
the abundance of fallow deer had a monotonic upward trend. We separately compared
the density of roe deer in the two periods (before and after fallow deer introduction or
analogue periods) and in the two areas, Głuchów (where fallow deer was introduced)
and Strzelna (where fallow deer was absent. Although hunting bag might affect roe deer
density, we skipped hunting bag in the analysis, because there was no correlation between
these two variables (Appendix C). Nevertheless, we compared mean hunting bag values
between the two periods. The Kruskal–Wallis test was used, as data did not follow normal
distribution (Shapiro–Wilk test, p < 0.05). To compare roe deer productivity before and
after fallow deer introduction in the two research areas (Głuchów and Strzelna), we used
the Scheirer–Ray–Hare test, as data did not follow normal distribution (Shapiro–Wilk test,
p < 0.05).

We used generalized linear models to explore the influence of the fallow deer on
roe deer. We used the number of roe deer pellet groups as a response variable, and
as exploratory variables, we used the number of fallow deer pellet groups in the area
(Głuchów, Spała) and the interaction between number of fallow deer pellet groups and
area. The half-normal plot with a simulated envelope (‘hnp’ package; [56]) was used to
check models with Poisson, quasi-Poisson, and negative binomial distribution. A model
with negative binomial distribution was chosen as the best one. Analyses were performed
using R [57].

3. Results

3.1. Fallow Deer Population Development in Głuchów Forest

A total of 22 fallow deer were released in Głuchów forest (first study area), the
first 10 individuals in 2008 and the next 10 in 2009. Additionally, one female and a calf
were introduced in 2011. In the following years, the population grew steadily, and after
14 years, the minimum population abundance (in winter) was estimated at 69 individuals
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(Tau–Kendall trend test, S = 72, p < 0.001, Figure 1), which amounted to a population
density of 6–7 individuals/100 ha of forest area. Between 2013 and the end of February
2022, 39 individuals were legally harvested. Over 16 years (up to summer 2023), we also
documented 31 other cases of fallow deer deaths (Appendix A).

Figure 1. An increase in the estimated number (the minimum population abundance) of fallow deer
(in winter) in the study area after the introduction of 22 individuals in the years 2008–2011.

3.2. Changes in Roe Deer Density after Fallow Deer Introduction

Mean roe density before fallow deer introduction into the Głuchów forest (first study
area) was 17.6 ind./100 ha and dropped after the introduction of fallow deer to 10.5 ind./
100 ha (Kruskal–Wallis test = 9.0069, df = 1, p < 0.005). In the Strzelna forest (fallow deer
absent, reference area), roe deer density was initially much higher, at 32.2 ind./100 ha, and
did not change when compared to the second study period (Kruskal–Wallis test = 0.079494,
df = 1, p > 0.05) (Figure 2). At the same time, a significant increase in the hunting bag of
roe deer was recorded at both study sites. In the first study area, the hunting bag rose
by 91%, i.e., from an average of 14.5 (2000–2007) to 27.7 (2008–2019) (Mann–Whitney test,
Z = −2106, p < 0.05). However, in the second area, the reference area, the hunting bag rose
by 127%, i.e., from 23.6 (2000–2007) to 53.6 (2008–2019) (Mann–Whitney test, Z = −2.518,
p < 0.05).

Figure 2. Changes in the mean (±SD) density of the roe deer before (1997–2007) and after (2008–2018)
fallow deer introduction into Głuchów forest (first study area, fallow deer present) and comparison
of roe deer density between the same study periods in Strzelna forest (reference, fallow deer absent)
study area. In the area where the fallow deer was present, 10 and 15 estimations were made in
the first and second period, respectively. In the area where the fallow deer was absent, 10 and 11
estimations were made.

3.3. Roe Deer Population Productivity before and after Fallow Deer Introduction

In both study sites, roe deer productivity in the first period (before 2008, i.e., pre-fallow
deer introduction) was similar and accounted 1.6 juv./females. However, in the first study
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area, the productivity dropped to 1.4, while in the reference study area, it slightly increased
to 1.75 (Figure 3). The results of Scheirer–Ray–Hare test showed that area and interaction
between area and period influenced the productivity of the roe deer (Table 1).

Figure 3. Changes in the mean (±SD) productivity of roe deer before (2001–2007) and after (2008–2018)
fallow deer introduction into Głuchów forest (first study area, fallow deer present, n = 91) and
comparison of roe deer density between the same study periods in Strzelna forest (reference, fallow
deer absent, n = 106). Only females that had at least one calf were counted (i.e., the min number
was 1).

Table 1. Results of Scheirer–Ray–Hare test for the variables, which influenced the productivity of the
roe deer in two areas (Głuchów forest = fallow deer present and Strzelna forest = fallow deer absent)
in the two periods (2001–2007 and 2008–2018, i.e., before and after introduction of fallow deer in the
first area, and in analogue study periods in the second area).

Variables H Df p Value

Area 14.1373 1 <0.001
Period 0.0578 1 >0.05

Area ∗ Period 10.6360 1 <0.01

3.4. Spatial Relationship between Roe Deer and Fallow Deer

Amongst three built models, the one with negative binomial distribution was selected
as the optimal model. The model supported the hypothesis that the presence of fallow deer
and area of the research influenced roe deer presence negatively, i.e., the number of pellet
groups of roe deer decreased with the number of fallow deer feces and was lower in Spała
forest (where fallow deer had been present for many years). The probability of roe deer
presence was the lowest when both variables (presence of fallow deer in Spała forest) were
combined (Table 2).

Table 2. Model output for the probability of roe deer presence in relation to fallow deer presence
(expressed as the number of feces/pellet groups of each deer species recorded within a certain 80 m
stretch of a transect).

Variables Estimate Std. Error z Value p Value

Intercept (roe deer, Głuchów) 0.30438 0.05616 5.420 <0.0001
Fallow deer −0.10178 0.04362 −2.333 <0.05

Location_Spała −0.84147 0.10231 −8.2255 <0.0001
Fallow deer ∗ Location_Spała −1.09219 0.41819 −2.612 <0.01
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3.5. Economical Effect of Fallow Deer Introduction

The cost of purchase of fallow deer that were introduced to Głuchów forest (the first
study area) was 5350 EUR. To the best of our knowledge and according to the official prices
we assessed, the minimum cost of fallow deer feeding is at least EUR 1000. Compensation
paid to farmers in the years 2008–2022 was at least EUR 1000. Spending on forest protec-
tion (fencing) related to fallow deer presence was around EUR 1500/year (adding up to
EUR 7500 over five years). To summarize, all spending (assessed via the minimum level,
cost of fallow deer introduction, and the cost of maintaining of their population) reached
EUR 14,850. Between 2013 and February 2022, hunters shot 39 individuals, which gave
1040 kg of venison (and generated an income of EUR 2080). Trophies of 10 males produced
revenue of EUR 1201. The heaviest trophy was 2.3 kg (the min 1.1 kg) (including the skull
and excepting the jaw). Altogether, the total revenue (EUR 3281) did not reimburse the
costs attributed to fallow deer.

4. Discussion

In our study, we showed that introduction of the fallow deer affected the roe deer
population, which led to a decrease in the population density and productivity of this
smaller and competitively weaker cervid. Interactions between the two species were
antagonistic, and the fallow deer was always dominant (Appendix B). We also showed
that in both areas, if the fallow deer had been introduced recently or had been present for
decades, it similarly negatively affected space use by the roe deer. Finally, we pointed to
the fact that the introduction of fallow deer did not increase the profitability of the hunting
ground, which is often the reason for the introduction of this species.

The population of fallow deer developed very quickly after its introduction to Głuchów
forest. The real number of fallow deer is expected to be even higher than that recorded by
direct observations. Yet, our main goal was not to estimate its abundance precisely but to
show how it grew over time. Moreover, some animals have migrated to the surrounding
private forests, the nearby area of fish ponds, and the surrounding hunting grounds and
could therefore not be registered [58]. Indeed, in 2022, the first fallow deer was spotted in
the vicinity of Rogów (Strzelna, our reference area, from which fallow were absent). This
was also the reason why the study finished at that time. This quick development of the
fallow deer population in our case is in line with its sharp increase in Europe, which was
higher than that recorded for native cervids [18].

We showed a sharp decrease in roe deer density in the area where the fallow deer
had recently been introduced. This was in contrast to the nearby population, where the
fallow deer was absent and roe deer grew in number. The roe deer is considered a selective
feeder [59,60], being susceptible to competition from other cervids [52,61]. It was shown
that the competition may affect its population trends more than weather conditions [34].
It is smaller than the fallow deer and relies on highly nutritional vegetation for survival
and reproduction (review in: ref. [62]). In turn, the fallow deer is thought to be a strong
competitor with the roe deer and other cervids (review in: [63]). Its great dietary flexibility
in food sources [15,62,63] and habitat [15,64] use makes it a competitive species with native
cervids. This alien species also shows high behavioral plasticity, shown through, e.g.,
modified aggregation or mating patterns [65,66].

Competition for food may be the main reason for the observed decrease in the produc-
tivity of the roe deer in the area where the fallow deer was introduced. For the roe deer, food
availability (rather than fat reserves) is crucial for reproduction and reproductive success
(review in [67]). In spring, the last months of pregnancy, highly nutritional forb-dominated
feed is typical for the roe deer, while in the case of the fallow deer, a higher proportion of
hemicellulose in the ingested food was noted [68]. Interference was particularly frequent at
the latest stages of pregnancy, births, and early maternal care and was greater in solitary
roe deer, i.e., females [62].

The abundance of the roe deer pellet groups was significantly lower in places (i.e.,
on the stretches) where the fallow deer was present, and this was true of both study sites
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(the one where fallow deer had recently been introduced and the one where it had been
present for decades). It was shown that inter-specific competition from the fallow deer
may influence the spatial behavior of roe deer [36]. Roe deer avoided areas where the local
density of fallow deer was highest, and the roe deer occupancy was negatively affected by
local abundance of fallow deer [34,62]. Densities of roe deer were great where fallow deer
were rare and low where fallow deer were abundant [35]. It needs to be kept in mind that
the abundance of pellet groups may not be a function of the number of individuals or of
time spent in that place because defecation rates may depend on activity. Yet, pellet group
counts can help to estimate relative habitat use and have been used for several decades in
various contexts (review in [35]).

Our field experiment was disturbed by a significant increase in the hunting bag of roe
deer in both study sites. This may be treated as an unsuspected result of the cost of fallow
deer introduction and the rising costs of protecting forests against damage done by the
fallow deer and game in general. There has been strong pressure to reduce populations of
native ungulates in Poland, i.e., roe deer, red deer or moose Alces alces, due to the increasing
problem of damage [69–72]. Ironically, new alien ungulate populations (fallow deer and
mouflon Ovis aries musimon) were established all over the country [20,73] at the same
time. Productivity of roe deer population is density-dependent [74,75]. Even though no
correlation between hunting bag and population density was found, increased productivity
might be an effect of stronger hunting pressure [76]. Nevertheless, increased hunting
pressure was observed in the two study sites, while productivity increased only where the
fallow deer was absent.

The fallow deer was introduced to our study site in order to increase game manage-
ment profitability. However, 14 years after introduction, not even the costs of the introduced
animals could not be reimbursed, and the financial results were roughly minus EUR 11,569.
This deficit is unlikely to be reduced as the costs of forest protection and crop damage
compensation have risen while venison prices have been quite stable. Additionally, trophy
hunting is not of essential economic value as antlers are of rather low quality. It needs to be
kept in mind that our financial estimates are rough due to data scarcity. Nevertheless, we
counted costs cautiously, and they are under- rather than overestimated.

To conclude, the introduction of the fallow deer was definitely successful and its
population grew quickly. Yet, the economic effect, assessed for the hunting ground, was far
from satisfactory, which waives the argument that the introduction of this new species may
bring some profits. At the same time, the fallow deer impacted the population of the native
cervid, the roe deer. Consequently, the number of roe deer decreased, which we assumed
was due to competition affecting productivity parameters. Pellet group analysis showed
that the roe deer avoided spots heavily exploited by the fallow deer. This effect was shown
regardless of the time that had passed from the introduction. This shows that the fallow
deer should be considered an invasive species threatening local biodiversity. We believe
that these days, with the range of field data supporting the competitive role of the fallow
deer alongside native cervids (review in: [63]), this alien species should not be further
introduced. At the same time, the harvest rate of the roe deer, as a competitively weaker
species being affected by the alien species, should be kept low in areas where it must
compete with fallow deer. The key point is to use reliable, science-based data to monitor
the population of cervids. As has been shown for many alien and unquestionably invasive
species, after they establish a new population and grow in number, their eradication is
mostly impossible [7,77]. Thus, we claim that new populations of alien cervids must not
be established.
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Appendix A

Table A1. Causes of deaths of fallow deer in Głuchów forest (the first study area) in the years
2008–2022.

Cause of Death n of Cases

Harvested by hunters 39
Killed by stray dogs 6

Died due to starvation * 3
Trapped by a baller twine ** 2

Killed by car 2
Drowned 1
Poached 1

Unidentified reasons 16
* during the 2012/2013 winter season, which was characterized by very deep snow cover and low temperature [78];
** antlers were entangled in baler twine (such ‘wig’ may be deadly as an animal can get trapped on branches and
break their neck or die due to starvation).

Appendix B. Behavioral Interactions between Fallow and Roe Deer

Starting from the introduction of fallow deer into the Głuchów forest (the first study
area), we recorded all interactions between fallow and roe deer (2008–2022) throughout
the whole year. This was mostly carried out on the basis of direct observations conducted
in the whole forest complex and in spots where fallow deer aggregated. Later, data from
camera traps set to monitor fallow deer abundance and to monitor ungulates (see methods)
were also included. We assumed that contact occurred between the two species when the
animals stayed within 50 m of each other (Ferretti et al. 2011b). We defined three types of
antagonistic interactions:

1. Direct attack of a fallow deer male on roe deer; roe deer is chased away.
2. Roe deer interrupts its previous activity and moves away when fallow deer approaches.
3. Roe deer waiting in the vicinity of a feeding place, young forest plantation, or margins

of forest meadow until the fallow deer is gone.

Between 2008 and 2022, we observed 56 interactions between fallow and roe deer,
and all of them were antagonistic: there were 6 direct attacks of fallow deer males on roe
deer, 32 cases of roe deer escape when the fallow deer approached, and 18 cases when roe
deer waited at a margin of a meadow or feeding station until the fallow deer left. Most of
those observations were made at feeding stations and forest meadows, where fallow deer
aggregated. We never observed reverse situations, e.g., fallow deer being attacked by or
escaping from a roe deer. We never registered fallow and roe deer feeding simultaneously
in the same place.

10



Forests 2024, 15, 1014

Appendix C. Correlation between Roe Deer Density and Hunting Bag in

Two Research Areas

Figure A1. Correlation between roe deer density and hunting bag in two research areas (Głuchów—
where the fallow deer had been introduced and Strzelna—where the fallow deer was absent).
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Kowalczyk, M. A comparison of the quality of the Longisissimus lumborum muscle from wild and farm raised fallow deer (Dama
dama L). Small Rumin. Res. 2015, 129, 77–83. [CrossRef]

20. Solarz, W. Dama dama (Linnaeus, 1758). In Gatunki Obce w Faunie Polski; Głowaciński, Z., Okarma, H., Pawłowski, J., Solarz, W.,
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Północno-Wschodniej. 2017. Available online: https://wwwuwmedupl/wbz/sites/default/files/uploads/WBZ/Dokumenty/
Katedry/KHZFiL/Konferencja24-11-2017/2_wawrzyniak_p_uwm_2017_lospdf (accessed on 8 September 2023).
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Abstract: Population stability depends on environmental conditions and their changes, as
well as the availability of energy resources. Animals allocate their energy to maintenance,
growth, reproduction, and energy storage; therefore, trade-offs are expected between life
history traits. Access to abundant resources is expected to manifest itself in the investment
of male individuals in sexually selected traits, such as carcass mass and antler size. The
study aimed to analyze environmental climate conditions on the carcass and antler mass,
as well as on antler form in red deer (Cervus elaphus L.) populations. We analyzed the
carcasses and the antler masses and forms of 550 red deer stags from three populations
in Central–Western Europe that differ in climate conditions that were hunter-harvested
between the 2017 and 2021 hunting seasons. Our data indicated that carcass mass was
shaped by the location of the population, stag age, precipitation, and temperature, as well
as the number of frost days from January to the harvest date. Antler mass and antler
investment depended on stag age but not climatic factors. Regular antler forms were more
often observed in the harsh environmental conditions. Our observation confirms that
resource trade-off is related to carcass mass of red deer.

Keywords: Cervus elaphus; carcass mass; antlers; mass; antler investment; antler form;
Central Europe; climatic conditions

1. Introduction

According to resource allocation theory [1], animals must use energy for various
activities, like reproduction or survival [2]. Trade-offs are therefore expected between
life history traits [3]. In large herbivores, variations in key resources can result in spatial
patterns on both the geographic and intra-population scales [4,5]. Access to abundant
resources is expected to manifest itself in the investment of male individuals in sexually
selected traits, such as body mass and antler size [5]. Therefore, it can be expected that
spatial variations in key resources, as well as their availability during periods of limited
availability, may translate into traits such as carcass size or antler weight and form. Antlers
are a secondary sexual trait that, apart from in reindeer, characterizes only male cervids.
Antler size and weight, like other sexual characteristics, are related to fighting ability, access
to females, and position in the dominance hierarchy [6]. Antlers form can be characterized
using two measurement system—CIC [7] and Safari Club International (SCI) [8]—that in
detail measure different characteristics of the antlers. Measuring the size and quality of red
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stag trophies is crucial for hunters, conservationists, and wildlife managers. Moreover, the
antler’s mass indicates not only the condition of the population, but also the position of a
particular individual in the herd. Recent studies have also included analyses of antler form
and weight [9,10]; however, they do not cover the impacts of climatic and environmental
conditions on carcass and antler mass, as well as antler investment and frequency of
antler form.

We used European red deer (Cervus elaphus L.) as a model species because it is a
typical forest animal of the order Artiodactyla and the family Cervidae, crucial to the
functioning of the forest ecosystem. This species is widely distributed in North and South
America, North Africa, Asia, Europe, and New Zealand [11–14]. However, they are also
observed on agricultural land, such as grasslands that are frequently eaten and damaged.
Those areas can provide better forage but also resting zones; therefore, they can improve
individual condition [15]. As one of the most important forest species, Cervus elaphus L.
has been subject to significant impacts from human activities, such as selective hunting,
translocations, and habitat fragmentation [16,17], which may have locally resulted in
high levels of genetic drift, inbreeding, and the blurring of natural patterns of genetic
structure [16]. Phylogeographically, according to mitochondrial DNA sequences there
are three genetic lineages of red deer in Europe: (1) the eastern populations from the
Balkans and the Romanian Carpathians, reaching north to Austria, Hungary, and the
Czech Republic from Sardinia and North Africa; (2) the Sardinian and North African
population; and (3) the western population from Iberia and the British Isles to Scandinavia,
Germany, and Western Poland [17]. However differences between populations are still
discussed [11,18,19].

The red deer populations in Poland vary in density as well as the size of individuals.
For instance, the highest densities per 1000 ha of forest area occur in the southwest and
north, whereas the lowest is in Central Poland. In addition, historical data have indicated
that the weight of red deer in Poland has varied. The lightest deer have been found in
Southwestern Poland and the heaviest in the northeastern regions of the country and the
Carpathians [10], although the size of individuals has varied both in Europe [17] and in
Poland [20]; the causes of this fact are not clear and may depend on several factors. It is
assumed that the carcass size of red deer is affected by the interaction of several factors, such
as the food availability expressed by the proportion of the broadleaved habitat, stress caused
by human activity (including selective hunting), natural selection caused by predators (e.g.,
wolves), and climatic factors (including snow cover) [10]; however, the effects of climatic
conditions on red deer carcass size have not been broadly investigated. Moreover, antler
mass can indicate the reproductive success of male individuals, and since antlers are costly
to produce, their growth can be affected by environmental conditions [21], but there is
little knowledge about the impact of environmental conditions on antler investment and
antler form.

We hypothesize that environmental conditions shape body mass and antler size, but
can also affect antler investment and regularity of antler form. Taking into account the
above criteria, the purpose of our study was to analyze the relationship between carcass
mass and antler mass in three different populations of red deer living under conditions of
varying access to environmental resources and influenced by different climatic conditions.
The present study may help to obtain knowledge regarding the reproduction of this wild
species and its relationship with the environment.
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2. Materials and Methods

2.1. Analysis of Red Deer Features

We analyzed carcass and antler mass of hunter-harvested red deer (Cervus elaphus L.)
collected within five hunting seasons (2017–2022) from three locations in Poland (Figure 1).
Moreover, the stag hunting season in Poland lasted from the 21st of August to the 28th
of February; therefore, only individuals harvested within this period could be analyzed.
In Poland, red deer are harvested according to the rules established for the entire country.
Stags in their second year of life can be harvested only if their spikes are less than 30 cm;
stags in third year (2nd head) with 4 tins on each beam, inclusive; and stags aged 4 and
5 (3rd and 4th head) up to five tins on each beam. In the range of 6–10 year old stags
(5th to 9th head); all individuals without the crown can be harvested. The oldest stags,
from 11 years old (10th head), can be harvested regardless of the form of antlers. In the
case of does, it is recommended to harvest individuals with the weakest condition first.
Moreover, according to the Polish legal rules of stag hunting and harvesting, only the
following stags can be harvested: stags from 1 to 5 years old without the presence of a
crown on antlers; between 5 and 10 years old, only stags with the presence of a crown on
only one antler, but always individuals characterized by below-average antler and carcass
quality from the populations. These restrictions are not obligatory when older individuals
are harvested. However, although such regulations apply throughout Poland and have not
changed during the harvest period, it can be assumed that all data obtained are influenced
by the selection rules applicable at a given time, allowing them to be compared and treated
as random data. No animals were killed specifically for the study.

 
Figure 1. Locations of harvested populations in Europe (a) and in Poland (b). Abbreviations indicate
analyzed populations: MAS—Maskulińskie; KB—Karczma Borowa; KLU—Kluczbork.

The number of hunted stags in each location depended on the population size and
structure connected to the total forest area. However, the following data have been collected
for each individual: region of harvesting, the date of the harvest, stags age, carcass mass
(kg), antler mass (kg), and the form of the antlers (number of tines).

To determine the age of the animals, the dentition features and the degrees of their
clashes were analyzed [9]. The red deer stags were divided into five classes: 1st class—stags
2 years old; 2nd class—stags 3–5 years old; 3rd class—stags 6–8 years old; 4th class—stags
9–11 years old; and 5th class—12 years and older. All red deer individuals younger than
2 years were excluded from the analysis.

17



Forests 2025, 16, 19

To determine body mass, we used stag carcass mass (±1 kg) that was measured with-
out head and antlers, whereas antler mass (±0.01 kg) was measured with skull without
mandible. We used a ratio of antler mass over body mass, which, according to Matti-
oli [5], can quantify antler investment in terms of efforts to build conspicuous secondary
sexual traits.

Antler forms were classified into regular (R) and non-regular (NR) forms (Figure 2).
The regular form indicated antlers with the same number of tines on each branch [22].
Non-regular forms indicated a higher number of tines on one branch. The forms of the
antlers were classified as follows: none (n), spike (SP), 6R, 6NR, 8R, 8NR, 10R, 10NR, 12R,
12NR, 14R, 14NR, 16R, 16NR, 18R, 18NR, 20NR, 22NR, fork (F), and bizarre (B). The number
of tines on less developed branches was not determined, and such antlers were classified
as non-regular.

Figure 2. Different forms of antlers: (a) stag with antler form 10 R; (b) stag with antler form 12 R;
(c) stag with antler form 10 NR; (d) stag with antler form 6 R; (e) stag with antler form 8 R; (f) stag
with antler form 8 NR; (g) stag with antler form 10 R; and (h) spike with broken pedicle. R—regular,
NR—non-regular antler form.

Therefore, for each harvested individual, the following data were collected: day of
harvest, location, carcass and antler mass, and type of antler form.

2.2. Study Sites

Studies were conducted in three different forest districts—Karczma Borowa, Kluczbork,
and Maskulińskie—which represent varied climatic (e.g., temperature, precipitation, snow
cover) and habitat conditions (forest type) (Table 1).

We classified the forests as follows:

1. Karczma Borowa (KB)—Central–Western Poland. The climate of this region is tran-
sitional between oceanic and continental, and milder than in the eastern parts of
Poland [23];

2. Kluczbork (KLU)—mild weather conditions prevail in these areas, especially in the
western part (located on the Oder River). This location has the longest growing season
in Poland and very favorable amounts of precipitation, especially for agriculture [24];
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3. Maskulińskie (MAS)—the climate is harsher here than in other locations; the presence
of large lakes leads to high precipitation (677 mm) and relative humidity (80%) [25].

Table 1. Characteristics of the forest of Red Deer (Cervus elaphus L.) populations [23–25].

Parameter
Location of Population

KB KLU MAS

Geographical coordinates 51◦84′–51◦42′ N
16◦23′–16◦56′ E

50◦51′–51◦10′ N
17◦54′–18◦27′ E

53◦47′–53◦50′ N
21◦33′–21◦48′ E

Total area (ha) 12,698.24 19,032.07 28,329.85

Forest area (ha) 12,211.61 18,484.85 26,065.35

Percentage of broadleaved forests (%) 48.9 61.3 10.0

Vegetation period (days) 210 220 200–205

Mean forest age (years) 58 60 83

Grazing forest plots (ha) 9.0 36.8 31.0

The density of red deer per 1000 ha 21 33 20

Optimal density of red deer per 1000 ha 25–30 25–30 25–30

2.3. Climatic Data Collection

We assumed that resource allocation including antler building by red deer stags could
be affected by main climatic factors, as severe climatic conditions may interfere with the
ability of individuals to store carcass reserves, creating a trade-off between growth, survival,
and subsequent reproduction [26].

Among selecting climate factors, we focused on the factors during which antler growth
and development occur, as well as changes in individual red deer stag condition before
and after the deer mating period.

Each month within the hunting season was characterized by mean monthly precip-
itation (mm/month), monthly average daily temperatures (◦C), and the mean number
of frost days (days with temperatures below zero) as the main climatic factors affecting
populations to determine resource allocation. These climatic characteristics were calculated
from January to the harvest date for carcass mass analysis from the last hunting season.

We downloaded a dataset from the Climatic Research Unit (University of East Anglia)
and Met Office (CRU TS Version 4.06 database [27]). The climatic data for the red deer
populations were obtained from the database using the ‘raster’ package [28].

2.4. Statistical Analysis

We started the analysis by using all predictors and using the Akaike Information
Criterion (AIC) to choose the most parsimonious model to analyze overdispersion. We used
population location as a random factor (1|location), whereas precipitation, temperature,
and the number of frost days (January–harvest date) were fixed factors. We used the lmer4
package for mixed models [29]. Results were treated as significant when p < 0.05. Maps
were provided using the ‘ggmap’, ‘sf’, and ‘ggspatial’ packages. Plots were produced based
on the ggplot package. Statistical analyses were conducted using R 4.2.2 software [30];
available online: 21 June 2023).

We performed ANOVA followed by Tukey test to describe the effect of localization
of population on analyzed features of carcass and antlers mass and antler investment. We
also used the chi-square test to compare the frequency of age classes of hunted stags and
the frequency of antler forms between populations. Data were presented as mean values
with standard deviation (SD). Data were described as statistically significant when p < 0.05.
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3. Results

In five hunting seasons (2017–2021), 550 red deer stags were hunted between late
August and February, and they were hunted as follows: 343 stags in the KLU Forest District,
118 stags in the MAS, and 89 stags in the KB Forest District. The total number of hunted
stags varied over the years (2017: 123; 2018: 95; 2019: 141; 2020: 140; 2021: 51) and differs
over the months (in total: September: 170; October: 46; November: 95; December: 77;
January: 117; February: 45).

The proportion of stags from different age classes differed between populations and
ranged as follows: in the 1st class (none in KB), from 0.29% in KLU to 2.54% in MAS; in the
2nd class, from 14.61% in KB to 38.14% in MAS; in the 3rd class, from 35.59% in MAS to
45.77% in KLU; in the 4th class, from 18.95% in KLU to 32.58% in KB; and in the 5th class,
from 0.29% in KLU to 8.99% in KB (χ2 (2, 550) = 46.8032, p < 0.001) (Figure 3, Table A1).

Figure 3. Proportion of different age classes of Red Deer stags harvested by hunters in three popu-
lations in Poland between 2017–2021. KB—Karczma Borowa Forest; KLU—Kluczbork Forest and
MAS—Maskulinskie Forest.

Carcass mass was shaped by the location of the population, stag age, mean precipita-
tion, mean temperature, and mean number of frost days from January to the harvest date
(AIC = 4592.06, R2

m = 0.364, R2
c = 0.588, Table 2). Stags from KB had the highest mean

carcass mass and differed from other populations (Table 2).

Table 2. Predictors for carcass and antler mass, and antler investment of red deer (Cervus elaphus L.)
stags of three populations in Poland in 2017–2021. CI—confidence interval, p—probability.

Predictor
Carcass Mass Antler Mass Antler Investment

Estimate CI p Estimate CI p Estimate CI p

(Intercept) −135.39 −197.69–−73.08 <0.001 −0.58 −4.30–3.15 0.760 1.48 −2.76–5.72 0.494
Stag age 3.54 3.00–4.08 <0.001 0.53 0.50–0.57 <0.001 0.34 0.31–0.36 <0.001

Minimal temperature 21.33 16.01–26.66 <0.001 −0.32 −0.94–0.30 0.313 −0.02 −0.38–0.35 0.3968
Mean temperature - - - 0.31 −0.09–0.70 0.132 - - -

Frost days 9.45 6.19–12.71 <0.001 0.01 −0.21–0.23 0.953 0.05 −0.14–0.24 0.610
Precipitation 0.45 0.28–0.62 <0.001 - - - 0.00 −0.02–0.01 0.368

Random effects: R2
m = 0.364 R2

m = 0.556 R2
m = 0.546

n = 3 R2
c = 0.588 R2

c = 0.741 R2
c = 0.650

The mean carcass mass varied over the months. The highest carcass mass in the pooled
data was noted in September (136.1 ± 12.0 kg), and the lowest in February (98.6 ± 16.9 kg);
however, these values differed between the locations. The reduction reached 28.23% in
KLU (from September to February), 26.65% in KB (from September to January), and 22.2%
in MAS (from October to February) (Figure 4a). The reductions in carcass mass during
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autumn and winter differed between populations. It was also revealed that the changes in
carcass mass varied between stag age classes. The reduction in carcass mass was the lowest
in the 4th class (16.52%), whereas the highest was in the 5th class (27.2%). The carcass mass
increases also differed between the populations. Our data revealed higher carcass mass
increases from the 2nd to 5th age classes in KLU (+40.0%, from 96 to 135 kg), while the
lowest increase was in KB (16.5%, from 127 to 147 kg) (Figure 4b).

Antler mass (AIC = 1564.7, R2
m = 0.556, R2

c = 0.741), as well as antler investment
(AIC = 1223.7, R2

m = 0.546, R2
c = 0.650), were affected by stag age (Table 2). The lowest

mean values were recorded in KLU, and the highest mean values in KB (Table 3). The
increases in antler mass from the 2nd to 5th age classes differed between the populations.
The lowest increase was recorded in KLU (+107%); it was slightly higher in KB (+120%),
and the highest in MAS (+125%) (Figure 4c).

Table 3. Mean values of carcass and antler mass, and antler to carcass mass ratio of red deer (Cervus
elaphus L.) stags of three populations in Poland in 2017–2021. Data were presented as mean and
standard deviation. Values with different letters indicate statistically significant differences between
populations from different locations.

Parameter
Locations

Karczma Borowa Kluczbork Maskulinskie p

Mean carcass mass (kg) 138.7 ± 21.1 a 112.8 ± 20.2 b 112.1 ± 20.8 b 0.001
Mean antler mass (kg) 6.39 ± 1.95 a 3.71 ± 1.47 b 4.04 ± 1.95 b 0.001
Antler investment (%) 4.59 ± 1.17 a 3.22 ± 0.97 b 3.49 ± 1.37 b 0.001

The antlers of the analyzed stags were classified into 20 types of antler forms. Antler
forms characterized as SP, F, and B were observed in 5.27% of stags (29/550; 3, 2, and 24,
respectively), whereas 44.9% (247/550) of stags possessed a regular form of antlers, while
49.82% (274/550) of them had a non-regular form of antlers. In total, from all 20 types of
antler forms the most frequently observed were 12 NR (15.2%), 10 R (13.8%), and 10 NR
(13.4%). Two of them were also frequently observed within populations; however, their
participation differs between populations. According to share of antler forms, the three
most frequent forms in KB were 14 NR (22.47%), 10 R (15.73%), and both 12 N (11.24%)
and 12 NR (11.24%); 10 NR (18.08%), 12 NR (17.49%), and 10 R (13.12%) in KLU; and 8 R
(16.10%), 10 R (14.41%), and 12 NR (11.86%) in MAS (Table A1).

When only stags with R and NR antler forms were considered, the highest frequency
of stags with R form was observed in MAS (60.36%, 67/111), compared to KB (42.86%,
36/84) and KLU (44.17%, 144/326) (χ2 (2, n = 521) = 9.5395, p < 0.01). We observed that
stags with NR antler forms had higher antler mass (4.54 kg) compared to regular form
counterparts (3.92 kg; p < 0.0001), and these was statistically significant for two populations:
KB and KLU; however, similar trend was observed in MAS (Table 4). Moreover, there were
no significant differences in mean carcass mass between R and NR stags (p > 0.05); however,
populations differed between each other. NR stags were characterized by statistically
significant higher index of antler investment in KB and KLU, but not in MAS (Table 4).

According to climatic conditions, we have recorded higher mean monthly precipitation
in KLU (29.8–89.1 mm) during the whole year, which exceeded the values recorded from
KB (25.2–75.6 mm) and MAS (25.5–74.8 mm). The precipitation in KB and MAS reached
similar values during the year. The mean monthly temperature was the lowest in MAS
(−3.64–+19.78) during the whole year. Temperature was similar between KB (−0.7–+20.9)
and KLU (−0.9–+20.1). Similarly, the number of days with frost during the year was higher
in MAS (up to 117 days in a year) when compared to KLU (106 days) and KB (up to 96 days)
(Figure 5a–c).
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Figure 4. Mean carcass mass (kg) within (a) months, mean carcass mass (b) as well as mean antler
mass (kg) (c) in age classes of red deer (Cervus elaphus L.) stags of three populations in Poland in
2017–2021 (August–February). The points represent the data for individual stag, the vertical lines
represent the range of the value, and the white square indicates the mean value of each month or
age class.
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Figure 5. Characteristics of mean environmental conditions of three populations of red deer in
2017–2021 described by (a) mean precipitation (mm), (b) mean temperature (◦C), and (c) sum of
frost days.
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Table 4. Mean values of carcass and antler mass, as well as antler investment of red deer (Cervus
elaphus L.) stags of three populations in Poland in 2017–2021 in relation to antler form (R—regular
and NR—non-regular). Data were presented as mean and standard deviation. Values with different
letters indicate statistically significant differences between populations from different locations (a,b)
and groups with different antler’s form (x,y).

Parameter
Locations

Karczma Borowa Kluczbork Maskulinskie p

Mean carcass mass (kg)
R 134.05 ± 22.38 a 110.84 ± 21.55 b 110.34 ± 21.93 b <0.001

NR 139.67 ± 18.94 a 115.05 ± 18.97 b 117.21 ± 16.79 b <0.001
p 0.218 0.062 0.081

Mean antler mass (kg)
R 5.68 ± 1.79 ya 3.51 ± 1.45 yb 3.84 ± 2.00 b <0.001

NR 6.78 ± 1.93 xa 3.96 ± 1.46 xb 4.50 ± 1.64 b <0.001
p 0.009 0.007 0.069

Antler investment (%)
R 4.21 ± 1.03 ya 3.09 ± 0.91 yb 3.35 ± 1.42 b <0.001

NR 4.85 ± 1.25 xa 3.40 ± 1.00 xb 3.79 ± 1.14 b <0.001
p 0.0145 0.0046 0.089

4. Discussion

The reproductive success of red deer stags depends on its success in defending harems
or mating territories, as red deer is a highly polygynous species [31]. Therefore, sexual
selection can promote the evolution of secondary sexual traits, such as body and antler
mass, thus a stag’s dominance is largely determined by both traits. However, sexually
selected traits are costly and can be better afforded by individuals living in better conditions
or with better resource availability [32]. Our data indicates that environmental conditions
such as precipitation, mean temperature, and mean number of frost days affect mean
carcass mass, but not mean antler mass or antler investment. In our studies, those two
features were affected by stag age. Moreover, we observed that mean antler mass, as well as
antler investment, were higher in stags characterized by the presence of non-regular antler
form compared to regular counterparts. Regular antler form was more frequently observed
in populations characterized by a greater scale of environmental stress. Furthermore, stags
from harsh conditions lose carcass mass more slowly during autumn and winter time,
compared to their counterparts.

Our observation pointed out that the highest stag carcass mass (over 138 kg on
average) was recorded in the population in Karczma Borowa, which is located in the
southwestern part of Poland, which is characterized by higher mean monthly temperature
but also the lowest number of days with frost during the year. Therefore, costs related
to thermoregulation were lower compared to red deer living in Maskulinskie, where
the highest number of frost days as well as the lowest mean monthly temperature were
observed together with lower carcass mass. Our data are in line with others [9,33–35].
Carcass and antler mass vary between population localization, which may be caused by
habitat conditions, the genetic characteristics of individual populations, varying population
densities and climatic conditions, among other factors [9]. Our data indicate that carcass
mass is shaped by climatic conditions, such as precipitation and temperature (minimal
and maximal), but those environmental factors had no effect on antler mass and antler
investment. Analyzed climatic factors, through their influence on plant phenology [36],
shape the quality and digestibility of food. For instance, delayed lignification resulting
from a cool onset of vegetation (May–June) leads to longer access to high-quality forage
and, consequently, greater weights [36,37].

As an example, a positive relationship between temperature and calf mass has been
shown in red deer populations in Highland [38]. A similar relationship has been shown
by Borkowski [38] in calves in the Raciborskie Forests. Our results are also consistent
with those of previous reports on stag carcass mass in Poland [20,39–41]. Interestingly,
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the carcass mass of the stags from the population in Kluczbork was about 10% higher
than the results reported from the areas of Wielkopolska [34] and Opole [9], which may
suggest a slight recent increase in the carcass mass of harvested stags. We also revealed
varying increases in stag carcass mass among the age classes. The highest total increase
in stag carcass mass from the youngest to the oldest individuals was observed in the
population in Kluczbork (a cumulative increase of 40%), and the lowest was observed in
the population in Karczma Borowa (of 17%). In addition, the rates of weight increase varied
based on age class and were the highest in individuals representing younger age classes.
These higher increases are consistent with a study by Czyżyk et al. [42], who reported
that carcass mass can increase by as much as 25% between 2 and 3 years and then more
slowly in older age classes. In our study, the highest stag carcass mass was recorded in
the population in Kluczbork (on average, about 139 kg), which is similar to the results
obtained by Bobek et al. [33] in the area of Southeastern Poland, where bull carcass mass
has ranged from 108 to 148 kg [41]. In addition, Wajdzik [9] has reported an average stag
carcass mass of about 110 kg in the Opole area; this is lower than our results for the nearest
population in Kluczbork. Therefore, a new question arose: When did the full physical
development of the red deer stags occur in the populations studied? The answer is between
the ages of 9 and 11 (the 4th age class in our study), which has been confirmed by the
data from Karczma Borowa and Maskulińskie. Our results have also revealed the smallest
range of mass variation in older individuals, i.e., over 12 years of age in the populations
from Karczma Borowa and Maskulińskie. According to Zalewski and Szczepanski [43],
in populations in Northeastern Poland, the full physical development of red deer stags
occurs between 6 and 7 years of age. Our study indicated a loss of carcass mass during
the post-horn period in all populations studied. The lowest mass loss occurred in the
Maskulińskie population (a decrease of about 22.6%) and the highest in the Kluczbork (a
decrease of about 27.8%) within a winter period. The results obtained are consistent with
those presented by Nasiadka et al. [10], who reported a range of carcass mass loss between
20 and 35% over that period. The observed pronounced decrease in the carcass mass of
stags is a result of the high energy costs of the rigor they underwent.

Beside the importance of climatic conditions, the carcass mass may be also shaped by
the forage and food, which is connected with the forest habitat type. It has been also proved
that the proportional abundance of broadleaved forest in the total cover area is crucial for
the condition of individual red deer [9]. In our forests, the total forest area ranges from
~12 to ~28 thousands of ha, which means that we had large forest areas where abundant
populations may occur. Further, the proportional abundance of broadleaved forest was
highest in Kluczbork (~60%) and Karczma Borowa (~50%) and lowest in Maskulińskie
(~10%) forests. Previous studies of Wajdzik et al. [9] proved that less afforested areas (forest
area < 40%) with higher proportion of fields were characterized by higher red deer carcass
mass in all age classes when compared to stags living in forest areas (forest area > 40%).
Similar observation was also done by Mysterud et al. [15]. Our studies were conducted in
typical forest areas (forest area > 40%); therefore, among environmental factors, only the
proportional abundance of broadleaved species may be important. Moreover, all analyzed
populations had similar densities. Earlier start of the growing season has an impact on
sooner access to high-quality forage, which affects the condition of individuals (carcass
mass) and can manifest itself in better antler quality. In our study, the growing season was
similar between locations and ranged from 200 to 210 days. This difference may be crucial
in the case of particularly harsh winter conditions (when it is difficult for animals to access
food for a longer period of time), which could manifest itself in lower carcass mass in the
population from Maskulinskie. The observed effect of environmental conditions on the
increase in carcass mass of stags may reflect selection related to access to does and thus
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to reproduction success and the transmission and maintenance of the genetic pool in the
population [44].

We observed that antler mass depends on stag age but is not affected by envi-
ronmental conditions such as temperature or precipitation. The effect of stag age on
antler development, including antler mass, has been repeatedly documented by other
researchers [42,43,45]. We observed that the average antler mass of the stags in Karczma
Borowa was higher in each age class compared with those in the other populations. On the
other hand, the highest increase in antler mass occurred at up to 9 to 11 years of age (age
class 4), which is consistent with the results presented by Łabudzki [34] from the Greater
Poland area and Zalewski [46] from the Warmia and Mazury areas. Our results revealed
the largest antler mass to be in Karczma Borowa (8.60–9.40 kg) in 11- to 13-year-old stags.
In other populations, we obtained lower values, i.e., in Kluczbork (5.8–6.3 kg) for ages 10
and 11, and in Maskulińskie (6.3–6.7 kg) for ages 11–15. Our results are in line with those
of Zalewski [46], who noted the culmination of antler mass at 6.3 kg at 9–12 years of age
in the Warmia and Mazury regions. On the other hand, Łabudzki [34] showed climaxes
that occurred at 11 (5.13 kg) and 12 (5.04 kg) years of age. Similar results from the Pisz
Forest area were obtained by Żurkowski [47], who noted that antler mass climaxed at the
age of 7–10 years and obtained values from 4.1 to 4.7 kg. The highest antler mass was
for stags at age 11 (5.6 kg). Similar correlations were recorded for the population in Bory
Tucholskie, where the highest average antler mass (5.9 kg) was recorded for stags aged 11
and older [48]. The development of antler mass in all the presented populations did not
differ from the results presented by other authors.

Antler mass of stags was age-related, but not related to climatic factors. Both antler
mass, as well as antler investment, were stag age dependent. Red deer from Karczma
Borowa had heavier antlers, and antler investment reached higher values than other
populations. However, Karczma Borowa and Kluczbork were characterized by lower
frequency (~40%) of regular antler form compared to Maskulinskie, where more than 60% of
all harvested stags had R antler form. Red deer that had NR antler forms were characterized
by higher index of antler development and higher antler mass, which can be connected to
fluctuating asymmetry theory. According to that theory, in stress conditions, red deer stags
could invest resources into production of regular, symmetrical antler form that further
underlines the importance of antler shape in reproductive success [49]. Moreover, cost
related to secondary sexual traits, e.g., antler development, can be modulated not only
by production cost, but also by benefits resulting from their presence. Antler size is also
dependent on the level of intra-sexual competition; thus, red deer males living in female
groups produced smaller antlers compared to red deer living in male groups [50]. It was
also observed that, each year, approximately 6% of red deer are injured in a fight [51].
Therefore, higher antler mass as well as better quality, described by antler investment and
symmetrical form, could be quantitative markers of stag condition. We observed that, in
harsh conditions, red deer had lower carcass mass and antler mass, and although antler
investment was decreased, red deer more often had symmetrical antler form. On the other
hand, red deer living in better environmental conditions with potentially more available
resources and lower cost of thermoregulation had higher carcass mass, antler mass, and
antler investment, but more often individuals produced non-regular antler form. Thus,
sexually selected traits are expected to represent the quality of the individual bearing
them [52], and more symmetrical antler form results in lower probability of antler damage
during fighting [53], as well as possibly higher reproductive success; therefore, red deer
living in harsh environmental conditions can be described by better individual condition
compared to individuals living in better conditions. Further, red deer living in better
environmental conditions with higher resource availability can invest more in antler mass;
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thus, it can compensate for the presence of non-regular antler form. Moreover, as others
have pointed out, antler building (antler investment) depends on age but is also affected by
food availability, red deer density, and climate [5,54–56]. In our study, density of red deer
population was highest in Kluczbork, but not in Karczma Borowa where we observed the
highest antler mass. Mateos et al. [49] found that environmental variability is less important
in individuals at the prime age. The development of antlers is a product of individual
potential, functional needs, and the availability of building substances, which mainly
come from food intake. The availability of agricultural land determines increased carcass
mass [57], as well as carcass and antler mass [9]. In Southwestern Poland, stags with higher
antler mass were recorded, which is consistent with the results obtained from the Kluczbork
area in our study. Similar relationships have been reported in populations in northern Italy,
in areas characterized by large areas of agricultural land [5]. These relationships can be
explained by increased environmental diversity [33] and a long ecotone that fills the needs
of this species [9,58,59]. However, our outcomes similar to other studies conducted on wild
animals, could also undergo hunter-selection pressure.

5. Conclusions

Environmental conditions shape individuals’ features related to secondary sexual traits.
Our data indicated that individual quality of red deer stags described by carcass mass is
controlled by environmental factors (precipitation, mean minimal temperature, and number
of days with frost), but those factors had no impact on antler mass and antler investment.
Moreover, harsh environmental conditions can promote the presence of regular antler form,
and these can also be controlled by genetic selection or adaptation. Our observation confirms
that resource trade-off is related to secondary sexual traits of red deer.
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Appendix A

All data were presented within the manuscript.

Table A1. Numbers of Red Deer classified according to different forms of antlers within different age
classes that were hunted-harvested in three populations—Karczma Borowa (KB), Kluczbork (KLU),
Maskulińskie (MAS)—in the years 2017−2021. Each number represents the maximum tines for all
beams. NR—irregular form; R—regular form, SP—spike form; F—fork, B—bizarre form.

Antler Form
KB KLU MAS

Total
2nd 3rd 4th 5th Total 1st 2nd 3rd 4th 5th Total 1st 2nd 3rd 4th 5th Total

SP - - - - - - - - - - - 3 - - - - 3 3
F - - - - - - 2 - - - 2 - - - - - - 2

6NR - - - - - - 2 - - - 2 - - - - - - 2
6R - - - - - - 33 1 - - 34 - 11 - - - 11 45

8NR 3 - - - 3 - 35 5 1 - 41 - 4 2 - - 6 50
8R 2 3 - - 5 - 20 22 1 - 43 - 14 5 - - 19 67

10NR 1 3 - - 4 - 9 48 4 - 62 - 6 2 - - 8 73
10R 5 8 1 - 14 - 5 32 7 1 45 - 8 7 2 - 17 76

12NR - 8 2 - 10 - 3 36 21 - 60 - 1 8 4 1 14 84
12R 1 6 3 - 10 - 1 4 8 - 13 - - 7 1 - 8 31

14NR 1 6 9 4 20 - 1 2 6 - 9 - 1 3 7 1 12 41
14R - 1 3 1 5 - - 1 8 - 9 - - 3 5 2 10 24

16NR - 1 3 - 4 - - - 7 - 7 - - 1 - - 1 12
16R - - - 1 1 - - - - - - - - 1 - - 1 2

18NR - - 1 2 3 - - - 1 - 1 - - - 1 - 1 5
18R - - 1 - 1 - - - - - - - - 1 - - 1 2

20NR - 1 2 - 3 - - - 1 - 1 - - - 1 - 1 5
22NR - - - - - - - - - - - - - - 1 - 1 1
24NR - - 1 - 1 - - - - - - - - - - - - 1

B - 2 3 - 5 1 8 6 - - 15 - - 2 2 - 4 24

Total 13 39 29 8 89 1 119 157 65 1 343 3 45 42 24 4 118 550
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46. Zalewski, D. An Analysis of Selected Phenotypic Traits of Red Deer (Cervus elaphus L.) Males and an Evaluation of Red Deer Population

Management in the Hunting Areas in the Province of Warmia and Mazury (NE Poland); Uniwersytet Warmińsko-Mazurski w Olszynie:
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Monitoring Wildlife Using Camera Traps: Effect of Bait Type in
Pine Plantations and Natural Hardwood Stands
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Abstract: Camera traps across from cages baited with either sardines or suet were installed
in forests on the campus of Ferrum College in Virginia, USA, during the Fall and Spring
seasons over two years. The objective of this study was to determine the vertebrate wildlife
abundance and species composition in natural hardwood forests with mixed pine species
compared to pine plantations. We found that the forest type and bait preference differed
among the species by season. The relative abundance of natural foods and the need for
winter thermal cover may explain the capture success in this study.

Keywords: wildlife habitat use; camera trapping; wildlife monitoring; Virginia; forests

1. Introduction

Camera traps are motion-triggered devices that are useful and cost-effective for short-
and long-term passive monitoring of wildlife and allow for estimates of species detection,
relative population abundance, and activity patterns [1,2]. The placement of camera
traps is important for camera captures, and includes choosing the correct habitat for the
target species, locating traps along travel corridors and log features, and the season of
wildlife activity [3,4].

Using baits or lures could increase the capture efficiency of animals, but could also
include bias, especially for estimates of the population size [5]. Studies have shown that
different types of baits have varying success in attracting wildlife to camera traps. For
example, [2] Randler [2] found that different baits, such as tuna and mustelid mix, affected
the detection and the number of images taken by camera traps. Ferreira-Rodríguez and
Pombal [6] tested four attractants (chicken, canned sardines, peanut butter, and cat urine)
and found that fish and meat baits had the best performance.

The forest type may also influence wildlife habitat use and camera traps may allow
for the quantification of species habitat use to inform natural history studies and manage-
ment [7]. Deciduous (hardwood) forests typically have a better habitat structure for wildlife
than pine plantations for many species [8]. Deciduous forests typically also offer more
food resources, particularly hard mast provided by tree species such as oaks (Quercus),
hickories (Carya), and beech (Fagus) [9]. These are important food resources for species
such as White-tailed Deer (Odocoileus virginianus), White-footed Mice (Peromyscus leucopus)
and Gray Squirrels (Sciurus carolinensis), among others.

Pine plantations provide pine seeds, which are food sources for some species, but
because they are monocultures, they offer less structure and food diversity for wildlife.
There is a lack of comparative studies in the literature comparing natural hardwood forests
and pine plantations using camera traps and whether the type of bait may influence the
captures of wildlife in these forest types.
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In this study, we used baited camera traps to determine wildlife use of pine planta-
tions compared to natural mixed deciduous–pine forests at multiple sites at a property
in southwestern Virginia over four sampling periods from 2022 to 2024. During the last
two sampling periods, we also compared habitat use with cages baited with two different
types of bait (canned sardines and suet cakes).

2. Materials and Methods

The study was conducted at four sites on the campus of Ferrum College in Franklin
County, Virginia, USA, during the Fall and Spring seasons from 2002 to 2024. At each
site, we placed two camera traps in stands dominated by deciduous forest with some pine
trees (hereafter referred to as “hardwood”) stands and also an adjoining pine plantation
(hereafter referred to as “pine”) stands. Hardwood stands were mature (>80 years old)
mixed pine–hardwood forests with the canopy dominated by Oak (Quercus spp.), Red
Maple (Acer rubrum), Tuliptree (Liriodendron tulipifera), and White Pine (Pinus strobus) tree
species. All hardwood stands were selectively logged approximately 30 years ago. Pine
stands were either Loblolly Pine (Pinus taeda) stands approximately 60 years old or White
Pine stands approximately 30 years old. We selected sampling sites in different parts of the
Ferrum College campus where there were adjacent hardwood and pine stands.

All camera traps in this study were STC-PC12 V2 Stealth cameras (Stealth Cam, LLC,
Irving, TX, USA). They were mounted on trees using a strap at a height of 1.5 m. Across
from the camera traps at the same height and at a distance of 5–10 m were 12 × 12 cm
metal cages affixed to a tree with elastic cords that contained either a partially opened can
of sardines in soybean oil or a high-energy suet cake (C&S products Inc., Fort Dodge, IA,
USA) (Figures 1 and 2). Suet cakes are typically used for attracting songbirds, but can also
attract mammals. Traps were set to take two photos with a delay time of 30 s between
camera captures. We recorded one capture of an animal once per photo session. Repeated
captures that appeared to be same animal were not counted unless there was a 30 min
delay in a photo capture. We did not differentiate between animals upon appearance and
acknowledge that captures may include repeated captures of the same animal even if they
included the 30 min new capture counting delay. In some cases, captures included more
than one animal of the same species. In this case, all animals were counted.

We installed camera traps during two seasons (Fall and Spring) in adjoining hardwood
and pine stands in two sampling periods: 2022–2023 and 2023–2024. Fall sampling occurred
between August and November and Spring sampling occurred between February and
April. In both Fall and Spring sampling seasons, we sampled two different pairs of pine and
hardwood stands with camera sampling periods in each stand lasting 14 days. Cameras
were checked for battery status and photos were downloaded every 7 days. We also
replaced bait each 7 days.

In the 2022–2023 sampling period, we only baited traps with canned sardines, but
in the 2023–2024 sampling period, we baited one trap with sardines and the other with
suet. To reduce the possibility of attracting wildlife to both traps in the same location, we
separated traps with different bait types by at least 20 m.

Because we did not uniformly trap all bait types, forest types, and seasons, we mostly
used descriptive statistics in this paper for overall results that were summed over all camera
traps per forest type and bait. We also used chi-square contingency tests for the various
treatments for overall captures and individual species where there appeared to be a possible
statistically significant differences between forest types or bait types.
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Figure 1. Camera photo of a Black Bear at sardine bait in a White Pine plantation.

 

Figure 2. Camera photo of a Raccoon at suet bait in hardwood forest.

3. Results

Comparing only the habitat use of pine and hardwood stands during the first year
of the study, we recorded six identifiable species in the hardwood stands and only
three identifiable species in the pine stands in the Fall of 2022 (Table 1). There were more
than 3× the number of captures in the hardwood stands (p < 0.001), mainly due to a very
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large number of captures of White-tailed Deer (Odocoileus virginianus) (p < 0.001). We
captured five photos of Black Bear (Ursus americanus) in the hardwood stands and none in
the pine stands. There were numerous captures of Raccoon (Procyon lotor) in both forest
types. Only Southern Flying Squirrel (Glaucomys volans) had more camera captures in the
pine plantations than hardwood forests.

Table 1. Total camera photos of wildlife species in the Fall of 2022 in deciduous forests (hardwood)
and pine plantations. Photos were considered unique if an individual animal of a species was
photographed at least 30 min later than the first photo.

Fall 2022 Forest Type

Species Hardwood Pine Plantation

Black Bear (Ursus americanus) 5 0

Gray Squirrel (Sciurus carolinensis) 1 0

House Cat (Felis catus) 1 0

Raccoon (Procyon lotor) 16 15

Southern Flying Squirrel (Glaucomys volans) 3 6

Virginia Opossum (Didelphis virginiana) 1 0

White-tailed Deer (Odocoileus virginianus) 45 2

Unidentified 5 2

TOTAL 77 25

In the Spring of 2023, there were seven identifiable species of wildlife with camera
captures in hardwood stands and five in pine plantations (Table 2). Summed over all the
species, there were nearly 1.5× more camera captures of wildlife in the pine plantations
than the hardwood forests, but this difference was not significant (p = 0.19). This trend
was mostly due to a larger number of captures of Raccoon (p = 0.003) and White-tailed
Deer (p = 0.09) in the pine plantations compared to hardwood forests. Unlike in the Fall
season, there was a larger number of captures of Southern Flying Squirrel in the hardwood
forests (p = 0.03).

Table 2. Total camera photos of wildlife species in the Spring of 2023 in deciduous forests (hardwood)
and pine plantations. Photos were considered unique if an individual animal of a species was
photographed at least 30 min later than the first photo.

Spring 2023 Forest Type

Species Hardwood Pine Plantation

Gray Squirrel (Sciurus carolinensis) 15 16

Pileated Woodpecker (Dryocopus pileatus) 1 0

Raccoon (Procyon lotor) 5 27

Southern Flying Squirrel (Glaucomys volans) 13 2

Virginia Opossum (Didelphis virginiana) 8 10

White-footed Mouse (Peromyscus leucopus) 2 0

White-tailed Deer (Odocoileus virginianus) 3 12

Unidentified 2 2

TOTAL 49 69
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Unlike in the Fall of 2023, there were more species captures in the pine plantations
(7) than in the hardwood forests (3) (Table 3). The number of captures was also higher in
the pine plantations, mainly due to a larger number of White-tailed Deer and Raccoons
(p = 0.09). Only Gray Squirrel (Sciurus carolinensis) had higher captures in the hardwood
stands. Although not statistically significant, captures were higher for the cameras baited
with suet than those with sardines, particularly for White-tailed Deer and Raccoons. Only
Gray Squirrel and Black Bear had higher captures for the cameras baited with sardines.
Gray Fox (Urocyon cinereoargenteus), Virginia Opossum (Didelphis virginiana), and Tufted
Titmouse (Baeolophus bicolor) were only captured at sites baited with suet.

Table 3. Total camera photos of wildlife species in the Fall of 2023 in deciduous forests (hardwood)
and pine plantations with contrasting bait types (sardines and suet). Photos were considered unique
if an individual animal of a species was photographed at least 30-min later than the first photo.

Fall 2023 Forest Type

Hardwood Pine Plantation

Species Sardines Suet Sardines Suet

Black Bear (Ursus americanus) 0 0 2 1

Gray Squirrel (Sciurus carolinensis) 3 0 1 1

Gray Fox (Urocyon cinereoargenteus) 0 0 0 1

Raccoon (Procyon lotor) 10 12 17 20

Tufted Titmouse (Baeolophus bicolor) 0 0 0 1

Virginia Opossum (Didelphis virginiana) 0 0 0 2

White-tailed Deer (Odocoileus virginianus) 2 8 5 16

Unidentified 0 0 2 0

TOTAL 15 20 27 42

In the Spring of 2024, there were 11 species captured in the pine plantations and
only 6 species in the hardwood stands (Table 4). There were larger numbers of captures
of species in pine stands than in the hardwood stands (p < 0.001), particularly for pine
stand cameras baited with sardines, driven mostly by captures of Raccoons (p < 0.001) and
Opossums (p = 0.03). Songbirds, in general, were only captured at the sites baited with
suet, most of these in pine plantations. In the hardwood stands, there was an equal number
of captures for the cameras baited with sardines and suet. White-tailed Deer had more
captures in the hardwood stands (p = 0.05).

Table 4. Total camera photos of wildlife species in the Spring of 2024 in deciduous forests (hardwood)
and pine plantations with contrasting bait types (sardines and suet). Photos were considered unique
if an individual animal of a species was photographed at least 30 min later than the first photo.

Spring 2024 Forest Type

Hardwood Pine Plantation

Species Sardines Suet Sardines Suet

American Crow (Corvus brachyrhynchos) 2 0 0 0

Coyote (Canis latrans) 0 0 1 0

Gray Squirrel (Sciurus carolinensis) 0 0 3 1

Gray Fox (Urocyon cinereoargenteus) 0 0 1 0

Hairy Woodpecker (Leuconotopicus villosus) 0 2 0 0
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Table 4. Cont.

Spring 2024 Forest Type

Hardwood Pine Plantation

Species Sardines Suet Sardines Suet

Hermit Thrush (Catharus guttatus) 0 0 0 2

Raccoon (Procyon lotor) 4 7 29 18

Southern Flying Squirrel (Glaucomys volans) 2 0 4 0

Tufted Titmouse (Baeolophus bicolor) 0 0 0 4

Virginia Opossum (Didelphis virginiana) 0 5 13 6

White-breasted Nuthatch (Sitta carolinensis) 0 0 0 2

White-footed Mouse (Peromyscus leucopus) 0 0 0 3

White-tailed Deer (Odocoileus virginianus) 10 3 1 2

Unidentified 0 0 0 1

TOTAL 18 17 52 39

4. Discussion

The number of captures among species differed by season and bait type (bait was
only used in the second year of sampling). The most common species captured were
White-tailed Deer and Raccoons, and to a lesser extent Virginia Opossums, Gray Squirrels,
and Southern Flying Squirrels.

White-tailed Deer are very abundant in the area and the photos of this species varied
greatly between seasons. As herbivores, they were unlikely attracted to the bait, but
perhaps were captured more due to other factors, such as the hard mast availability or
winter thermal cover [9,10]. The large number of captures of White-tailed Deer in the
hardwood stands in the Fall of 2022 may be due to an abundance of acorn nuts (Quercus
hard mast) in that season during that year. Interestingly, deer captures were much lower in
the following Spring and following Fall and tended to be higher in the pine plantations.
Then, they were captured more frequently in the hardwood stands in the Spring of 2024.

Raccoons were commonly captured in all years and seasons, but in the Fall seasons,
they were equally abundant in the hardwood and pine plantations. The camera captures
indicated a strong preference, however, for the pine plantations in the Spring seasons.
Raccoons are opportunistic omnivores [11], but perhaps were more attracted to bait during
the Spring seasons when there was the most food scarcity and their preference for pine
stands may also have been related to the greater thermal winter cover provided there.
They were particularly attracted to the sardines compared to the suet in the second year,
perhaps because they often locate food by olfactory sensing [11]. Virginia Opossums
are also opportunist omnivores [11] and their captures showed a similar trend to those
of Raccoons.

The two squirrel species captured in this study included the Eastern Gray Squirrel
and the Southern Flying Squirrel. Gray Squirrels are diurnal and Flying Squirrels are
nocturnal. Both rely heavily on hard masts, particularly in the Fall, but also rely on acorns
in the Winter and Spring by scatter-hoarding or caching food [11]. Their captures indicate
a general preference for hardwood stands, but Southern Flying Squirrels also were more
abundant in some seasons in the pine plantations, contrary to a previous live capture study
in the forests at these sites [6].

Black Bears were only captured on camera in the Fall, which was expected because
this species feeds heavily in the Fall and hibernates in Virginia from November to April.

36



Forests 2025, 16, 324

The few captures indicated a preference for the hardwood stands in the Fall of 2022 and for
the pine plantations in the fall of 2023.

Few bird species were captured during the first year, when only sardines were used
as bait. The camera captures of songbirds, although not in large numbers, became more
numerous at the suet-baited cameras in year 2. All of the captures occurred in the Spring of
2024 in the pine plantations, which could be explained by the food scarcity at that time of
year and the need for more thermal cover provided by the pine plantations [12].

One surprising result of this study was the larger number of wildlife photos recorded
in the pine plantations compared to the hardwood forests. Hardwood forests tend to have
more food and habitat structure for wildlife [8,9]. It should be noted, however, that most
of the species in this study have relatively large home ranges and their occurrence in pine
plantations in close proximity to hardwood stands may not be unexpected, particularly in
spring, when there is more thermal cover in pine plantations.

5. Conclusions

Like other studies, this study indicates the usefulness of camera trapping for detecting
and monitoring wildlife species and determining their habitat preferences. It also showed
that the type of bait provided in front of the camera traps can attract different species of
wildlife and may vary in capture success during different seasons. The relative abundance
of habitat structure and natural foods during certain seasons may also play a strong role in
camera capture success.
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Abstract: Habitat degradation poses a critical threat to the Malabar slender loris (Loris
lydekkerianus malabaricus), yet little is known about its microhabitat requirements in in-
tact forest. In Aralam Wildlife Sanctuary, we combined nocturnal trail surveys (337 loris
sightings) with plotless sampling of 2830 trees (86 species from 35 families) to characterize
both vegetation structure and loris presence. Our results show that lorises occur almost
exclusively in mildly degraded wet evergreen and secondary moist deciduous subcanopies,
where understory trees and climber networks provide continuous pathways. Individuals
are most often encountered at heights of 5–15 m—ascending into higher strata as the night
progresses—reflecting a balance between foraging access and predator avoidance. Sub-
strate analysis revealed strong preferences for twigs ≤ 1 cm (36.98%) and small branches
2–5 cm in diameter, oriented obliquely to minimize energetic costs and maintain stability
during slow, deliberate arboreal locomotion. Day-sleeping sites were overwhelmingly
located within dense tangles of lianas on large-girth trees, where intertwined stems and
thorny undergrowth offer concealment from both mammalian and avian predators. Vege-
tation surveys documented a near-equal mix of evergreen (50.6%) and deciduous (49.4%)
species—including 26 endemics (18 restricted to the Western Ghats)—with Aporosa car-
diosperma emerging as the most abundant riparian pioneer, suggesting both ecological
resilience and potential simplification in fragmented patches. Complementing field ob-
servations, our recent habitat-suitability modeling in Aralam indicates that broad-scale
climatic and anthropogenic factors—precipitation patterns, elevation, and proximity to
roads—are the strongest predictors of loris occupancy, underscoring the interplay between
landscape-level processes and microhabitat structure. Together, these findings highlight
the imperative of multi-strata forest restoration—planting insect-hosting native trees, main-
taining continuous canopy and climber networks, and integrating small “mini-forest”
modules—to recreate the structural complexity vital for slender loris conservation and the
broader resilience of Western Ghats biodiversity.

Keywords: prosimian; microhabitat selection; arboreal locomotion; sleep-site concealment;
habitat restoration; terrestriality; mini-forest reforestation; insect-hosting tree species
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1. Introduction

The examination of how nonhuman primates use space is a central concern in socio-
ecological research, particularly because patterns of spatial behavior are intimately linked
to a species’ ability to survive, thrive, and reproduce within a given landscape [1,2]. The
choices that individuals or groups make in selecting and occupying specific microhabitats
within their home ranges are shaped by a variety of ecological factors—ranging from
food availability to shelter, predator presence, and microclimatic conditions. Numerous
studies have demonstrated that primates often exhibit a strong preference for areas of
intact, minimally disturbed primary forest or mature secondary forest. These habitats are
typically characterized by greater structural complexity, including well-developed canopy
layers, and tend to offer more reliable and abundant food resources, both of which are
crucial for the daily energetic demands and long-term reproductive success of primate
populations [3–5].

However, across the globe, the integrity of such habitats is increasingly compromised
by anthropogenic pressures, particularly habitat fragmentation. Among the various forms
of disturbance that threaten primate survival, fragmentation remains one of the most
pervasive and ecologically consequential [6]. Fragmentation disrupts the continuity of
forest cover, leading to a patchy landscape in which the size, shape, and isolation of habi-
tat fragments can drastically affect species richness, alter species interactions—including
predator–prey dynamics—and reduce overall habitat suitability [7–9]. In addition to these
biological consequences, fragmentation also changes the physical environment: temper-
ature, humidity, and light penetration are all subject to alteration along forest edges and
within smaller patches, which in turn affects biotic interactions in complex and often
unpredictable ways [10]. Moreover, most forest fragments, especially in heavily settled
regions, are not only small and isolated but also suffer from ongoing degradation due to
illegal logging, livestock grazing, invasive species, and other forms of human activity [11].
For conservation efforts to be successful, particularly in fragmented and degraded land-
scapes, it is imperative to restore habitats in ways that are informed by a clear understand-
ing of a species’ ecological requirements under more pristine conditions. Unfortunately,
for many primate species and subspecies, particularly those that are nocturnal, cryptic,
or understudied, such baseline information from intact habitats remains unavailable or
insufficiently documented.

This gap in knowledge is especially critical in the context of the Western Ghats of
India, a global biodiversity hotspot that harbors an exceptionally rich assemblage of flora
and fauna, including several endemic primates. Despite its ecological significance, the
region faces intense conservation challenges due to widespread habitat fragmentation,
high human population density, and competing demands on land use [12]. While large
tracts of forest in the Western Ghats have been formally brought under a protected area
network, these protected zones are interspersed with, and often surrounded by, highly
fragmented and human-impacted landscapes. Restoration of these degraded fragments is
both ecologically urgent and logistically complex, and demands a grounded understanding
of how focal species interact with forest structure in relatively undisturbed settings. Against
this backdrop, the present study focuses on the habitat structure and habitat use of the
slender loris, a small, nocturnal, and arboreal primate that occurs in the Western Ghats,
specifically within relatively intact rainforest environments.

The genus Loris comprises two species: the Red Slender Loris (Loris tardigradus Lin-
naeus, 1758) and the Grey Slender Loris (Loris lydekkerianus Cabrera, 1908), both of which
are distributed in southern India and Sri Lanka. Of the two, L. lydekkerianus has a broader
geographic distribution [13]. Within India, L. lydekkerianus is further subdivided into two
subspecies: the Mysore Slender Loris (L. l. lydekkerianus) and the Malabar Slender Loris
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(L. l. malabaricus), the latter being endemic to the southwestern slopes of the Western
Ghats [14,15]. In India, the slender loris is accorded the highest level of protection at the
national level, under Schedule I, Part I of the Wildlife (Protection) Act, 1972, while inter-
nationally, IUCN lists the species as ‘Near Threatened’ as they are significantly declining
because of widespread habitat loss and hunting through much of its range [16]. Although
these animals are relatively widespread in terms of their historic range, recent decades
have witnessed significant declines in their populations due to forest fragmentation, habi-
tat degradation, and direct anthropogenic threats such as hunting and trapping. As a
result, many populations today are restricted to isolated patches of remnant forest, with
little connectivity between them [16]. Conservation strategies and long-term management
plans remain largely undeveloped, in part because of a critical lack of data on the species’
fine-scale habitat preferences within natural, undisturbed forest ecosystems [16,17].

Loris l. malabaricus is distributed throughout the western slopes of the Western Ghats,
south of the Tapti River [18]. The species has been reported from a variety of habitat types,
including undisturbed rainforests, rainforest scrub at higher elevations, moist deciduous
forests, degraded rainforest edges, and even within human-modified landscapes such as
cardamom plantations [19,20]. Despite its apparent ecological plasticity, the species is
strictly arboreal and highly dependent on canopy connectivity for its locomotion, foraging,
and predator avoidance. [21–23]. In highly fragmented habitats, slender lorises are occa-
sionally forced to descend to the ground—a behavior that exposes them to increased risk
and suggests a compromised habitat structure [17]. They are assumed to have very slow
life history parameters and a low rate of reproduction due to their consumption of toxic
insects [24]. Lorises employ obscure and noiseless movements, immobility, inconspicuous
retreat, or rapid flight upward as modes of defence [15].

Yet, despite its ecological importance and conservation urgency, research on L. l. mal-
abaricus remains limited, sporadic, and geographically uneven. In order to better under-
stand the ecological needs of this species and to inform restoration efforts in fragmented
landscapes, we conducted the present study in Aralam Wildlife Sanctuary—one of the
few remaining areas known to support a relatively high abundance of slender lorises [25].
Our primary aim was to characterize the structure of habitats preferred by L. l. malabaricus
within a largely intact rainforest setting. This is especially critical given recent predictive
models suggesting that suitable habitat for the species may decline by as much as 52%
by the year 2070, primarily due to ongoing land-use changes and climate-related shifts in
vegetation patterns [26].

A recent study conducted in the same sanctuary identified basal area, tree species
richness, and certain forms of human disturbance—such as branch lopping and tree
felling—as positive determinants of loris occupancy, suggesting that the species may
tolerate, or even prefer, mildly disturbed secondary forest [14]. While previous obser-
vations indicated that lorises were less likely to be active in areas with dense climber
cover, we hypothesized that such tangled vegetation might serve as preferred sleeping
sites due to the concealment it offers from predators and environmental exposure. Given
the loris’ arboreal lifestyle and its inability to leap, we also expected the species to favor
microhabitats with slender twigs and small branches that facilitate cautious, deliberate
locomotion. Additionally, we predicted that lorises would prefer supports that are oblique
in orientation—rather than strictly vertical or horizontal—as such structures likely offer a
more energetically efficient and biomechanically feasible path through the canopy. Through
this study, we aim to contribute much-needed ecological insights into the habitat prefer-
ences of L. l. malabaricus in a relatively undisturbed rainforest context, thereby informing
future conservation and habitat restoration efforts across the Western Ghats.
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2. Materials and Methods

2.1. Study Site

We conducted the present study in Aralam Wildlife Sanctuary in the south Indian state
of Kerala (Figure 1). Spread over 55 km2, the sanctuary is situated in the western slopes of
the Western Ghats range. Lying between 11◦59′ N and 11◦54′ N and 75◦47′ E and 75◦57′ E,
the elevation of the site varies from 50 m to 1145 m. The vegetation consists of moist
deciduous forest, semi-evergreen forest, evergreen forest, and plantations [14,27]. The
temperature varies from 21 ◦C to 40 ◦C at the foothills and 8 ◦C to 25 ◦C at high altitudes,
and the annual rainfall in the region is about 3000 mm [14,27]. A tribal settlement forms
a fringe around the study site, with the Aralam Farm on one side and shares boundaries
with three townships/human habitation on the other. The Valapattanam river creates a
natural boundary line on the township area side [14,27].

Figure 1. Map of Aralam Wildlife Sanctuary showing the occurrence of lorises.

2.2. Observation of Slender Loris Habitat Use

SDG carried out behavioral observations of slender lorises over a period of two years
from March 2014 to March 2016, for a total of 1560 h. Due to a lack of continuous visibility
under the dense forest conditions, SDG recorded the behavior of the animal at the time
of the first contact following the method used by Charles-Dominique and Bearder [28],
Gamage [21], and Nekaris [29,30].

SDG conducted the study between 19.00 h and 6.00 h on foot with a walking speed
averaging 1 km/h [25,31]. SDG carefully scanned the trees to find lorises during the walks.
SDG spotted the animal by its unique orange-red tapetal reflection to light emitted by
reduced intensity (~200 lumens) Petzel headlamps covered with red cellophane sheets.
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SDG marked the loris presence trees (trees in which lorises were spotted) using a broad
satin ribbon to facilitate vegetation sampling during the day.

Lorises were detected via eyesight, and a range finder (Bushnell Medalist), was
subsequently used to estimate their height on the tree. On spotting a loris, SDG recorded
the data pertaining to the age class of the individual (adult male, adult female, juvenile,
or infant) [32], the tree species the loris was spotted on, the height at which the loris was
spotted and the tree height, the part of the tree used, clumped or single status of the tree,
the size and the angular orientation (vertical, horizontal, oblique) of the substratum, and
the behavioral activity of the loris. SDG also recorded the information on the presence or
absence of climbers, species of climbers, and the angle of orientation of the climbers [29,32].
SDG collected the feeding ecology data only when we spotted a loris feeding or foraging
for food, leading to the catching of prey and its consumption. The data included the tree
species, the height at which SDG spotted the loris, and the food item it was feeding on.

2.3. Vegetation Sampling

SDG employed a plotless sampling technique [33] around 337 loris presence trees to
ascertain the characteristics of the habitat used by the loris. We defined a tree as one with a
girth > 10 cm. SDG divided the region around the loris presence tree into four quadrats
by placing two sticks perpendicular to each other. In each quadrat, SDG measured the
distance between the nearest tree (N) and the loris encountered tree (MP), and the nearest
neighbor of the tree (NN) in the same direction. SDG collected all data within the area,
including the four quadrats [33,34]. This area is being referred to as a plot in our study.

For classification and nomenclature of trees, we followed Sasidharan [35,36]. Data
related to tree density included species and family names, distance from the previous tree
(MP-N) and to the nearest neighbor (N-NN), tree height measured with a range finder, and
girth (circumference) of the trunk at breast height (CBH).

As lorises cannot jump beyond 0.3 m [37], continuity of arboreal substrate is important
for the slender loris’ locomotion [30,34]. We defined the arboreal connectivity as the
connectivity between one tree and another through the intersection between leaves or
branches (leaf connectivity) or with the help of climbers (climbers’ connectivity). We
visually measured the percentage of arboreal connectivity (leaf connectivity and climbers’
connectivity) between the trees and the canopy cover using the Braun-Blanquet cover-
abundance scale [34,38,39]. We examined the canopy strata of the trees based on the spread
of their leaves and branches. We classified them as canopy, subcanopy, and bushes. SDG
also observed lorises feeding off the ground; hence, we also measured the percentage of
ground cover using the Braun-Blanquet cover-abundance scale, relative density of saplings
with CBH > 10 cm, and herbaceous vegetation between MP-N and N-NN trees [34,38,39].

SDG recorded the presence or absence of climbers on each tree and the species of
these climbers. Previous studies reported that Lorisiforms used dense tangles or holes as
their sleeping sites [40]. So, we identified the potential sleeping sites by looking for dense
climbers’ tangles, densely tangled branches forming a nest or holes on trees inside the plot
or next to the plot. We recorded the presence or absence of sleeping sites, including climber
tangles or branch tangles and tree holes, the tree species they were found on, and the name
of the climbers they were associated with [34,41].

2.4. Data Analysis

We used the shortest distance between MP and N among the four quadrats to
calculate the tree density using the T-square method [33,34]. The equation used was
D = m2/(2.828 Σixi × Σizi), where D is the tree density (trees/ha), m is the number of loris
presence trees (MP), xi is the distance from MP to the closest neighbor (N), and zi is the
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distance to the nearest neighbor (NN). We also carried out a test of random distribution
using the equation t = {Σi [xi

2/(xi
2 + zi

2)/2] − m/2}
√

12/m. If t is greater than +1.96,
the distribution is significantly more regular than a random distribution; if it is less than
−1.96, it is significantly clumped [33,34]. CBH was divided by π to give the diameter at the
breast height (DBH). We calculated the basal area of the trees using the equation CBH2/4π
in m2/ha.

We used chi-square tests to compare leaf and climbers’ connectivity, frequency of
lorises at various heights, the size of the substrates used by the lorises, orientation of
substrates and climbers, and time spent by lorises at various places. We used the Kruskal–
Wallis Analysis of Variance test for temporal distribution at different time periods, and
across seasons.

2.5. Ethical Note

The study was non-invasive and followed the guidelines of best practices for field Pri-
matology from the International Primatological Society. We followed recommendations for
behavioral observations on nocturnal primates, such as the use of red light and appropriate
distances maintained during observations. The Principal Chief Conservator of Forests and
Chief Wildlife Warden, Forest Headquarters, Vazhuthacaud, Thiruvananthapuram—695014
(Permit No. WL10-17697/2012)—approved the research protocol and adhered to the legal
requirements of the Kerala Forest Department. The authors have no conflicts of interest
to declare.

3. Results

3.1. Habitat Structure
3.1.1. Tree Species

The 2830 trees recorded during the vegetation study represented 86 species belonging
to 35 families, with 50.57% of them being evergreen trees and 49.43% being deciduous trees.
Of these, 26 species were endemic to India, among which 18 were endemic to the Western
Ghats. Eight species were endemic to both India and Sri Lanka. The most abundant tree
species recorded was Aporosa cardiosperma (n = 289; 10.21%). The list of floristic composition
is presented in Table A1.

3.1.2. Density, Distribution, Height, Girth, and Basal Area of Trees

The tree density in the study area was 1521.04 ± 94.73 trees/ha. The tree with
the highest density was Dysoxylum malabaricum with 9855.26 trees/ha. The “t” value
for the test of random distribution was greater than +1.96 for three tree species (+4.04
for dead trees, +3.65 for Artocarpus hirsutus, and 2.03 for Gmelina arborea), suggesting a
regular distribution, and the “t” value was less than −1.96 for five tree species, viz., Ter-
minalia crenulata (−2.07), Dalbergia lanceolaria subsp. paniculata (−2.48), Butea monosperma
(−2.34), Shorea roxburghii (−2.25), and Lagerstroemia speciosa subsp. speciosa (−2.03), sug-
gesting significant clumping. The “t” value of the remaining 45 tree species fell between
−1.96 and +1.96. While certain species showed significant deviations—either clumping or
regularity—the majority of species did not deviate significantly from randomness; therefore,
the overall tree distribution in the loris habitat can be interpreted as random.

The average height of the trees in the study area was 11.36 ± 0.12 m (n = 2813, range
–0.30 to 67.96 m), with the largest tree being Aporosa cardiosperma with a CBH of 220 cm.
Only 3 species (0.85%) out of 86 species had an average height of <5 m, viz., Termina-
lia catappa (3.33 ± 0.33 m), Ixora polyantha (4.99 ± 0.58 m), and Agrostistachys borneensis
(5 ± 0.0 m). The average CBH was 51.71 ± 0.98 cm with a minimum of 10 cm and a
maximum of 451 cm. The average DBH was 16.46 ± 0.31 cm. The average basal area was
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430.41 ± 20.08 m2/ha (range 7.95 to 16,186.13). The tree with the largest basal area was
Actinodaphne maderaspatana. The average basal area of the three most common families was
195.28 ± 19.47 m2/ha (n = 468; Phyllanthaceae), 856.62 ± 56.19 m2/ha (n = 260; Fabaceae),
and 215.29 ± 32.80 m2/ha (n = 255; Dipterocarpaceae).

3.1.3. Canopy and Ground Cover

The study area had 40.70% of canopy tree species, 48.84% of subcanopy tree species,
and 10.47% of bushy tree species. We recorded the canopy cover and the ground cover
between the nearest neighbor trees 317 times, using the Braun-Blanquet scale. The canopy
cover was high (50%–75%) in 43.63%, followed by moderate (25%–50%) in 24.52%, and
very high (>75%) in 22.29% of the plots. Only 8.92% and 0.64% of the plots recorded low
(5%–25%) and very low (<5%) canopy cover, respectively. The ground cover was low
(5%–25%) in 50.79% of the plots, high (50%–75%) in 22.40% of plots, moderate (25%–50%)
in 17.67%, very high (>75%) in 6.62%, and very low (<5%) in 2.52% of the plots.

3.1.4. Climbers

We identified a total of 16 species of climbers belonging to 10 families in the study area.
However, we spotted the lorises on only eight species of climbers. Among them, we found
the frequency of Gentum edule was found to be the highest (21.01%), followed by Acacia
caesia (20.38%) (Table 1). The species richness of climbers ranged from zero to seven species
in each plot. About 25.87% of the plots had two species of climbers, 23.66% had only one
species, 19.56% and 19.24% of plots had three and four species of climbers, respectively.
About 7.57% of the plots had five species of climbers, six species had 0.95% of the plots,
only one plot had seven species of climbers, and nine plots were devoid of climbers.

Table 1. Composition of climbers in the study area at Aralam Wildlife Sanctuary.

Scientific Name Type Distribution % Composition

Gnetum edule Woody lianas India 22.16

Acacia caesia A prickly climbing shrub Indo-Malesia 21.50

Calycopteris floribunda Scandent climbing shrubs Indo-Malesia 11.75

Piper sarmentosum Perennial herb with creeping
rhizomes India and Malesia 11.08

Derris scandens Woody lianas Indo-Malesia 9.75

Aspidopterys canarensis Woody lianas Endemic to Western Ghats 5.87

Ipomoea marginata Extensive twiners Paleotropics 3.60

Cissus repens Creepers Indo-Malesia 3.34

Ventilago maderaspatana Climbing shrubs Indo-Malesia 2.54

Cissus latifolia Climbing shrubs India and Sri Lanka 2.14

Piper nigrum Glabrous climbers, climbing shrub India and Sri Lanka 1.34

Bauhinia scandens Woody Lianas Indo-Malesia 1.20

Argyreiaelliptica sp. Twiners India and Sri Lanka 0.93

Piper mullesua Woody Lianas India 0.93

Calamus travancoricus Very slender climbing canes Endemic to Western Ghats 0.67

Unidentified 0.67

Mimosa diplotricha Rambling shrubs, exotic climber Native of Tropical America;
a weed in India 0.53
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3.1.5. Climber and Leaf Connectivity

About 32.80% of the plots had climbers’ connectivity between < two trees, 23.25%
between three and four trees, 17.83% between five and six trees, and 26.11% between seven
and eight trees. About 46.50% of the plots had leaf connectivity between seven and eight
trees, 35.35% between five and six trees, 12.10% between three and four trees, and 6.05%
between ≤two trees. The average climbers’ connectivity between trees was 4.09 ± 0.14
(range = 0–8), and the leaf connectivity was 5.94 ± 0.10 (range = 1–8). Relatively, the leaf
connectivity between trees represented by percentages of connectivity (χ2 = 58.39, df = 3,
p <0.001) was more than the climbers’ connectivity (χ2 = 6.21, df = 3, p = 0.102).

3.2. Habitat Use
3.2.1. Tree Use by Lorises

We collected a total of 337 data points from the opportunistic sampling, i.e., the point
at the moment of first visual contact. Out of the 86 species of trees present in the study area,
the slender lorises used 51 species belonging to 28 families. They used Aporosa cardiosperma
(13.38%, n = 38) and Xylia xylocarpa (11.62%, n = 33) the most, followed by Naringi crenulata
(9.15%, n = 26), Holigarna arnottiana (5.28%, n = 15), Rotheca serrata (4.23%, n = 12), and
Terminalia paniculata (3.87%, n = 11). We spotted lorises in the subcanopy tree species
for 51.92% of our observation duration, followed by 36.54% on canopy tree species and
11.54% in bushes (χ2 = 3.00, df = 2, p = 0.223). The details on the tree species used by
slender loris are summed up in Table A1. Slender lorises used trees with a mean height
of 14.49 ± 0.44 m (n = 282, range 1.00–35.05 m) and were spotted at an average height
of 9.57 ± 0.49 m (n = 337, range = 0.00–31.00 m). However, on height class analysis, the
lorises mostly frequented trees of the 10–15 m height class. We most frequently encountered
lorises in the <5 m height class (48.96%), followed by the 5–10 m height class (18.99%), and
only on one occasion, above 30 m (Figure 2). The frequency of lorises at various heights
varied significantly (χ2 = 131.58, df = 6, p < 0.001), showing that they were mostly at a
height between 5 and 15 m. We most often encountered the slender lorises on trees with a
CBH between 30 and 60 cm, having an average basal area of 220.84 ± 50.49 m2/ha (n = 91)
(31.93%), followed by trees with a CBH between 60 and 90 cm having an average basal area
of 418.24 ± 102.84 m2/ha (n = 57) (20%) (Figure 3).
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Figure 2. Height-class analysis of loris presence in trees and perching height of slender lorises.
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Figure 3. Frequency of the slender loris on different trees of the basal area class.

The heights used by lorises during the three seasons did not differ (Kruskal–Wallis
values H = 0.08, df = 2, p = 0.962). However, we spotted lorises at greater heights as the
night progressed (Kruskal–Wallis H = 17.37, df = 3, p = 0.011). The detection also decreased
as the night progressed when the lorises ascended to greater heights. We sighted lorises
more during early evening and midnight than during late night and early dawn (χ2 = 88.34,
df = 3, α = <0.001). Loris sightings were more during summer and monsoon than during
post-monsoon (χ2 = 11.49, df = 2, p = 0.012) (Table 2).

Table 2. Temporal distribution of slender loris sightings in different seasons.

Seasons/Time
Duration

Height at Which the
Loris Was Spotted (m)

Dry/Summer
Southwest
Monsoon

Post-Monsoon

February to May June to November December to January

Early night (19–22 h)

Average 7.35 ± 0.87 8.09 ± 1.26 7.58 ± 1.39

Range 30–0.0 30–1.21 30–0.6

n 68 46 25

Midnight (22–01 h)

Average 11.36 ± 1.79 11.43 ± 1.66 8.35 ± 1.57

Range 31–0.0 30–0.0 25–0.0

n 31 38 23

Late night (1–4 h)

Average 16.87 ± 2.82 11.17 ± 2.21 11.80 ± 1.81

Range 30–0.0 30–0.91 25–0.0

n 16 22 19

Early dawn (4–6 h)

Average 16.22 ± 3.12 21 ± 4.58 11.42 ± 3.17

Range 28–2.13 30–10.00 30–2.00

n 11 5 11

3.2.2. Substrate Size and Orientation

Lorises (n = 338) preferred twigs of ≤1 cm (36.98%), small branches of 2–5 cm (33.43%),
medium sized branches of 6–10 cm (13.02%), and the large branches > 10 cm (16.57%)
(χ2 = 22.89, df = 3, p < 0.001). The orientation of these substrates (n = 330) was horizontal
(27.58%), oblique (50.00%), and vertical (22.42%) (χ2 = 19.35, df = 2, p < 0.001).
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3.2.3. Time Spent at Various Substrates

The lorises were sighted 42.55% of the time on climbers at a mean height of
9.83 m ± 0.77, 2.56% on the ground, and 54.89% on trees (Figure 4). There was a sig-
nificant association between the proportion of sightings on different substrates (χ2 = 72.81,
df = 5, p < 0.001), and nonsignificant for the height at which the loris was spotted on differ-
ent substrates (χ2 = 6.00, df = 5, p = 0.306). The loris preferred to perch on the regions of the
trees associated with climbers (50.89%) rather than on trees without climbers (39.94%), and
on climbers not associated with trees (9.17%) (χ2 = 42.11, df = 2, p < 0.001).
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Figure 4. Percentage of sightings of slender lorises on different substrates (orange line) and relative
height where the lorises were found (grey bars).

3.2.4. Climbers Used by Lorises

Acacia caesia (33.59%), Gnetum edule (22.14%), and Aspidopterys canarensis (11.45%) were
the three most important climbers used by the lorises. We most frequently found the lorises
(52.94%) on climbers that were intertwined with two species, followed by single species
(35.29%). The intertwining of more than two species of climbers was rare, and we found
lorises on them only 11.76% of the time (Table 3). The orientation of the climbers, where the
slender lorises were encountered, was oblique (47.55%), horizontal (25.17%), and vertical
(27.27%).

Table 3. Climbers used by the slender lorises at Aralam Wildlife Sanctuary.

Climbers the Loris Was Spotted On Count %

Acacia caesia 44 33.59
Gnetumedule sp. 29 22.14
Aspidopteryscanarensis sp. 15 11.45
Acacia caesia + Gnetumedule sp. 11 8.40
Acacia caesia + Calycopteris floribunda 5 3.82
Acacia caesia + Gnetumedule sp. + Aspidopteryscanarensis sp. 4 3.05
Calycopteris floribunda 4 3.05
Gnetumedule sp. + Aspidopteryscanarensis sp. 4 3.05
Acacia caesia + Aspidopteryscanarensis sp. 3 2.29
Derris scandens 3 2.29
Gnetumedule sp. + Calycopteris floribunda 2 1.53
Gnetumedule sp. + Derris scandens 2 1.53
Acacia caesia + Gnetumedule sp. + Aspidopteryscanarensis sp. 1 0.76
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Table 3. Cont.

Climbers the Loris Was Spotted On Count %

Derris scandens + Calycopteris floribunda 1 0.76
Gnetumedule sp. + Cissusrepens sp. 1 0.76
Gnetumedule sp. + Piper sarmentosum 1 0.76
Ipomoea marginata 1 0.76

3.2.5. Vegetation Used for Sleeping and Feeding

The sleeping sites (clumped climber tangles) were found in 87.70% of the plots sampled
(n = 317) on 36 species of trees. We mostly found them on Xylia xylocarpa (15.08%), followed
by Dillenia pentagyna (8.54%) (Table 4).

Table 4. Top ten trees with sleeping sites of slender lorises.

Scientific Name %

Xylia xylocarpa 15.08
Dillenia pentagyna 8.54
Artocarpus hirsutus 5.28
Syzygium cumini 5.03

Holigarna arnottiana 4.27
Terminalia paniculata 4.27

Dead Tree 4.02
Terminalia bellirica 4.02

Aporosa cardiosperma 3.77

We spotted the slender lorises feeding on 23 instances during the study period. When
spotted, they were observed feeding on insects or foraging for insects. They fed on insects
at an average height of 4.79 ± 0.91 m. One or more climbers (52.17%) were found most
often associated with the substrate trees. However, on 30.43% of the occasions, we spotted
the lorises on climbers that lacked connectivity with trees. We spotted the lorises feeding on
trees without climbers on only four occasions. We observed that all the climbers, with the
exception of Acacia caesia, were linked with either trees or other climbers. Slender lorises
also used Acacia caesia to hold onto while feeding off the ground.

4. Discussion

4.1. Habitat Structure

The structural characteristics of the study area reflect the ecological complexity and
evolutionary richness of the Western Ghats, a globally recognized biodiversity hotspot [12].
The high tree diversity and balanced composition of evergreen and deciduous species are
indicative of the region’s transitional climate, altitudinal gradients, and heterogeneous
microhabitats [42]. The dominance of Aporosa cardiosperma, a riparian-endemic species,
underscores both its resilience to disturbance and its potential role as a keystone resource
for arboreal fauna such as lorises [43]. The notable presence of endemic species further
affirms the area’s biogeographic significance and aligns with floristic patterns observed in
other old-growth forests across the Western Ghats [44].

The recorded tree density (1521.04 ± 94.73 trees/ha) falls within the expected range for
tropical moist deciduous forests in the region (1200–1800 trees/ha) [45], suggesting that the
forest retains much of its original structure. Spatial distribution patterns of dominant tree
species also provide insight into forest dynamics and anthropogenic influence; the relatively
uniform spacing of Artocarpus hirsutus and Gmelina arborea may reflect past selective logging
or competitive exclusion mechanisms, whereas the clumped distributions of Terminalia
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crenulata and Shorea roxburghii could result from dispersal limitations or species-specific
microhabitat preferences [46]. The overall random distribution of trees is typical of mature
tropical forests, where stochastic events and ecological drift often dominate community
assembly [47].

The moderate stratification in canopy height and basal area values, with emergent
individuals of A. cardiosperma, suggests the presence of vertical niche availability, crucial
for arboreal locomotion and predator avoidance among lorises [19]. The dominance of
Fabaceae in basal area points to their role as nitrogen-fixing pioneers in recovering forests,
whereas Dipterocarpaceae—associated with late-successional stages—signal forest maturity
and successional complexity [48]. The limited development of the understory, with only
0.85% of species found below 5 m, implies a closed canopy that restricts light penetration, a
characteristic feature of undisturbed Western Ghats rainforests [49].

4.2. Habitat Use

Our observations suggest that Malabar slender lorises preferentially occupy mildly
degraded wet evergreen and secondary moist deciduous forests, particularly within sub-
canopy layers (5–15 m height), gradually ascending higher into the canopy as the night
progresses. This vertical ascent during the night may be biologically driven by the vertical
stratification of insect prey, as many nocturnal insects become more abundant in higher
canopy layers later in the night, especially moths and beetles, which are key components
of loris diets [50]. These findings are consistent with previous studies; Kumara et al. [19]
observed lorises in the 5–20 m vertical range, with a peak at 5–15 m, and similar height
preferences have been recorded in L. lydekkerianus populations in Sri Lanka, where 79% of
sightings occurred below 15 m [13]. Red slender lorises (L. tardigradus tardigradus) in Sri
Lanka were similarly observed in the 3.5–15 m range, with average perch heights around
8.64 ± 5.00 m [22]. Nekaris and Jayewardene also documented a predominance of activity
below 12 m [51], noting that higher perch levels likely reduce detectability during noctur-
nal surveys. Recent phylogenetic and ecological analyses further suggest vertical niche
partitioning between grey and red loris taxa, with grey subspecies often selecting higher
perches—likely as a predator-avoidance tactic [52]. Altogether, these data underscore the
importance of preserving multi-strata forest architecture—ensuring canopy connectivity
from understory to emergent layers—to maintain the full suite of microhabitats critical for
nocturnal loris behavior and conservation.

The lorises in our study were primarily found in forest patches with high tree density,
high basal area, and trees in the 60–90 cm girth class. These conditions suggest low-intensity
disturbance, typically limited to minor activities such as firewood collection [53]. Our find-
ings contrast with those from Sri Lanka, where L. t. tardigradus appears to favor highly
disturbed forests and even human-dominated landscapes [22,34], and L. l. nordicus, a
known habitat specialist, is restricted to undisturbed montane evergreen and mist forests
characterized by tall, well-connected canopies [21,54]. These differences likely reflect both
ecological and anthropogenic influences, while L. t. tardigradus has adapted to fragmented,
disturbed environments due to intense historical habitat loss in Sri Lanka’s wet zone,
L. l. nordicus persists in climatically unique, high-elevation ecosystems with limited human
access. In contrast, L. l. malabaricus appears to occupy an intermediate niche—preferring
structurally complex but moderately disturbed habitats—possibly due to varying distur-
bance regimes, forest use patterns, and prey availability across the Western Ghats. This
balance of disturbance tolerance and ecological dependency suggests both a degree of
behavioral plasticity and a reliance on specific habitat features, such as vertical connec-
tivity and microhabitat richness. These interspecific differences underscore the ecological
flexibility of L. l. malabaricus and the need for site-specific conservation approaches.
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4.3. Arboreal Locomotion and Substrate Use

The restricted terrestrial movement observed among slender lorises in this study
aligns with their highly specialized arboreal morphology and behavioral ecology. These
primates exhibit extreme adaptations for slow, deliberate quadrupedal locomotion and are
anatomically incapable of leaping beyond approximately 0.3 m [37]. As such, they respond
to canopy gaps by detouring rather than jumping, a strategy supported by anatomical
studies of their limb and muscle structure. An important dimension of habitat use among
primates is the degree of terrestriality and the use of forest strata [55,56]. From a socio-
ecological perspective, forest strata use is primarily influenced by predation pressure [57],
competition with sympatric species [58], and habitat structure and seasonality [59–62].
Descending to the ground exposes lorises to elevated predation risk from snakes, carnivores,
and raptors, and disrupts their cryptic movement strategy—reinforcing the importance of
maintaining uninterrupted canopy connectivity [18].

Instances of ground descent by lorises in fragmented landscapes have been well docu-
mented. In Sri Lanka, for example, populations inhabiting home gardens and agroforests
show increased terrestriality due to broken canopy cover. Comparable patterns have been
observed in Java, where installation of artificial canopy bridges for Nycticebus javanicus
reduced terrestrial activity from 5.98 to 0.43 s/hour [63], and in urbanized areas where slow
lorises nonetheless favored bamboo patches for movement and foraging [64]. In Kerala,
similar behaviors were linked to logging and agricultural encroachment that reduced tree
connectivity [17].

Our data reveal a pronounced preference for narrow substrates: twigs ≤1 cm diameter
accounted for 36.98% of locomotor events, and small branches (2–5 cm) accounted for
33.43%. These diameters are consistent with the species’ need for stable yet navigable
supports, enabling effective grip and reducing energetic cost [19,65]. Early natural history
observations by Petter and Hladik [66] and captive studies by Subramoniam [67] support
these findings, noting lorises’ avoidance of vertical supports over 2.5 cm in diameter and
their inability to climb smooth trunks ≥10 cm, even in controlled environments.

Obliquely oriented substrates were used in 50% of locomotor activity, reflecting an
energetically efficient strategy that balances mobility and stability. Inclined branches
provide secure travel paths and serve as important escape routes from predators [51,52].
Biomechanical studies have shown that oblique substrates enable lorises to maintain a
crouched posture with limbs positioned beneath the body, thereby reducing the muscular
effort required to counteract gravity compared to vertical clinging or suspension. This
orientation also facilitates continuous limb contact with the substrate, enhancing friction
and reducing slip risk while minimizing energetic expenditure during slow, deliberate
locomotion [68]. Additionally, oblique routes often present a gradient of mechanical
support, allowing lorises to distribute body weight more efficiently across multiple limbs
during movement [69]. Horizontal branches, in contrast, were generally used for behaviors
requiring extended stasis—feeding, resting, or social interactions—while vertical clinging
was limited to brief transitions due to its higher metabolic cost [15,29].

Slender lorises exhibit a highly selective pattern of sleep-site use. In our study, sleeping
sites were located in 87.70% of surveyed plots—a markedly higher density than in most
reported populations [29,41,51]. Lorises predominantly chose dense tangles of climbers on
large-diameter trees, which offer concealment from diurnal predators and physical stability
for daytime rest. These findings align with broader observations across lorisiforms, which
show preferences for thorny understories, small entrance cavities, and well-connected
canopies [40,65,70]. Larger trees often accumulate more extensive liana networks, creating
microhabitats with both mechanical complexity and visual shielding [71,72]. These results
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reinforce the importance of maintaining structurally complex, vertically continuous forests
to support both active and resting behaviors of slender lorises.

Our observations of loris foraging behavior further emphasize this dependence on
habitat complexity. All feeding events involved insect prey, aligning with existing reports
that 96% of loris diets consist of animal matter—primarily ants and termites [51]. Targeted
foraging occurred on tree species known to support dense insect communities: Artocarpus
hirsutus (ants, mealybugs) [73], Garcinia gummi-gutta (flea beetles) [74], Lagerstroemia mi-
crocarpa (nocturnal moths) [51], Calophyllum inophyllum (bark beetles) [75], and Antidesma
bunius (hemipterans and ants) [61]. By exploiting mutualistic relationships between ants
and honeydew-producing hemipterans, lorises benefit from spatially predictable prey
aggregations—a strategy that requires fine-scale navigation of complex substrates [76].

Altogether, our findings underscore the central importance of preserving multi-strata
forest architecture from thin, oblique twigs to dense vine tangles and large emergent
trees. Such structural diversity supports the complete behavioral repertoire of the Malabar
slender loris—including locomotion, foraging, and refuge use—and is essential for its
conservation in both natural and human-modified landscapes.

4.4. Limitations

While this study provides valuable insights into the ecology and behavior of the
Malabar slender loris (Loris lydekkerianus malabaricus), several limitations must be acknowl-
edged. First, the study duration—although spanning two years—is relatively short for
detecting long-term patterns or interannual variability, particularly in relation to repro-
ductive cycles, habitat shifts, and population dynamics. Seasonal variation, especially the
monsoon period, likely influenced insect availability and, by extension, loris foraging be-
havior; however, due to logistical constraints, fine-scale seasonal comparisons were limited.

Second, L. l. malabaricus is a cryptic, small-bodied nocturnal primate inhabiting dense,
multilayered vegetation, making detection inherently challenging. The effectiveness of
red-filtered headlamps in locating lorises relies heavily on the retro-reflective “eyeshine”
produced when the animal is looking directly at the observer. If the loris is oriented away
or its line of sight is obstructed, detection is virtually impossible. As such, there is a high
likelihood of underestimating true encounter rates or overlooking individuals entirely.

Third, the field site is also home to large and potentially dangerous fauna—including
elephants (Elephas maximus), tigers (Panthera tigris), leopards (Panthera pardus), and ven-
omous snakes (e.g., Bungarus caeruleus, Naja naja, Daboia russelii)—which further constrained
fieldwork, particularly during night surveys. Safety protocols had to be strictly followed,
often reducing the duration or spatial extent of surveys.

Additional methodological limitations include the use of non-invasive visual en-
counter surveys without the aid of thermal imaging or radio-telemetry, which could have
increased detection probabilities. Habitat data, although systematically collected, might
not fully capture microhabitat use or fine-scale structural complexity due to accessibility
issues in thick understory vegetation.

Taken together, these constraints suggest that while the trends reported are robust
within the observed framework, future studies with longer durations, broader spatial cov-
erage, and enhanced detection tools are essential for a more comprehensive understanding
of this elusive primate’s ecology.

5. Conclusions

Our study demonstrates that Malabar slender lorises exhibit finely tuned microhabitat
preferences that optimize foraging efficiency and predator avoidance. These primates
forage almost exclusively on insect prey—predominantly ants and termites—with their diet
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spanning nine insect orders, and they select twigs ≤1 cm and small branches (2–5 cm) for
locomotion, exploiting oblique substrates that minimize energy expenditure, while main-
taining stability [15,40,51,53]. Diurnal refuge sites are overwhelmingly located in dense liana
tangles, thorny undergrowth, and small nest holes, providing concealment from mammalian
and avian predators through structural complexity [50,51,70]. These behavioral specializa-
tions underscore the critical role of multi-strata forest architecture—maintaining a mosaic
of canopy, subcanopy, and understory elements—to sustain the full repertoire of loris’
ecological needs [29,66].

The Indian Institute of Science’s “mini-forest” experiment provides a compelling
model for applying these insights to habitat restoration. A 1.75 ha Deccan scrub plot
planted with native Western Ghats evergreen species, structurally complex woodlands
developed within 25 years, now supports a thriving Mysore slender loris (L. l. lydekke-
rianus) population [77,78]. Beyond ex situ conservation value, this mini-forest functions
as a high-performance carbon sink, lowers ambient temperatures by up to 2 ◦C, and has
driven groundwater recharge—raising local water tables by nearly 190 ft—thereby con-
tributing to climate resilience and hydrological stability [77]. To replicate these successes
across the slender loris range, restoration initiatives should prioritize multi-strata plant-
ings of insect-hosting trees (e.g., Artocarpus hirsutus, Garcinia gummi-gutta, Lagerstroemia
microcarpa), integrate mini-forest modules in degraded and urban fringe landscapes, and
embed long-term monitoring frameworks as recommended by global restoration guide-
lines [79]. Our recent MaxEnt-based habitat-suitability modeling in Aralam Wildlife Sanc-
tuary identified precipitation of the warmest quarter, precipitation of the driest month,
distance from roads, and elevation as the most influential predictors of Malabar slender
loris (Loris lydekkerianus malabaricus) distribution, emphasizing that broad-scale climatic
and anthropogenic variables—rather than local canopy connectivity measures—govern
habitat suitability in this landscape [26]. Collectively, these findings validate multi-strata
restoration approaches—integrating insect-hosting trees, dense climbers, and varied branch
architectures—as scalable conservation strategies across the slender loris range.
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Appendix A

Table A1. Floristic composition of the study area of Aralam Wildlife Sanctuary.

Species
All Trees

Loris
Encountered

Average Height Average DBH
Distribution Tree Type

Count % Tree (m) Occupied (m) (cm)

Aporosa
cardiosperma 289 13.38 9.29 ± 0.77 9.46 ± 1.36 12.77 ± 0.58 India and Sri Lanka Evergreen

Xylia xylocarpa 226 11.62 19.02 ± 1.28 9.99 ± 1.41 29.5 ± 1.11 Indo-Malesia Deciduous

Naringi crenulata 221 9.15 12.16 ± 1.13 7.74 ± 1.49 10.93 ± 6.46 Indo-Malesia Deciduous

Hopea parviflora 145 2.46 11.7 ± 2.39 13.43 ± 4.56 11.93 ± 0.84 Endemic to Western
Ghats Evergreen

Antides mabunius 136 1.76 11.28 ± 2.24 14.93 ± 5.71 13.06 ± 0.91
Indo-Malesia to

Australia and South
China

Evergreen

Gossypium
herbaceum 83 - 9.15 ± 5.07 - 10.78 ± 0.65

India, Arab, Persia,
Afghanistan, Turkey,
North Africa, Spain,

Ukraine, China

Evergreen

Actinodaphne
maderaspatana 82 2.46 8.62 ± 1.77 9.08 ± 2.84 15.5 ± 2.18 Endemic to Western

Ghats Evergreen

Antiaris toxicaria 71 - 17.29 ± 1.78 - 28.87 ± 1.79 Paleotropics Evergreen

Terminalia
paniculata 70 3.87 12.69 ± 1.87 8.73 ± 2.69 28.62 ± 2.91 India Deciduous

Schleichera oleosa 63 2.82 22.14 ± 2.26 11.34 ± 2.91 18.3 ± 1.87 Indo-Malesia Deciduous

Chionanthus
mala-elengi subsp.

mala-elengi
59 1.76 6.71 ± 0.67 8.41 ± 3.44 10.07 ± 0.48 Endemic to Peninsular

India Evergreen

Xanthophyllum
flavescens 57 1.76 9.63 ± 1.23 11.2 ± 3.12 8.33 ± 0.51 China to Indomalaysia Deciduous

Strychnosnux-
vomica 55 0.35 21.95 9.14 7.47 ± 0.79 Indo-Malesia Deciduous

Chionanthus
albidiflorus 54 - 7.64 ± 3.95 - 8.83 ± 0.95 Indo-Malesia Evergreen

Dead Trees 53 3.17 16.49 ± 1.69 8.41 ± 2.93 28.47 ± 1.98

Polyalthia
longifolia 53 0.35 10.06 1 6.72 ± 0.71 India and Sri Lanka Evergreen

Stereospermum
colais 50 0.7 17.83 ± 7.17 13.5 ± 8.5 19.74 ± 1.66 Indo-Malesia Deciduous

Syzygium cumini 50 0.7 19.2 ± 9.45 15 10.25 ± 0.99 Indo-Malesia Deciduous

Vateria indica 49 1.06 16.97 ± 7.82 13.53 ± 8.67 16.98 ± 2.16 Endemic to Western
Ghats Evergreen

Holigarna
arnottiana 47 5.28 17.43 ± 1.85 12.04 ± 2.71 25.85 ± 2.96 Endemic to Western

Ghats Evergreen

Plumeria obtusa 45 2.46 11.58 ± 1.91 5.84 ± 1.61 21.55 ± 3.73 Central America, from
Mexico to Panama Deciduous

Sapindus
trifoliatus 44 1.41 14.86 ± 1.82 8.65 ± 3.87 13.41 ± 1.56 South Asia Deciduous

Artocarpus
hirsutus 43 3.52 21.82 ± 0.89 16.72 ± 3.71 29.53 ± 3.43 Endemic to Western

Ghats Evergreen

Dillenia pentagyna 40 2.11 27.13 ± 2.67 10.48 ± 4.81 51.41 ± 6.1 China to Indo-Malesia Deciduous
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Table A1. Cont.

Species
All Trees

Loris
Encountered

Average Height Average DBH
Distribution Tree Type

Count % Tree (m) Occupied (m) (cm)

Baccaurea
courtallensis 39 0.35 8.53 2.74 7.19 ± 0.47 Endemic to Peninsular

India Evergreen

Myristica
beddomei 38 2.82 12.03 ± 2.45 4.72 ± 2.95 12.81 ± 1.13 Endemic to Peninsular

India Evergreen

Lagerstroemia
speciosa subsp.

Speciosa
37 0.7 25.3 16.22 ± 13.79 22.07 ± 2.1 S-China (Yunnan),

India, Evergreen

Shorea roxburghii 36 0.7 7.01 4 ± 1 7.92 ± 1.16 Indo-Malesia Deciduous

Rotheca serrata 33 4.23 10.24 ± 1.13 15.24 ± 3.21 12.26 ± 1.35 Indo-Malesia Deciduous

Drypetes venusta 32 1.06 10.06 ± 2.14 13.45 ± 8.59 11.15 ± 1.68 Endemic to Western
Ghats Deciduous

Buchanania
axillaris 30 2.11 13.56 ± 3.56 6.08 ± 2.45 13.75 ± 1.95 India and Sri Lanka,

Myanmar Deciduous

Anacolosa
densiflora 26 0.7 12.04 ± 0.15 16.5 ± 13.5 17.95 ± 3.82 India Evergreen

Madhuca
longifolia 26 0.35 7.32 4.57 7.09 ± 0.69 India and Myanmar Deciduous

Lagerstroemia
microcarpa 25 0.35 22.56 18 28.01 ± 3.86 Endemic to Western

Ghats Deciduous

Clausena anisata 23 1.41 13.94 ± 0.89 9.93 ± 6.06 11.93 ± 1.53 India, Nepal, Sri Lanka,
and Africa Evergreen

Butea monosperma 20 0.7 17.53 ± 1.68 6.1 ± 6.1 19.91 ± 4.79 India, Sri Lanka and
S.E. Asia. Deciduous

Gmelina arborea 20 0.7 17.53 ± 1.37 6.86 ± 2.29 22.47 ± 4.69 Indo-Malesia Deciduous

Terminalia
bellirica 19 0.7 22.1 ± 0.15 6 ± 4 40.94 ± 5.95 Indo-Malesia Deciduous

Vatica chinensis 18 - 11.08 ± 5.59 - 12.41 ± 1.22 India and Sri Lanka Evergreen

Ixora polyantha 17 - 4.99 ± 2.37 - 6.13 ± 0.35 Endemic to Western
Ghats Evergreen

Tarenna
monosperma 17 - 6.71 ± 4.18 - 5.82 ± 0.59 Endemic to Western

Ghats Evergreen

Lannea
coromandelica 15 1.41 19.66 ± 3.55 8.75 ± 3.45 31.64 ± 5.79 Southern Asia Deciduous

Litsea coriacea 15 1.06 10.87 ± 1.93 15.5 ± 8.23 10.12 ± 2.03 Endemic to Western
Ghats Evergreen

Knema attenuata 14 - 12.21 ± 7.15 - 8.14 ± 0.85 Endemic to Western
Ghats Deciduous

Melia azedarach 14 - 5.70 ± 1.73 - 7.55 ± 0.89 Paleotropics Deciduous

Solanum
erianthum 12 0.35 8.23 5.5 8.73 ± 0.98 South East Asia and

North Australia Deciduous

Vitex altissima 12 0.35 22.25 30 30.58 ± 4.59 India Deciduous

Terminalia
crenulata 11 1.06 25.1 ± 0.81 11.38 ± 8.33 91.56 ± 6.59 Indo-Malesia Deciduous

Olea wightiana 11 0.7 12.19 ± 3.96 10 ± 5 10.91 ± 2.07 Endemic to Peninsular
India Deciduous

Alstonia scholaris 10 0.35 7.62 10 9.2 ± 2.41 South and South East
Asia to Australia Evergreen

Artocarpus
gomezianus 10 0.35 11.89 9.14 23.78 ± 4.22 India and Sri Lanka Deciduous

Cinnamomum
keralaense 9 0.35 9.14 20 11.74 ± 2.26 Endemic to Western

Ghats Evergreen

Atalantia
monophylla 8 - 11.05 ± 1.70 - 15.24 ± 2.8 Indo-Malesia Deciduous
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Table A1. Cont.

Species
All Trees

Loris
Encountered

Average Height Average DBH
Distribution Tree Type

Count % Tree (m) Occupied (m) (cm)

Memecylon
umbellatum 8 - 9.75 ± 2.96 - 11.09 ± 2.03 India and Sri Lanka Deciduous

Polyalthia fragrans 8 - 4.23 ± 3.11 - 8.12 ± 1.93 Endemic to Western
Ghats Evergreen

Erythrina stricta 8 1.41 21.11 ± 4.17 6.69 ± 3.77 26.94 ± 3.71 India, China, Nepal,
Thailand, and Vietnam Deciduous

Scolopia crenata 8 0.35 8.53 10 7.44 ± 0.76 Indo-Malesia Evergreen

Hopea ponga 7 - 13.44 ± 9.11 - 14.23 ± 4.51 Endemic to Western
Ghats Evergreen

Lepisanthes
tetraphylla 7 - 6.14 ± 2.14 - 5.5 ± 1.37 Indo-Malesia and

Africa Evergreen

Sterculia villosa 6 - 6.14 ± 2.14 - 9.97 ± 3.43 South Asia and
Myanmar Deciduous

Dalbergia
lanceolaria subsp.

paniculata
6 1.06 9.75 5.19 ± 2.62 12.47 ± 2.19 India and Myanmar Deciduous

Adina cordifolia 5 - 15.02 ± 4.97 - 8.94 ± 1.23 India, Myanmar, Sri
Lanka, and Indo-China Deciduous

Agrostistachys
borneensis 5 - 5.00 ± 1.14 - 9.17 ± 0.23 Indo-Malaya Evergreen

Elaeocarpus
serratus 5 - 10.24 ± 6.81 - 16.81 ± 3.34 India, Nepal, Malaysia Evergreen

Neolamarckia
cadamba 5 - 8.47 ± 5.48 - 6.18 ± 1.48 Asia, the Pacific, and

Australia Deciduous

Commiphora
caudata 5 0.7 21.18 ± 1.98 21.5 ± 6.5 21.84 ± 5.25 India and Sri Lanka Deciduous

Bridelia retusa 4 - 5.87 ± 1.48 - 8.1 ± 1.12 Indo-Malaya Deciduous

Grewia tiliifolia
Vahl 4 - 15.62 ± 1.2 - 47.35 ± 13.13 Tropical Africa, India to

Indo-China Deciduous

Wrightia arborea 4 - 12.10 ± 2.9 - 27.06 ± 7.72 Indo-Malesia Deciduous

Cinnamomum
malabatrum 4 0.35 29.57 10 18.46 ± 6.24 Endemic to Western

Ghats Evergreen

Sterculia
balanghas 4 0.35 10 10 5.33 ± 1.94 South Asia and

Myanmar Deciduous

Plumeria rubra 3 - 7.92 ± 2.60 - 4.35 ± 0.46

Native of Tropical
America; widely

naturalized elsewhere
in the tropics

Deciduous

Casearia ovata 2 - 5.94 ± 1.07 - 22.76 ± 18.62 India and Sri Lanka Evergreen

Garcinia morella 2 - 6.40 ± 0 - 6.37 ± 0 Indo-Malesia Evergreen

Mallotus
nudiflorus 2 - 13.16 ± 5.84 - 9.55 ± 1.91 Indo-Malaya Evergreen

Terminalia alata 2 - 14.62 ± 1.2 - 6.05 ± 0.64 India Deciduous

Terminalia catappa 2 - 3.33 ± 0.46 - 4.3 ± 0.16 Indo-Malesia Deciduous

Azadirachta indica 1 - 16 - 21.65 Indo-Malesia Evergreen

Calophyllum
inophyllum 1 - - 35.01 Paleotropics Evergreen

Garcinia
gummi-gutta 1 - 5.49 - 3.18 South India and Sri

Lanka Evergreen

Mangifera indica 1 - 8.53 - 10.5 Native to India and
Burma. Evergreen

Manilkara
roxburghiana 1 - 5.23 - 14.01 Endemic to Western

Ghats Evergreen
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Table A1. Cont.

Species
All Trees

Loris
Encountered

Average Height Average DBH
Distribution Tree Type

Count % Tree (m) Occupied (m) (cm)

Manilkara zapota 1 - 8.23 - 53.16 India and tropical
America Evergreen

Scleropyrum
pentandrum 1 - 11.28 - 6.37 India and Sri Lanka Evergreen

Spondia spinnata 1 - 17.37 - 22.92 Indo-Malesia Deciduous

Dysoxylum
malabaricum 1 0.35 11.28 5 15.92 Endemic to Western

Ghats Evergreen

Syzygium
mundagam 1 0.35 12.5 3.04 18.46 Endemic to Western

Ghats Evergreen
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Abstract: Habitat disturbance driven by human activities poses a major threat to biodiversity and
can disrupt ecological interactions. Butterfly–plant mutualisms represent an ideal model system
to study such anthropogenic impacts, as butterflies exhibit intimate dependencies on larval host
plants and adult nectar sources, rendering them highly sensitive to habitat changes affecting the
availability of these floral resources. This study examined flower-visiting butterfly communities
and their associations with flowering plants in a landscape altered by anthropogenic factors in
central Mexico. The study area encompassed a mosaic of vegetation types, including native juniper
forests, agricultural lands, and introduced eucalyptus plantations, representing different degrees of
human-induced habitat modification. Monthly surveys were conducted over a single year, covering
both rainy and dry seasons, to analyze butterfly and plant diversity, community composition, and
interactions. Results showed the highest diversity in juniper forests, followed by eucalyptus and
agricultural sites. Seasonal turnover was the primary driver of community changes, with habitat-
based segregation persisting within seasons. Butterfly diversity strongly correlated with flower
abundance, while plant richness played a secondary role. SIMPER and indicator species analyses
identified key taxa contributing to compositional dissimilarities among habitats and associated
with specific vegetation types and seasons. Our research provides insights into temporal dynamics
structuring butterfly–plant interactions across this forest disturbance spectrum, highlighting how
habitat changes and seasonality shape these mutualistic communities in changing landscapes.

Keywords: anthropogenic forest disturbance gradient; butterfly communities; habitat disturbance;
indicator species; plant–pollinator interactions; temporal dynamics

1. Introduction

Anthropogenic activities such as urbanization, agricultural expansion, and resource
extraction have resulted in widespread habitat loss and fragmentation and are recognized
as the main drivers of biodiversity decline in ecosystems globally [1]. The disturbance and
degradation of natural habitats can profoundly alter ecosystem functioning, community
structure, and species interactions, with potential cascading effects across trophic levels [2].

Lepidopterans (butterflies and moths) represent a diverse and ecologically important
group of insects in terrestrial ecosystems, acting as pollinators, herbivores, prey for higher
trophic levels, and indicators of environmental change [3,4]. Their relatively short life
cycles, sensitivity to environmental fluctuations, and well-studied relationships with host
plants make them excellent indicators for assessing habitat quality, ecosystem integrity, and
impacts of environmental stressors [1,5].
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Butterflies exhibit associations with plants when hosting their larvae and when acting
as nectar sources for adults, making them particularly vulnerable to habitat disturbances
that disrupt the availability and spatial distribution of these essential resources [6,7]. Habi-
tat fragmentation can lead to the isolation of butterfly populations, disrupting gene flow,
reducing population sizes, and increasing the risk of local extinctions [8]. However, it
can also have positive effects, such as increasing populations of species that prefer open
habitats and sustaining some populations that might not survive in larger forests [8,9].

Understanding the responses of butterfly communities and their associated floral
resources to varying degrees of habitat disturbance is crucial for developing effective
conservation strategies and mitigating biodiversity loss [10]. While several studies have
investigated the effects of habitat fragmentation on butterfly diversity, abundance, and
community composition, e.g., [9,11–13], few have explicitly examined the concurrent
impacts on butterfly community structure and their floral resources along a vegetation
type altered by anthropogenic factors [14–17]. Furthermore, the potential influence of
seasonality on these relationships remains understudied, despite well-documented seasonal
fluctuations in butterfly and plant phenologies, e.g., [18,19].

In the central region of Tlaxcala, Mexico, landscapes encompass a range of habitat
types altered by anthropogenic factors, providing an ideal opportunity to investigate the
effects of habitat disturbance on butterfly communities and their floral resources. At both
local and landscape scales, habitat disturbance can influence butterfly and flowering-plant
communities [10]. Disturbance may lead to the loss of specialist species, while favoring
generalist species better adapted to disturbed environments, e.g., [13,20]. Changes in
environmental conditions, such as microclimate, light availability, and soil properties, can
affect the relative abundances and phenologies of flowering plants. Additionally, human
activities in the area and pollution can have significant effects on these environmental
factors. These combined anthropogenic and environmental changes can potentially disrupt
the temporal and spatial availability of resources for butterflies [21,22]. The spatial con-
figuration of vegetation patches can influence butterfly movement and dispersal patterns,
affecting gene flow, resource utilization, and metapopulation dynamics [23–26].

Moreover, the responses of butterfly and flowering-plant communities to habitat dis-
turbance may vary across spatial and temporal scales, reflecting the inherent complexities
of ecological processes and species-specific traits [10]. For instance, while habitat distur-
bance may negatively affect specialist species at the local scale during their active seasons,
landscape-level factors such as habitat connectivity may be more influential in determining
the persistence of wider-ranging generalist species during dispersal periods [27]. Seasonal
variations in resource availability, climatic conditions, and life history traits of butterflies
and plants may also modulate their responses to disturbance, highlighting the importance
of considering temporal dynamics in ecological studies [28,29].

This study aims to elucidate the effects of habitat disturbance on adult butterfly
communities and their interactions with flowering-plant resources along a vegetation
type altered by anthropogenic factors in central Tlaxcala, Mexico. We addressed the
following research questions: (1) How does the degree of habitat disturbance influence
the diversity, abundance, and community composition of butterflies and flowering plants
across seasons? (2) To what extent do plant richness and flower abundance explain the
variation in butterfly community composition across the different vegetation types? (3)
Which butterfly species show the highest degree of association with particular vegetation
types and seasons, suggesting their potential role as indicator species?

By addressing these questions, our study contributes to a comprehensive understand-
ing of the impacts of habitat disturbance on plant–insect communities in a region expe-
riencing rapid land-use changes, while accounting for seasonal variations. The findings
can inform conservation efforts aimed at preserving ecosystem integrity and promoting
sustainable management practices.
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2. Materials and Methods

2.1. Study Area

Butterfly and plant communities were studied in the municipality of Ixtacuixtla,
which is located in the state of Tlaxcala in central Mexico (19◦21′ N and 98◦22′ W, with
an altitude ranging from 2300 to 2350 m above sea level), from February 2023 to January
2024. While this timeframe allowed us to capture seasonal variations within a year, it is
important to note that inter-annual variations were not assessed. The study was conducted
in an area where the natural habitat of temperate forest (i.e., juniper–oak forest) has been
altered by anthropogenic factors over the years, resulting in a mosaic of vegetation types.
This landscape, covering an approximate area of 65 hectares, now includes the original
juniper–oak forest alongside modified habitats such as agricultural lands and eucalyptus
plantations. The study site is located 14.1 km west of the city of Tlaxcala. The original
vegetation in the study sites consisted of juniper (Juniperus deppeana) and oak (Quercus spp.)
forests, of which some relicts still remain. However, most of this vegetation was replaced
by eucalyptus (Eucalyptus sp.) and/or modified to induced cultivation areas with rainfed
agricultural areas with scattered trees around them. The climate is considered temperate
sub-humid, exhibiting pronounced seasonal variations. The wet season extends from May
to October and is characterized by a mean monthly precipitation of 123 mm and an average
temperature of 17 ◦C. Conversely, the period from March to May constitutes the hottest and
driest months, with a mean monthly precipitation of 10 mm and an average temperature of
13 ◦C [30] (Figure 1A).

Figure 1. Study site and vegetation characteristics in Tlaxcala, Mexico. (A) Satellite image from
Google Earth™ with colored overlays depicting juniper forest (yellow), eucalyptus forest (blue), and
agricultural land (orange). Colored dots indicate survey transects. (B–D) Dry season and (E–G) rainy
season images of the three vegetation types, demonstrating marked seasonal variation in vegetation
cover and lushness.

The classification of vegetation types was established by conducting on-site visits to the
locations, using a process known as ground truthing. This method allowed for the verification
of land-use patterns through firsthand observations. Subsequently, these findings were further
confirmed by examining satellite images of the surveyed areas [31]. In order to cover this
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landscape, three 100 m transects (with a distance between them of at least 100 m) were
established in each vegetation type: Juniper forest (19◦20′16.07′′ N, 98◦22′6.40′′ W), where
the vegetation is composed of relicts of original vegetation of Juniperus deppeana and some
individuals of Quercus spp. species (Figure 1B,E), within a grassland dominated by native
grasses and small shrubs such as Muhlenbergia implicata, Stipa ichu, and Aristida schiedeana,
as well as Rhus standleyi. Eucalyptus forest (19◦20′5.63′′ N, 98◦21′54.29′′ W), an area where
the original forest was replaced through induced plantations of Eucalyptus globulus trees as
the dominant species (Figure 1C,F), and plant species such as Erythrina coralloides, Stevia
elatior, and Dyssodia papposa are also present. Lastly, these forested zones are surrounded by
agricultural lands (19◦19′55.43′′ N, 98◦21′54.92′′ W), used mainly for corn, wheat, and alfalfa
crops (Figure 1D,G), and where human settlements are near.

2.2. Surveys of Plant–Butterfly Communities

While we acknowledge the importance of larval and host plant relationships, our
research questions focus on the interactions between adult butterflies and flowering plants.
Each month, the transects of a vegetation type were sampled (1 day per vegetation type
until completing 3 continuous days), covering a schedule from 10:30 to 13:30 h, considering
the peak activity times of butterflies. Two trained observers steadily walked the transects
performing the censuses to ensure accuracy, data quality, and avoid observer bias, and
to accomplish logistical feasibility. Throughout the study, exclusively during clear and
sunny conditions, the censuses started from a different vegetation type transect and/or in
a different direction to avoid order effects. Any butterfly visiting a flower within 10 m on
either side of the transect or flying along it were counted, following the method of Pollard &
Yates [32]. The term “flower visit” was used to describe the act of a butterfly species probing
for nectar, which was recorded from the instant the proboscis was inserted into the corolla
until it was withdrawn. We recorded all butterfly species observed during our surveys,
including both sedentary and potentially migratory species. While we did not categorize
species based on their mobility or migratory behavior in this study, we acknowledge that
these traits may influence the observed patterns of butterfly–plant interactions. Butterfly
identification was primarily conducted using Eagle Optics binoculars (Eagle Optics Co.,
Middleton, WI, USA). In cases where species identification was challenging through this
method, individuals were carefully captured using a net and photographed with a Canon
EOS Rebel T7 (Canon Inc., Tokyo, Japan). If the species could be identified from the
photographs, the butterflies were immediately released. Only specimens that could not be
identified in the field were collected and taken to the laboratory for further examination.
These collected specimens were subsequently identified using taxonomic keys specific to
butterflies, e.g., [33,34]. To ensure accuracy, all records were verified by José de Jesús García
Díaz, a taxonomist specializing in butterflies, to corroborate their proper classification. After
this process, these specimens were deposited in the Lepidoptera collection of the Centro de
Investigación en Ciencias Biológicas at the Universidad Autónoma de Tlaxcala, Mexico.
Additionally, samples of the plants that the butterflies interacted with were collected.
These plant specimens were identified using specific taxonomic keys [35]. Finally, during
each sampling month, all open flowers were quantified within each transect for at least
10 individuals of the plant species visited by butterflies.

2.3. Dynamics on the Richness and Diversity of the Plant–Butterfly Communities

To gain a comprehensive understanding of the ecological dynamics and interactions
between butterflies and their flowering-plant communities on these habitat types, seasonal
patterns were assessed and data were explored from both the dry and rainy seasons. The
number of species found in each habitat type (i.e., combined across surveys over seasons)
was used to express the richness of both butterflies and flowering plants. All interacting
individuals as well as the flying butterflies recorded during the sampled surveys were
included in the calculation of butterfly and flowering-plant richness.
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2.4. Data Analysis

To assess the impact of land-use change on butterfly and flowering-plant diversity, we
employed the unified framework of Hill numbers [36] to calculate species diversity using
the interpolation and extrapolation approach developed by Chao et al. [37]. This method
allows for the estimation of diversity at different orders (q), providing a comprehensive
understanding of the effective number of species [38] and their relative abundances. We
computed the zeroth-order (q = 0), first-order (q = 1), and second-order (q = 2) diversity,
which correspond to species richness, the exponential of Shannon’s entropy index, and
the inverse of Simpson’s concentration index, respectively [39]. These diversity measures
quantify the number of equally abundant species required to produce the same value of a
given diversity index [38] and reflect the degree of evenness in species abundances [40].
To compare the diversity indices across the habitat types, we constructed 95% confidence
intervals using the iNEXT package version 3.0.0 [41]. Additionally, we visualized the
species abundance distributions using rank-abundance curves to provide further insights
into the community structure.

To assess the variability in species composition (beta diversity) among the butterfly
and flowering-plant communities sampled across the three vegetation types, we calcu-
lated the Bray–Curtis dissimilarity index [42]. This index quantifies the differences in
species composition between pairs of communities, considering both the presence and
abundance of species. Subsequently, to visualize the patterns of community composition
and identify potential clustering based on habitat types and climatic seasons (rainy and
dry), we performed a non-metric multidimensional scaling (NMDS) ordination using the
Bray–Curtis dissimilarity matrix. NMDS is a robust ordination technique that represents
the compositional dissimilarities between communities in a reduced-dimensional space
while minimizing the stress of the configuration [43]. The statistical significance of the
observed community groupings was then evaluated using the Analysis of Similarities
(ANOSIM), which is a non-parametric permutation test that assesses whether the com-
positional differences between a priori defined groups (in this case, habitat types and
seasonality) are greater than expected by chance [44]. The NMDS and ANOSIM analyses
were conducted using the vegan version 2.5-6 [45] and MASS version 7.3-61 [46] packages
in R [47].

To determine the influence of flower abundance and plant species richness on butterfly
community composition, we performed a redundancy analysis (RDA) using the “vegan”
package in R [47]. The RDA was conducted on a matrix of butterfly species abundances
across the three vegetation types, with flower abundance and plant species richness as
explanatory variables. Flower abundance was quantified by counting the number of
flowers along the transects at each site, while plant species richness was determined by
identifying and counting the number of unique plant species within the same transects. The
significance of the RDA axes was assessed using permutation tests with 999 permutations.
Pearson’s correlation coefficients were calculated to examine the relationships between
the RDA axes and the explanatory variables. The RDA ordination plot was generated to
visualize the patterns of butterfly community composition in relation to the vegetation
types and the explanatory variables.

The compositional dissimilarities between habitats for both butterflies and flowering
plants were assessed through the percentage similarity test or SIMPER [48]. SIMPER
identifies the species primarily contributing to the observed differences by decomposing the
Bray–Curtis dissimilarity index into percentage contributions from each species [49]. In this
analysis, a 90% cut-off for low contributions was employed, and the ‘simper’ function from
the vegan package [45] in R was utilized. The test computes the overall sample dissimilarity
as well as the dissimilarity contribution of individual species by considering their relative
abundances and their dissimilarity across samples [48]. Consequently, SIMPER highlights
the key species driving the compositional differences between habitats by accounting for
both their abundance patterns and their distinctiveness across samples.
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Lastly, to determine the flowering plant and butterfly species that could serve as
indicators or representatives of each habitat type, an Indicator Species Analysis (IndVal) was
conducted [50]. The IndVal approach combines information on the species’ abundance and
their occurrence patterns across groups (e.g., habitats) to derive an indicator value for each
species in each group [51]. This method identifies species that are both abundant and highly
associated with particular groups, making them suitable indicators or representatives of
those groups [50]. The analysis was performed using the indval function from the “labdsv”
package [52] in the R-project software environment [47].

3. Results

3.1. Richness, Structure, and Seasonality

The composition and abundance of butterfly and flowering-plant communities ex-
hibited pronounced differences across the three habitat types, as predicted. A total of
57 butterfly species (Table 1) and 34 flowering-plant species (Table 2) were recorded
throughout the study. The observed number of butterfly species and plant species in
the study seemed to reach an asymptote in relation to our sampling effort across the three
sampled habitats (a total of 108 hours of evenly distributed observation efforts through-
out the study). For butterfly species, we detected 99% sampling completeness for the
juniper forest and the eucalyptus forest and 97% for agriculture sites according to the
Chao2 estimator, after conducting 12 sampling events for each habitat type throughout the
study. Likewise, we achieved 99% sampling completeness for flowering-plant species in
the juniper forest, 99% in the eucalyptus forest, and 100% in the agriculture lands, based
on the estimated species richness. The effective number of butterfly species varied consid-
erably across both habitat types and seasons (Figure 2A). Butterfly species richness was
consistently highest in the juniper forest, intermediate in the eucalyptus forest, and lowest
in the agricultural sites. This pattern was maintained across both the rainy and dry seasons.
However, the magnitude of the differences among habitats was more pronounced during
the dry season compared to the rainy season. Butterfly richness also exhibited marked
seasonal variation. Across all three habitat types, the number of butterfly species was high-
est during the rainy season and lowest during the dry season. The seasonal fluctuations
were less pronounced than the differences among habitats. The flowering-plant community
showed similar trends to the butterflies in terms of habitat differences (Figure 2B). The
juniper forest had the highest effective number of flowering-plant species, followed by the
eucalyptus forest, with the agricultural sites having the lowest flowering-plant richness.
This pattern was consistent across both the rainy and dry seasons. Flowering-plant species
richness was higher during the rainy season compared to the dry season in all habitats,
but the magnitude of the seasonal difference varied among vegetation types. The largest
seasonal difference in flowering-plant richness was observed in the agricultural sites, while
the juniper forest showed a smaller difference between the rainy and dry seasons.

The rank-abundance distributions revealed markedly different butterfly community
structures among the habitats (Figure 3A). The agricultural sites exhibited a relatively
homogeneous abundance distribution, with few very abundant species and a long tail of
rare species. In contrast, the forest habitats displayed a more heterogeneous structure, with
abundances more evenly distributed among the species ranks (Table 3). This pattern sug-
gests higher evenness and lower dominance in the forest butterfly communities compared
to the disturbed agricultural areas.
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Table 1. Butterfly species in each vegetation type recorded throughout the study.

Family Species Agriculture Sites Juniper Forest Eucalyptus Forest

Papilionidae Battus philenor philenor (Linnaeus, 1771) X X X
Mimoides thymbraeus (Boisduval, 1836) X
Pterourus garamas garamas (Geyer, Geyer, [1829]) X
Pterourus multicaudata multicaudata (Kirby, 1884) X X X
Heraclides pharnaces (Doubleday, 1846) X X
Papilio polyxenes asterius (Stoll, 1782) X

Pieridae Abaeis mexicana mexicana (Boisduval, 1836) X X
Anteos maerula (Fabricius, 1775) X
Archonias nimbice nimbice (Boisduval, 1836) X X X
Colias eurytheme (Boisduval, 1852) X
Abaeis salome jamapa (Reakirt, 1866) X
Ganyra josephina josepha (Godman & Salvin, 1868) X X X
Leptophobia aripa elodia (Boisduval, 1836) X X X
Nathalis iole iole (Boisduval, 1836) X X X
Phoebis agarithe agarithe (Boisduval, 1836) X X X
Phoebis argante argante (Fabricius, 1775) X X
Phoebis neocypris virgo (Butler, 1870) X X X
Phoebis philea philea (Linnaeus, 1763) X
Phoebis sennae marcellina (Cramer, 1777) X X X
Pieris rapae rapae (Linnaeus, 1758) X
Pontia protodice (Boisduval & Le Conte, [1830]) X X
Zerene cesonia cesonia (Stoll, 1790) X X X

Nymphalidae Adelpha paroeca paroeca (Bates, 1864) X
Anartia fatima fatima (Fabricius, 1793) X X X
Anthanassa texana (Edwards, 1863) X
Chlosyne ehrenbergii (Geyer, [1833]) X
Chlosyne marina (Geyer, 1837) X
Cyllopsis pyracmon pyracmon (Butler,1867) X
Danaus eresimus montezuma Talbot, 1943 X X
Danaus gilippus thersippus (Bates, 1863) X X X
Danaus plexippus plexippus (Linnaeus, 1758) X X X
Dione juno huascuma (Reakirt, 1866) X X X
Dione moneta poeyii Bluter, 1873 X X X
Dione incarnata incarnata (Riley, 1926) X X X
Euptoieta claudia claudia (Cramer, 1775) X X X
Euptoieta hegesia meridiania (Stichel, 1938) X X X
Phyciodes graphica graphica (Felder, 1869) X
Vanessa annabella (Field, 1971) X X X
Vanessa cardui (Linnaeus, 1758) X

Lycaenidae Brephidium exilis exilis (Boisduval, 1852) X X
Echinargus isola (Reakirt, 1867) X X X
Callophrys spinetorum millerorum (Clench, 1981) X
Leptotes cassius cassidula (Boisduval, 1870) X
Leptotes marina (Reakirt, 1868) X X

Hesperiidae Amblyscirtes fimbriata fimbriata (Plötz, 1882) X X
Atalopedes huron (Edwards, 1863) X X
Burnsius communis albescens (Plötz, 1884) X
Calpodes ethlius (Stoll, 1782) X
Cecropterus cincta (Plötz, 1882) X
Eantis pallida (Felder, 1869) X X X
Lerema accius (Smith, 1797) X
Oarisma edwardsii (Barnes, 1897) X X
Telegonus cellus (Boisduval & Le Conte, [1837]) X X

Erebidae Apantesis proxima (Guérin-Méneville, 1831) X
Dysschema howardi (Edwards, 1886) X

Crambidae Fissicrambus sp. (Bleszynski, 1825) X
Pyrausta inornatalis (Fernald, 1885) X
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Table 2. List of the plant species used by butterflies for nectar feeding and recorded in the three
vegetation types throughout the study.

Family Species Agriculture Sites Juniper Forest Eucalyptus Forest

Phytolaccaceae Phytolacca icosandra L., 1753 X

Papaveraceae Argemone platyceras Link & Otto, 1828 X

Brassicaceae Raphanus sativus L., 1753 X

Fabaceae Erythrina coralloides DC., 1825 X
Mimosa aculeaticarpa Ortega, 1798 X X X
Senna multiglandulosa (Jacq.) H. S. Irwin & Barneby, 1982 X

Anacardiaceae Rhus integrifolia (Nutt.) Brebner ex W. H. Brewer & S.Watson, 1876 X X

Onagraceae Oenothera gaura Raf., 1836 X

Convolvulaceae Evolvulus prostratus Rob., 1962 X

Polemoniaceae Loeselia mexicana (Lam.) Brand, 1907 X X

Lamiaceae Clinopodium multiflorum (Romo & Delgadillo) B. L. Turner, 1994 X

Solanaceae Physalis philadelphica Lam., 1793 X
Solanum carolinense L., 1753 X

Rubiaceae Bouvardia ternifolia (Cav.) Schltdl., 1819 X X X

Asteraceae Amblyopappus pusillus Hooker & Arnott, 1835 X
Baccharis breviseta DC., 1836 X
Baccharis salicifolia (Ruiz & Pav.) Pers., 1807 X X
Barkleyanthus salicifolius (Kunth) H.Rob. & Brettell, 1974 X
Bidens odorata Cav., 1794 X
Brickellia californica (Torr. & A.Gray) A. Gray, 1873 X
Dahlia coccinea Cav., 1791 X X X
Dyssodia papposa (Vent.) Hitchc., 1932 X
Eremosis corymbosa (DC.) Gleason, 1923 X
Garberia heterophylla (W.M.Wood) Merr. & F. Harper, 1909 X X
Heterotheca grandiflora Nutt., 1841 X
Pseudognaphalium gaudichaudianum (DC.) Anderb., 2012 X
Stevia elatior Kunth, 1818 X
Stevia serrata Cav., 1794 X
Tagetes lucida Cav., 1794 X
Tithonia tubiformis (Jacq.) Cass., 1825 X X
Tridax procumbens L., 1753 X X

Amaryllidaceae Zephyranthes brevipes (Engelm. ex Buckley) Ingram, 1940 X

Orchidaceae Dichromanthus cinnabarinus (La Llave & Lex.) Garay, 1982 X

Phytolaccaceae Phytolacca icosandra L., 1753 X

Figure 2. Diversity of butterfly (A) and flowering-plant (B) species across three vegetation types
during the rainy (solid lines) and dry (dashed lines) seasons. Three diversity orders are presented:
q = 0 (richness), q = 1 (Shannon entropy), and q = 2 (inverse Simpson), with their 95% confidence
intervals. The vegetation types include agricultural sites, juniper forest, and eucalyptus forest.
Overlapping intervals suggest no significant differences, while non-overlapping intervals indicate
significant differences (p < 0.05) in diversity indices.
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Figure 3. Species rank-abundance plots showing the log-scaled abundance of butterfly species (A)
and flowering-plant species (B) across the three vegetation types monitored. Species are ranked on
the x-axis from highest to lowest abundance, with rank 1 (leftmost) representing the most abundant
species and increasing rank numbers (moving right) indicating progressively less abundant species.
This ranking visualizes both species richness (total number of points) and evenness (slope of the line) for
each vegetation type.

Table 3. Butterfly and flowering-plant diversity indicators, including the total number of sampled
individuals (number of flowers in the case of plants), number of species, richness (q = 0), common
species (q = 1), and dominant species (q = 2) across the three sampled vegetation types. Significant
differences (p < 0.05), indicated by non-overlapping 95% confidence intervals among the three
vegetation types, are marked with asterisks.

Community Indicator
Agriculture

Sites
Juniper Forest

Eucalyptus
Forest

Butterfly Individuals 366 434 590
Species 32 31 46

q0 39.20 33.11 * 48.70
q1 12.49 15.06 20.95 *
q2 6.34 7.61 12.85 *

Plants Flowers 9666 25,908 37,279
Species 18 12 16

q0 18.1 12.1 * 16.1
q1 5.20 6.17 3.97 *
q2 2.91 * 4.43 3.19
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The rank-abundance distributions for the flowering-plant communities (Figure 2B)
showed similar patterns to those of the butterflies. The agricultural sites had a steeper
rank-abundance curve, indicating a plant community with a few highly abundant species
and many rare ones. The eucalyptus forest exhibited a slightly more even distribution
of flowering-plant species abundances, while the juniper forest had the shallowest rank-
abundance curve, suggesting a more balanced plant community with a greater number of
species having intermediate abundances (Table 3). The species-accumulation curves for
the butterflies (Figure 3A) further corroborated the lower diversity in agricultural sites,
with shallower slopes indicating slower accumulation of new species compared to the
juniper and eucalyptus forests. Similarly, the plant species-accumulation curves (Figure 3B)
showed a slower rate of species accumulation in the agricultural sites compared to the
forest habitats, reflecting lower plant diversity in the disturbed areas.

The Bray–Curtis similarity analysis indicated a considerable similarity in butterfly
species composition between the juniper forests and eucalyptus forest (62%), as well as
between juniper forest and agricultural areas (56%). The eucalyptus forest and agricultural
sites also shared high similarity (65%). However, these similarities varied according to the
climatic season. In contrast, the similarity in flowering-plant species composition was high
between the juniper and eucalyptus forests (63%), but very low between these sites and
agricultural areas (≤7%). These similarities also fluctuated according to the climatic season.

3.2. Habitat and Seasonal Drivers of Community Composition

Non-metric multidimensional scaling ordinations based on community data clearly
separated samples by season along the primary NMDS1 axis, both for the butterfly
(Figure 4A) and flowering-plant (Figure 4B) communities. Their separation along this
axis indicates a marked turnover in community composition between these two seasons in
all three habitats. However, within each seasonal group, there was also evidence of cluster-
ing by habitat type, suggesting that compositional differences among habitats persisted
across seasons. This habitat segregation was particularly pronounced for the butterfly
communities (Figure 4A), with the three habitat types forming distinct clusters, especially
during the dry season. The agricultural sites were the most differentiated, while the juniper
and eucalyptus forests showed some overlap but still maintained distinct centroids.

For the flowering-plant communities (Figure 4B), the habitat segregation was less
pronounced than for the butterflies but still evident. The agricultural sites were again the
most distinct, particularly during the rainy season, indicating these disturbed areas hosted
a plant community that differed markedly from the two forest habitats. The juniper and
eucalyptus forests exhibited greater overlap in flowering-plant community composition,
but their separation indicates persistent differences between these two forest types. Overall,
the NMDS ordinations reveal that both butterfly and flowering-plant communities are
structured by a combination of seasonal and habitat factors. The seasonal turnover is the
primary driver of compositional change, but habitat-specific differences are maintained
within each season, indicating that the human-altered vegetation types have a consistent
impact on community structure across temporal scales.

The redundancy analysis (RDA) revealed that flower abundance and plant species
richness significantly influenced butterfly community composition across the three studied
vegetation types (Figure 5). The primary RDA axis (RDA1) accounted for 67.3% of the total
variation in butterfly diversity and was strongly correlated with the flower abundance
gradient (r = 0.92, p < 0.001). Along this axis, sites with higher flower abundance harbored
greater butterfly diversity, as indicated by the diagonal distribution of data points.
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Figure 4. Non-metric multidimensional scaling (NDMS) ordination with solid ellipses encircling
vegetation types during rainy and dry seasons based on butterfly (A) and flowering-plant (B)
community composition. One set of ellipses encloses all vegetation types in the rainy season, while
another set encloses them in the dry season. Vegetation types are represented by symbols: agriculture
sites (yellow circles), juniper forest (orange triangles), and eucalyptus forest (blue squares). The
closer the symbols within each seasonal ellipse, the more similar the community composition across
vegetation types for that season within each panel. The statistical significance of the differences
observed between groups was assessed using ANOSIM (Analysis of Similarities). For butterflies,
the global R statistic was R = 0.85 (p = 0.0001), indicating a strong separation between community
compositions across the different vegetation types and seasons. For plants, the global R statistic was
R = 0.32 (p = 0.0002), showing a moderate but significant separation in community composition.

The secondary RDA axis (RDA2), explaining an additional 18.5% of the variation, was
associated with plant species richness (r = 0.78, p < 0.01). The eucalyptus forest site was
positively correlated with this axis, reflecting its higher plant richness compared to the
other vegetation types. The RDA ordination clearly separated the three vegetation types,
suggesting distinct butterfly communities among habitats. Agricultural sites clustered at
the lower end of the flower abundance gradient, indicating lower butterfly diversity due to
reduced floral resources in these disturbed areas. Juniper forest sites exhibited intermedi-
ate levels of butterfly diversity, despite relatively low flower abundance, suggesting the
influence of additional factors not included in this analysis.

In contrast, the eucalyptus forest site was associated with both high plant richness and
moderately high flower abundance, potentially contributing to its relatively high butterfly
diversity. Overall, the RDA results suggest that the drivers of adult butterfly community
composition differ across the studied vegetation types, with flower abundance and plant
richness playing varying roles in structuring these communities.
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Figure 5. Redundancy analysis (RDA) ordination biplot with RDA1 and RDA2 axes relating butterfly
community data to plant community variables (plant richness and flower abundance). Open circles
represent individual butterfly species, and color-coded symbols represent the vegetation type. The
arrows indicate the direction of increasing values for plant richness and flower abundance. Butterfly
species in eucalyptus forests are more closely associated with higher flower abundance, while those in
juniper forests are more closely associated with higher plant richness. Butterfly species in agriculture
sites show a weaker association with both explanatory variables. The RDA model was statistically
significant with a permutation test (F = 4.56, p = 0.001).

3.3. Key Indicator Species

The SIMPER analysis identified the butterfly and plant species contributing most to
dissimilarity in community composition among the three vegetation types (Table 4) and
between the rainy and dry seasons (Table 5). For butterflies (Table 4A), the species driving the
greatest dissimilarity between vegetation types were Zerene cesonia cesonia (15.32% contribu-
tion), Battus philenor philenor (13.63%), and Dione incarnata incarnata (0.19%). Z. cesonia cesonia
was overwhelmingly more abundant in the eucalyptus forest compared to the other habitats,
while B. philenor philenor peaked in agricultural sites but was common across all vegetation
types. D. incarnata incarnata exhibited highest abundance in the juniper forest.

Among flowering plants (Table 4B), the species contributing most to vegetation dissim-
ilarity were Rhus integrifolia (37.86%), Loeselia mexicana (24.61%), and Mimosa aculeaticarpa
(6.38%). R. integrifolia and L. mexicana showed very high flower abundance in the eucalyp-
tus forest but were nearly absent from agricultural areas. M. aculeaticarpa occurred across
all habitats but attained greatest abundance in the eucalyptus forest.

For seasonal dissimilarity in butterflies (Table 5A), B. philenor philenor (20.58%), Z.
cesonia cesonia (10.87%), and Nathalis iole iole (6.68%) were the top contributors, being far
more abundant during the rainy season compared to the dry season across vegetation types.
The flowering-plant species accounting for most of the seasonal dissimilarity (Table 5B)
were R. integrifolia (23.25%), L. mexicana (13.6%), and M. aculeaticarpa (13.47%). These species
exhibited very low flower abundance or were absent during the rainy season but became
highly abundant sources of floral resources in the dry season.
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Table 4. Results of the SIMPER analysis showing (A) butterfly and (B) flowering-plant species
contributing most (in order of decreasing percentage) to dissimilarity between vegetation types. For
plant species, mean abundance measures refer specifically to flowers. All dissimilarity values shown
were statistically significant (p < 0.05).

(A) Butterfly Species
Agriculture Sites Mean

Abundance
Juniper Forest Mean

Abundance
Eucalyptus Forest Mean

Abundance
% Contribution to

Dissimilarity

Zerene cesonia cesonia 11.7 26.3 50.7 15.32
Battus philenorphilenor 43.3 31.3 47.3 13.63
Agraulisincarnata incarnata 4 29.3 2.33 10.19
Echinargus isola 0.667 4.33 12.3 4.576
Leptophobia aripaelodia 11 1.67 1.67 4.165
Nathalis ioleiole 3.67 13.3 8.33 4.081
Dione junohuascuma 6 9 10.3 3.902
Leptotes marina 0 5.67 6.67 3.162
Fissicrambus sp. 0.667 8 3.67 3.059
Euptoieta claudiaclaudia 1 7.67 4.67 2.894
Ganyra josephinajosepha 0.333 1.33 7 2.488
Pterourus multicaudata
multicaudata 7 7.33 6.33 2.331

Colias eurytheme 5.33 0 0 2.303

(B) Plant Species
Rhus integrifolia 0 1000 4660 37.86
Loeselia mexicana 0 4320 5950 24.61
Mimosa aculeaticarpa 1790 2640 3350 6.384
Raphanus sativus 1350 0 0 5.706
Tithonia tubiformis 919 0 6.33 3.87
Eremosis corymbosa 0 0 1030 3.811
Salvia polystachya 0 909 0 3.215
Bouvardia ternifolia 884 1610 823 2.84

Table 5. Results of the SIMPER analysis showing (A) butterfly and (B) flowering-plant species
contributing most (in order of decreasing percentage) to dissimilarity between the rainy and dry
seasons. For plant species, mean abundance measures refer specifically to flowers. All dissimilarity
values shown were statistically significant (p < 0.05).

(A) Butterfly Species Rainy Mean Abundance Dry Mean Abundance % Contribution to Dissimilarity

Battus philenorphilenor 30.9 9.78 20.58
Zerenecesonia cesonia 14.4 2.78 10.87
Nathalis ioleiole 7.89 0.556 6.678
Dione incarnata incarnata 7.67 3.44 6.148
Dione junohuascuma 7.11 1 5.872
Pterorurus multicaudata
multicaudata 5.67 1.22 4.315

Dione monetapoeyyi 4 0.333 3.309
Phoebis sennae marcellina 3.33 0.111 3.154
Echinargus isola 1.67 3.67 2.808
Danaus gilippusthersippus 2.89 0 2.761
Leptophobia aripaelodia 2.78 1.78 2.718
Ganyra josephinajosepha 2.78 0.111 2.485
Leptotes marina 2.56 1.56 2.197

(B) Plant species
Rhus integrifolia 0 3030 23.25
Loeselia mexicana 142 1330 13.6
Mimosa aculeaticarpa 0 1400 13.47
Raphanus sativus 449 153 10.43
Bouvardia ternifolia 234 12.4 7.651
Salvia polystachya 251 0 5.187
Rhus integrifolia 0 3030 23.25
Loeselia mexicana 142 1330 13.6

Based on the indicator species analysis (IndVal), several butterfly and flowering-plant
species exhibited strong associations with particular vegetation types or seasons (Figures 6
and 7). For butterflies (Figure 6A), Leptophobia aripa elodia emerged as a strong indicator
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of agricultural sites. Zerene cesonia cesonia and Battus philenor philenor were among the top
indicators for the eucalyptus forest. Meanwhile, Dione incarnata incarnata was the strongest
indicator species for the juniper forest vegetation type. Regarding seasonal indicators,
butterflies like Battus philenor philenor, Dione juno, Phoebis sennae marcellina, and Danaus
gilippus thersippus exhibited high indicator values for the rainy season across vegetation
types. No butterfly species emerged as a particularly strong indicator of the dry season.
Turning to flowering plants (Figure 6B), Raphanus sativus was a top indicator of agricultural
areas during the rainy season. Rhus integrifolia and Loeselia mexicana were among the
strongest indicators of the dry season across habitats. Mimosa aculeaticarpa also showed a
high indicator value for this dry period. For associations with specific vegetation types,
Rhus integrifolia and Loeselia mexicana again had the highest indicator values, pointing to
their strong ties as indicator species for the eucalyptus forest habitat. Salvia polystachya
emerged as an indicator species most associated with the juniper forest vegetation type.

Figure 6. Indicator values for butterfly species in each (A) vegetation type and (B) season. Taller bars
indicate stronger association between a species and that vegetation type or season. The color gradient
from yellow to purple represents increasing indicator values, with purple being the strongest indicators.
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Figure 7. Indicator values displayed for plant species across (A) vegetation types and (B) seasons.
Bar height corresponds to the strength of association between a given plant species and the specified
vegetation type or season. Taller bars signify stronger indicator values. The color ramp transitions
from yellow to purple, representing increasing indicator values.

4. Discussion

This study elucidates how adult butterfly visitation patterns and flowering-plant com-
munity composition, abundance, and structure respond to anthropogenic habitat changes
and seasonal fluctuations in the studied landscape. The findings reinforce the extensive
literature documenting biodiversity losses and biotic homogenization in human-modified
environments [1,53,54]. However, it also reveals nuanced responses across different intensi-
ties and types of disturbance, as well as to seasonal resource dynamics, underscoring the
complexities of biodiversity’s responses to multiple interacting stressors.
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The juniper forest sites, representing relatively undisturbed reference conditions,
consistently harbored the highest plant and butterfly diversity levels. This accords with
a wealth of studies globally reporting greater species richness and abundance in more
intact, heterogeneous natural habitats [55,56]. In contrast, the less diverse communities
observed in intensive agricultural areas reflect changes in the composition and abundance
of flowering-plant species, as well as alterations in seasonal patterns. These changes in
floral resources and phenology can significantly impact butterfly diversity and abundance.
While our study primarily focused on these factors, it is worth noting that such changes in
plant communities and seasonality are often consequences of broader landscape modifica-
tions, including habitat conversion and simplification [57–59]. These alterations can affect
resource availability and quality for butterflies, potentially influencing their population
dynamics and community structure [60–62].

The eucalyptus plantations occupied an intermediate position, corroborating studies
across regions showing diminished biodiversity compared to intact native ecosystems,
even for plantations of native tree species [63–65]. Beyond simplified vegetation structure
and altered microclimate, factors like reduced food-plant diversity, intensive management
practices, and temporal resource fluctuations appear to limit their value in sustaining di-
verse communities [66,67]. While representing an improvement over agricultural matrices,
production forestry does not provide a substitute for preserving primary forests.

Our study revealed distinct associations between adult butterfly communities and floral
resources across the different vegetation types, specifically in the context of flower visitation.
In the eucalyptus plantations, butterflies were more closely associated with higher flower
abundance, while in the juniper forests, they were more closely linked to higher plant richness.
These findings suggest that the relative importance of resource quantity versus diversity
in shaping butterfly communities may vary depending on the habitat context. Previous
studies have also documented such context-dependent responses. For example, Valtonen
et al. [68] found that butterfly species richness was more strongly correlated with nectar
plant abundance in managed grasslands, while nectar plant diversity was a better predictor
in semi-natural grasslands. Similarly, Pöyry et al. [69] reported that butterfly abundance
was more sensitive to floral abundance in agricultural landscapes, whereas species richness
was more responsive to floral diversity in forested landscapes. The weaker associations
observed in the agricultural sites in our study likely reflect the overall resource scarcity
and degraded conditions limiting both butterfly and plant communities, as seen in other
intensively cultivated systems [70,71]. The species-level responses further underscore the
importance of resource heterogeneity in supporting diverse butterfly assemblages, with
different species linked to varying combinations of floral abundance and plant diversity. This
aligns with the concept of niche complementarity, whereby a greater array of resources enables
the coexistence of more species with different resource requirements [72,73]. Collectively,
these nuanced patterns highlight the need to consider both the quantity and diversity of
floral resources, as well as the habitat context, when assessing drivers of butterfly community
structure across vegetation types altered by anthropogenic factors.

The tight positive correlation between plant richness and floral abundance matches
well-established ecological theory. Floral resources are key drivers of pollinator diversity,
abundance, and community composition patterns [74–76]. The scarcity of flowering plants
in the most disturbed agricultural habitats likely contributed directly to the impoverished
butterfly communities documented, mirroring patterns across degraded environments
globally [77,78]. When resources are limited, competitive displacement by disturbance-
adapted generalists overshadows rare specialists, driving homogenization of abundance
distributions and diversity losses [13,27,79].

The pronounced seasonal turnover fits expectations of phenological resource tracking
by multivoltine species in highly seasonal tropical/subtropical regions [80–82]. However,
the distinct compositional clustering by habitat within each season reveals that local
environmental filters remain paramount in structuring communities, as supported by
other studies [16,67,83]. The agricultural matrices displayed the strongest habitat signature

76



Forests 2024, 15, 1668

during the resource-flush rainy season, suggesting these areas become even more restrictive
as ephemeral resources peak. Many forest species may be unable to effectively exploit these
resources across the degraded agricultural landscape [17,84].

Our indicator species analysis revealed that certain butterfly species are strongly
associated with particular vegetation types, serving as potential indicator species. In the
agriculture sites, Colias eurytheme and Leptophobia aripa elodia were identified as the main
indicator species. Previous studies have found that species in the genus Colias are often
associated with open, disturbed habitats such as agricultural fields and pastures [70,85].
Similarly, species in the genus Leptophobia are known to occur in open, sunny areas and are
often found in agricultural landscapes [86,87].

In the juniper forest, Anteos maerula and Fissicrambus sp. emerged as the primary
indicator species. Butterflies in the genus Anteos, which belong to the family Pieridae, have
been associated with woodland and forest habitats in previous studies [88,89]. Species in
the genus Fissicrambus, which are geometrid moths, have been used as indicators of forest
health and have been found to respond to changes in forest structure and composition [90,
91].

In the eucalyptus forest, Ganyra josephina josepha was identified as the main indicator
species. This species belongs to the family Pieridae, which has been shown to have strong
associations with forest habitats in various studies [92,93]. Butterflies in the genus Ganyra
have been identified as potential indicators of forest disturbance and have been found to
respond to changes in forest management practices [94,95].

Furthermore, our analysis revealed that Danaus gilippus thersippus and Phoebis agarithe
were the primary indicator species during the rainy season. Danaus gilippus belongs to the
family Nymphalidae, and species in this genus have been widely used as indicators of
environmental change and have been found to respond to seasonal variations in resource
availability [93,96]. Phoebis agarithe, a member of the family Pieridae, has been associated
with seasonal changes in tropical and subtropical regions [64,97]. These findings underscore
the importance of considering both spatial and temporal factors when using butterfly
species as ecological indicators. The presence and abundance of these indicator species can
provide valuable insights into the ecological integrity, conservation value, and seasonal
dynamics of different habitats [89,98].

A key strength was the integrated examination of both plant and pollinator commu-
nities, rare for local studies, providing a holistic biodiversity perspective. Furthermore,
extending beyond simple diversity metrics to analyze composition, structure, and explicit
incorporation of seasonality offers novel insights into multidimensional impacts of habitat
modification, aligning with recent ecological frameworks [99–101]. Ongoing analyses iden-
tifying robust indicator taxa for each habitat disturbance–seasonality scenario will prove
invaluable for monitoring, modeling biodiversity change, and informing conservation
strategies and restoration efforts [102–104].

Lepidoptera behavioral diversity is crucial in interpreting our results. Species-specific
behaviors, especially migratory patterns, may influence observed interactions. For example,
the presence of migratory species like Vanessa cardui might reflect temporary resource use
rather than habitat preference. Species mobility also affects responses to habitat changes and
resource distribution. Future studies should categorize species based on behavioral traits
to better understand how different Lepidoptera groups respond to habitat changes and
interact with plant communities. This approach could help distinguish local habitat effects
from broader landscape-level or seasonal factors influencing butterfly–plant interactions.

Our focus on adult butterfly–flower interactions provides valuable insights into one
aspect of butterfly ecology, but it is important to consider these findings within the broader
context of plant–lepidopteran relationships. The strong associations we observed between
adult butterflies and floral resources may not necessarily reflect the overall habitat suit-
ability for butterfly populations, as larval host-plant availability is also crucial. Future
studies integrating both adult and larval resource requirements would provide a more
comprehensive understanding of how habitat changes affect butterfly communities across
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their entire life cycle. Additionally, to gain a more complete picture of these ecological
dynamics, multi-year studies are essential. Long-term research would allow us to account
for inter-annual variations in climate, vegetation, and butterfly populations, providing a
more robust context for understanding these complex interactions and their responses to
anthropogenic changes over time.

5. Conclusions

Our findings reinforce the paramount importance of preserving intact forest ecosys-
tems to sustain diverse ecological communities in the long-term. While plantations afford
some habitat value versus intensive agriculture, they represent a markedly degraded state.
Seasonal resource pulses can temporarily boost diversity but cannot compensate fully
for chronic habitat degradation. Maintaining heterogeneous landscapes, promoting con-
nectivity, and mitigating anthropogenic pressures like habitat conversion will be crucial
for facilitating dispersal, enhancing community resilience, and conserving biodiversity
amid accelerating global change [54,105,106]. This integrated investigation advances our
understanding of biodiversity responses to different human disturbance regimes, while
underscoring needs for additional targeted research developing robust mitigation strategies
to sustain at-risk ecological communities in human-dominated environments.
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Abstract: In order to minimize human–wildlife conflicts, long-term and data-based management
plans need to be developed. We aimed at assessing wild boar (Sus scrofa, Linnaeus, 1758) density
within selected areas of Warsaw, the capital city of Poland. Wild boar abundance was estimated
based on snow tracking conducted within 19 well-defined sectors, varying in habitat structure
and location within the city. Moreover, in two forest reserves, wild boar population density was
assessed with the use of camera traps and a random encounter model. The wild boar density index
(n tracks/100 m/24 h) in Warsaw varied from 0 to 3.58 depending on the sector (0 to 4.0 ind./100 ha).
In turn, it was 1.8 ind./100 ha for all the forested areas, which did not seem high compared to the
other wild boar populations in Poland. The REM-derived estimates were higher than the snow-
tracking-based estimates. Wild boars were mostly present in forests, especially those with oak stands,
while the species was absent from central districts and mostly urbanized areas. We argue that
the snow tracking method reflected the general distribution of wild boars across the city and in
different habitats.

Keywords: random encounter model; snow tracking; urban area; density assessment; habitat use

1. Introduction

As cities expand, their impacts on natural ecosystems and the wildlife residing within
them increase [1]. In general, increased urbanization leads to a loss in mammalian diver-
sity [2]. Nevertheless, the use of urban areas by wildlife and urban species population
numbers have increased over the years [3,4]. In general, an expansion of ungulates to
new areas has been observed in Europe [5]. Indeed, wild boar (Sus scrofa Linnaeus, 1758)
populations have grown steadily across Europe in the past few decades, resulting in more
frequent human–wild boar conflicts [6–8]. This species occurs throughout a wide spectrum
of habitats, including urban and suburban areas [6,9–13]. The impact of wild boars on eco-
nomic interests may be diverse, including the risk of vehicle collisions and damage to crops
and amenities (see [6]). Wild boars may also act as reservoirs for many important infectious
diseases in domestic animals and also people [14,15]. Some animals that persist in urban
environments demonstrate behaviors distinct from their non-urban counterparts [1]. For
example, the flight distance of urban wild boars is shorter [16]; thus, wild boar–human
encounters are more frequent than in non-urban areas. This may cause anxiety and fear of
wild boar attacks or aggressiveness towards people or domestic animals [11,13,17,18].

In order to minimize human–wildlife conflicts, effective long-term management plans
need to be developed [6,11]. Nevertheless, the management of wild boar populations
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remains a challenge for scientists and city governors [7,11,17,19–23]. Also, no data-driven
strategy for urban wild boars has been implemented in Warsaw.

To control ASF spread, the Polish Ministry of Agriculture and Rural Development
issued a regulation to hunters to reduce the population density of wild boars across the
country to the level of 0.1–0.5 individuals per 100 ha [24]. In the following years, this
resulted in very intensive wild boar population control, with an increase from 100 to
200 thousand to as many as 350 thousand individuals being shot yearly in Poland [25].
According to the official hunting data, the wild boar population across Poland decreased
from around 200–250 thousand individuals in 2013–2018 to 50–100 thousand individuals in
the subsequent seasons, with no population rise being recorded [25]. Wild boar density
estimation is difficult [7], and in Poland, the number of wild boars in hunting districts is
mainly determined by hunters arbitrarily and is often guessed rather than scientifically
estimated [26]. Thus, the real population abundance in hunting grounds in Poland and in
urban areas, is unknown.

At the same time, media coverage of wild boars’ presence in urban areas and their
increasing abundance in Warsaw has been high for several years [27,28]. Despite the lack of
monitoring, wild boar population control commenced in 2008. At that time, eight animals
were trapped and removed (i.e., translocated from the city) using four traps. In turn, in
2015, 27 traps located in various parts of the city were used, and 594 animals were trapped
(this amounted to 1.15 ind. trapped per 100 ha of the city). In 2014, wild boars started
to be shot in Warsaw [29]. Additionally, in 2017, the first case of African Swine Fever
(ASF) was recorded in Warsaw (the first ASF case in Poland was recorded a few years
earlier in 2014 [30]). Due to the virus itself [31] and the intensive culling of the species,
the population was reduced significantly all over the country [25] and in Warsaw, too.
After a few years’ break, wild boar population control in Warsaw was again undertaken in
2023. According to a decision issued by the President of Warsaw [32], there are between
1500 and 2500 wild boars in the whole city (which gives a density of 3 to 5 ind./100 ha).
This assumption supported the decision to remove 500 individuals (through trapping with
further euthanasia) over 19 months (June 2024–December 2025). However, the official
data from hunting districts covering Warsaw (and neighboring areas) shows a very low
population density, around 0.02 to 0.5 ind./100 ha [33].

The reason for our study was to provide science-based data, which may help to
develop a data-driven strategy for urban wild boar management in Warsaw. This research
was conducted in selected Warsaw areas but also focused on Wawer—the biggest, least
urbanized, and most forested district of Warsaw and assumingly among the areas with the
most frequent wild boar–human encounters.

We, therefore, aimed to (i) assess the current (2023/2024) density of wild boar in the
selected areas of Warsaw, varying in terms of habitat features and location within the city,
and compare current data with data for the winter seasons 2020–2022, to show which
areas and habitats are used by wild boars and whether the population density changes;
(ii) compare winter density assessments obtained by two different methods (snow tracking
and camera traps) in two major forest reserves in Warsaw to check whether these density
estimates are consistent; and (iii) to conduct complex wild boar density assessment in the
most forested district in Warsaw (Wawer district) to deliver an estimation of the absolute
wild boar abundance in this part of the city.

2. Methods

2.1. Study Area

The research was conducted in Warsaw (52◦13′47′′ N 21◦00′42′′ E), the capital city
of Poland, the second largest (517,100 ha) and the most populous (1,862,000 inhabitants,
3599 inhabitants/100 ha) city of the country [34]. The city is situated at an altitude of
around 113 m above sea level, with an annual rainfall of about 500 mm and an average
annual temperature of 7.7 ◦C. The Vistula River flows through Warsaw, dividing the city
into two parts. The left bank of the river is characterized by a high degree of anthro-
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pogenic transformation, while along the right bank, natural riparian forests, included in the
Natura 2000 network and constituting an essential ecological corridor, have been preserved
(Figure 1). Forests account for about 15% of the city area and are located mainly on the
outskirts. A high proportion of various green areas makes Warsaw easily penetrable for
many mammal and bird species. Its green areas are also important refuges for numerous
animal species, e.g., [35,36].

Figure 1. Distribution of green areas and other habitats in Warsaw. The numbers refer to
city districts: 1—Żoliborz, 2—Praga-Południe, 3—Mokotów, 4—Wola, 5—Wilanów, 6—Wesoła,
7—Wawer, 8—Włochy, 9—Ursynów, 10—Śródmieście, 11—Praga-Północ, 12—Ursus, 13—Targówek,
14—Rembertów, 15—Ochota, 16—Bielany, 17—Białołęka, 18—Bemowo. The research was conducted
in city districts no. 2, 3, 7, 9, 10, 14, 15, 16. The dashed area shows Wawer, the city district where
complex wild boar density estimation was conducted. Study plots where camera traps for REM
density estimation (see Section 2.4) were located are shown.

Warsaw is divided into 18 districts, among which Wawer (Figure 1) is the biggest
(7971 ha, 16% of the area of the city) and the most forested. Wawer is the peripheral district,
which was included in the capital city in 1951. Officially, it has over 87,000 inhabitants
(1095 inhabitants/100 ha). Built-up areas cover almost 2800 ha, arable lands (partially
fallow) over 2000 ha, and forests nearly 3000 ha [34,37]. Wawer’s forest cover is the largest
in Warsaw, surpassing 35%. Forests are located primarily in the eastern part of the district
and are dominated by pine stands planted after World War 2. Around 150–200-year-old
oaks dominate just a tiny fraction of the forests. The biodiversity hot spots are riparian
forests at the Vistula River (also the western part of the city district) and alder swamp
forests of the Zakole Wawerskie. A considerable part of the area is under some form of
nature protection.
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2.2. Study Sectors

Fieldwork was performed in 8 out of 18 city districts, 4 inner (Ochota, Śródmieście,
Mokotów, and Praga Południe) and 4 outer districts (Wawer, Rembertów, Ursynów, and
Bielany), and within 19 sectors, located in different districts (Figure 1). Seven sectors
were located in Wawer. Five were located in Bielany, two in Ursynów, and the rest in the
other investigated districts (Table 1). The borders of the sectors were major streets, the
Vistula River, or compact built-up areas, which made them easily identifiable during the
fieldwork. The sectors differed in terms of their area and habitat structure. Ten sectors were
forest-dominated; the rest were covered by other habitats (parks, riparian areas, or built-up
areas). The forest-dominated sectors differed regarding stands, age, composition, and the
area’s status. A detailed description of the sectors can be found in Appendix A.

Table 1. Description of the sectors in which the fieldwork was conducted. The total transect length
on which snow tracking (see Section 2.3) was carried out is given. nd—no snow tracking data.

Sector
No.

City District
Area
(ha)

Habitat
Transect Length (m)

2020–2022 2023–2024

1

Wawer

527.1 forest 34,330 12,480
2 388.2 forest 9820 10,400
3 830 forest 4240 15,040
4 1113 forest nd 13,600
5 1322 other nd 11,200
6 340.6 other 12,960 7040
7 540.4 forest 5600 13,760

8 Rembertów 155.5 forest 14,720 4320

9 Praga
Południe 184.9 other nd 10,000

10 Ursynów 1108.5 other 12,560 12,310
11 89.4 other 5770 2320

12 Mokotów 96.4 other 1400 3360

13 Śródmieście 456.6 other 10,650 10,000

14 Ochota 86.9 other 7600 1000

15

Bielany

291.8 forest 2310 4760
16 129.5 forest 1820 5320
17 56.7 forest 2240 2240
18 233.5 forest 4270 3600
19 57.0 other 1400 900

Total 5404.0 131,690 143,650

As one of the aims was to estimate wild boar abundance in a sample city district, i.e.,
Wawer, most of the district (65%) was covered by sectors (Appendix B). In the remaining
part of the district, conducting an inventory was impossible. The area of the sectors
was assumed to be at least as big as an estimated home range size of urban wild boar
(100 ha, [9]).

We used two methods to assess the density of wild boars in Warsaw during win-
ter: (1) snow tracking on transect routes, and (2) camera traps and random encounter
model REM.

2.3. Snow Tracking on Transect Routes

Wild boar abundance was estimated based on snow tracking in the 2023/2024 winter
season. In each sector, snow tracking was conducted in all habitats. In 16 out of the
19 sectors in Warsaw, snow tracking was also conducted in the past (2020–2022), which
allowed us to compare wild boar density indices between the two periods (Table 1).
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Snow tracking was conducted on sparsely distributed, linear transects of different
lengths divided into 100 m sections. Tracking was carried out one to four days after snowfall.
The number of wild boars’ trails crossing each 100 m of the transect was registered, and
then the relative density index was calculated (N tracks/100 m/24 h) [38]. The number of
trails registered was divided by the number of days from the last snowfall to adjust the
number to 24 h after the snowfall.

The total area of all the districts where snow tracking was performed in the 2023/2024
winter season was 5404 ha, accounting for over 10% of the city. The total transect length
was 143.65 km. The total transect length in 2020–2022 was 131.69 km (Table 1).

For all the sectors in Warsaw, the relative density index was calculated and used to
compare those two periods. For the Wawer district, to estimate the total abundance of
wild boar in a sector, the absolute density was calculated in each sector by using the FMP
(Formozov–Malyshev–Pereleshin) formula [39]:

D (N ind./100 ha) = 1.57 × (N tracks/km/24 h)/DMD,

where D stands for density, 1.57 is a constant value, and DMD indicates the daily movement
distance. No data on the DMD of wild boar in Warsaw was available, so we used the values
(DMD in winter = 14 km) obtained for another big city in Poland, Cracow [9]. The mean
value from seven sectors was adopted for the part of Wawer, which was not covered by
snow tracking. Based on this, the absolute abundance of wild boar was calculated for the
whole district.

Searching for the relation between the habitat structure of the sectors and the wild boar
density index, we calculated the percentage share of forests and agricultural land (according
to Urban Atlas) in the seven sectors (sectors no. 1 to 7) in Wawer (Appendix B). For five
forest-dominated sectors (no. 1, 8, 10, 16, and 18), detailed data on stand composition and
forest habitat was available [33]. Thus, we could check if there was a relation between the
percentage share of oaks Quercus spp. older than 50 years (and already producing seeds)
and share of deciduous forest habitats within a sector and wild boar density index.

2.4. Camera Traps and Random Encounter Model (REM)

In the two forest reserves (Sobieski Forest, sector no 1, and Kabaty Forest, sector no
10, Figure 1), wild boar population density was assessed with the use of camera traps (Re-
conyx™ Hyperfire™ PC800, PC900 or PC850, Reconyx Inc., Holmen, WI, USA, Browning®

Spec Ops Advantage, Dark Ops Apex, Prometheus Group, Birmingham, AL, USA). Eight
camera traps were used in sector no. 1, and nine in sector no. 10 (17 camera traps in total).
In the Sobieski Forest, they were placed in the reserve, in its part being surrounded by
non-protected forest and as far as possible from streets. In the Kabaty Forest, the traps were
located in its central part. The distance between the camera traps was 200–400 m. Data were
collected from November 2023 to March 2024 to reflect the density of wild boar in winter.
The number of trap days was 788 and 622 in Sobieski and Kabaty Forest, respectively.
The camera traps were placed in trees at approximately 50 cm height. We recorded each
wild boar appearing in the images without distinguishing between individuals. A new
observation was considered if a minimum of 15 min elapsed between subsequent photos
or a series of photos showing an animal/animals. This rule was abandoned only when
an animal in the photo was different in age, sex, body size, or fur pattern (i.e., spotted),
indicating clearly it was a different individual than the one previously registered [36]. We
used the random encounter model (REM) to calculate wild boar density.

D = y/t π/(vr(2 + θ))

We used the number of independent photo captures (y) and camera effort (t = trap
days). We used wild boar daily range (v = 14 km/day as assessed for winter) after [9]. The
detection distance (r = 5.4 m) was adopted after [40]. The detection angle (θ, 0.69, and 0.96,
depending on the camera trap type, in radians) was taken from the camera trap manual.
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2.5. Statistical Analyses

Differences in the wild boar density index between the sectors were studied using
the Kruskal–Wallis test (the data did not follow a normal distribution, Shapiro–Wilk test,
p < 0.05). A two-sample paired Wilcoxon test was used to compare density indices between
the two study periods. Again, the data did not follow normal distribution (Shapiro–Wilk
test, p < 0.05).

The correlation between the wild boar density and habitat variables was checked
using the Pearson correlation analysis.

3. Results

3.1. Wild Boar Density in Warsaw

The wild boar density index (n tracks/100 m/24 h) in Warsaw varied from 0 to 3.58 (0
to 4.0 ind./100 ha). A higher wild boar density was recorded in the city’s outer rather than
the inner districts (Kruskal–Wallis test, H = 4.84, p = 0.03) and mainly in Warsaw’s east–
south and north parts. The wild boar density was higher in the natural areas (i.e., forests,
1.6 tracks/100 m/24 h; 1.8 ind./100 ha) than in the other habitats (H = 8.17, p = 0.005,
Figure 2).

Figure 2. Wild boar density index in different areas of Warsaw (i.e., sectors) as assessed by snow
tracking on transect routes in winter season 2023/2024. Sector numbers as in Table 1.

The mean wild boar density index in the current period (2023/2024) was higher than
in the earlier period (0.47 vs. 1.07 tracks/100 m/24 h) (two-sample paired Wilcoxon test,
W = 5, p = 0.005). Nevertheless, this increase was evident only in part of the sectors, while
in the northern part of Warsaw (sectors no. 16–19), the wild boar abundance remained at a
similar level (Figure 3).
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Figure 3. Changes in the mean (±SE) wild boar density index in different areas of Warsaw (sector
numbers as in Figure 2, Table 1) as assessed by snow tracking on transect routes. Only the sectors
where snow tracking was performed in the two study periods are included.

Wild boars seemed more abundant in the forests with a high proportion of oak stands;
no relation was seen for the deciduous forest habitats. However, no statistical significance
was found (Pearson correlation; oaks r = 0.69, p = 0.194; deciduous forest habitats, r = −0.27,
p = 0.657, Figure 4a,b).

Figure 4. Relation between wild boar density index assessed based on snow tracking (winter
2023/2024) and (a) percentage share of oaks older than 50 years; (b) deciduous forest habitats in a
given forest area. Forest-dominated sectors were considered (1, 8, 10, 16, and 18, see Figure 2, Table 1).

3.2. Wild Boar Density Estimate with Random Encounter Model (REM)

In the two forest reserves (Sobieski Forest, sector no. 1, and Kabaty Forest, sector no.
10), we calculated the wild boar density based on a random encounter model (REM). The
results obtained by this method were consistent with the snow tracking method. Yet, the
values were much higher (Figure 5) than those obtained based on snow tracking (2.3 and
0.7 ind./100 ha for Sobieski and Kabaty Forests, respectively).
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Figure 5. Mean (±SE) wild boar density estimated by random encounter model (REM) in two
forest reserves in Warsaw (Sobieski Forest, sector no. 1 and Kabaty Forest, sector no. 10) in winter
2023/2024.

3.3. Wild Boar Abundance Assessment in One of the City Districts (Wawer)

In Wawer, the city district in which complex wild boar density assessment was per-
formed, the density index (n tracks/100 m/24 h) ranged from 0.79 in sector no. 6 to 3.44
in sector no. 3. The estimated wild boar density ranged from 0.9 to 3.9 ind./100 ha. The
mean estimates for the whole district equaled 1.6 tracks/100 m/24 h and 1.8 ind./100 ha.
The total abundance of wild boar in the entire city district was assessed at 103 individuals
(Table 2).

Table 2. Abundance assessment of wild boar in a city district of Warsaw (Wawer), divided into seven
distinct sectors, in which snow tracking on transect routes was performed (2023/2024). To show the
total abundance of wild boar in the whole district, the mean density index from sectors 1 to 7 was
adopted as the value for the remaining part of the district not covered by snow tracking.

Sector No. Area (ha)
Density Index (±SE)
(n Tracks/100 m/24 h)

Density
(n ind./100 ha)

Abundance
(n ind.)

1 527.1 2.01 (0.32) 2.3 12
2 388.2 1.47 (0.31) 1.6 6
3 830.0 3.44 (0.56) 3.9 32
4 1113.3 0.98 (1.03) 1.1 12
5 1321.7 0.9 (0.25) 1.0 13
6 340.6 0.79 (0.22) 0.9 3
7 540.4 1.87 (0.39) 2.1 11

remaining area 2909.7 1.60 1.8 13

Total 7971.0 103

There was a significant difference between the values obtained for the different sectors
(Kruskal–Wallis test, H = 22.97, p = 0.000). The wild boar density tended to be higher in the
sectors with large forest cover and lower when arable lands dominated; however, this was
not statistically significant (Pearson correlation, forest cover, r = 0.52, p = 0.235 and arable
land, r = −0.45, p = 0.306, Figure 6a,b).
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Figure 6. Relation between the wild boar density and (a) forest cover, and (b) share of farmland
in a given sector (sectors no. 1 to 7, located in one city district, Wawer) as assessed based on snow
tracking on transect routes in winter 2023/2024.

4. Discussion

In this study, we showed wild boar density in selected areas of Warsaw. This ungulate
species was mainly present in forests. This is in line with the strong preference of wild boar
for natural landscapes and areas with high primary productivity [16], as the availability
of food resources and protective cover are among the factors that determine wild boar
abundance [41]. In our study, the highest densities were obtained for oak-dominated forests,
offering plenty of natural food (in the form of acorns) and located in the outer city districts.
Also, in Berlin, wild boars mainly inhabited forests [11]. In turn, in another Polish city,
Cracow, grasslands and natural open areas were mostly preferred [10]. The wild boars in
Warsaw seemed to avoid built-up areas; the same pattern was found in Cracow [10]. They
were also less abundant in the areas with arable land domination. Indeed, arable lands
were not intensively used for grubbing in Cracow [23]. The two wild boar hot spots (i.e.,
Sobieski Forest in the south and Bielany Forest in the north of Warsaw) were connected
to forests outside the city (including Kampinos National Park) directly or via the Vistula
River. Indeed, rivers and their associated riparian forests act as migration corridors for
wildlife [12,42,43]. According to this study and other published data, wild boars were
absent from the central districts and mostly urbanized areas; this included the biggest
Warsaw urban parks, i.e., Mokotów Field [44], Skaryszew Park [45], Szczęśliwice Park,
or Royal Łazienki Park (this study). Yet, some accidental presence of wild boars in such
green spaces was recorded, with Krasiński Garden, a small, historical urban park, being an
example [46]. In general, such centrally located green areas are less appropriate habitats
for wild boars, providing fewer hiding places and fewer natural food sources for woody
species [8]. Comparing the current data with that collected two years earlier, we see that
the wild boar densities increased. Nevertheless, the species was and is still mostly present
in areas of high naturalness.

It is hard to claim whether wild boars colonize urban areas or if the city spreads
over wild boar habitats [11]. The urbanization process is ongoing, with urban green areas
being built up. This makes wildlife search for new, even suboptimal, habitats, leading to
more frequent human–wildlife conflicts. Urban forests seem to be crucial as wild boar
hot spots. Indeed, wild boar inhabiting urban forests in Berlin formed genetically distinct
and geographically coherent clusters. Nevertheless, if these populations exceed carrying
capacity, dispersers from urban populations would invade built-up areas [11]. Thus, the
regular monitoring of the urban population is necessary.

Wild boar density assessment is difficult [7], and wild boar densities in Poland have
recently become very variable due to ASF and increased hunting mortality [31]. For
example, in the Roztocze National Park, drive counts showed densities of 16 ind./100 ha,
while in the subsequent seasons, this value dropped to 2.2 ind./100 ha and again increased
to 12 ind./100 ha [47]. In turn, in the Białowieża Primeval Forest, the wild boar density
was estimated at around 7 ind./100 ha based on drive counts. After ASF was recorded,
these values dropped to less than 2 ind./100 ha [31]. When another method was applied
(i.e., pellet group counts) the assessed density was even much lower (Gryz J., unpbl.). Wild
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boar inventory using camera traps in northeast Poland (Iława County) showed a density
of 2.5 ind./100 ha of the forest [48]. Inventory in western Poland (Lubusz Voivodeship,
areas managed by State Forests) conducted using the same method showed a density of
1.6 ind./100 ha [49]. A complex inventory of wild boars conducted in state forests, using
drive counts (autumn 2016), showed a density of around 2 ind./100 ha [50]. However,
counting wild boars on a large regional scale is considered unfeasible, and estimations
should rather be performed locally and in specific habitats [51]. Besides all this uncertainty
over real population abundance, our results on wild boar density in Warsaw do not seem
to be high. The mean wild boar density assessed for different areas of the city was from
0 to 4.0 ind./100 ha. In turn, for all the forested areas and for the Wawer district, it was
1.8 ind./100 ha.

Owing to the wild boar population increase and an ongoing urban sprawl, this un-
gulate has become a new urban species, finding optimal habitats in urban forests that
offer abundant food sources. This food supply, combined with higher temperatures in the
city (urban heat island phenomenon UHI, [52]), may lead to population increase thanks
to reduced juvenile mortality and boosted reproductive success [53]. Additionally, as an
omnivorous ungulate, wild boars are often attracted by easily accessible anthropogenic
food, including communal waste [7], review in: [8], especially when access to natural re-
sources is limited [54]. They may even enter urban areas looking for pet (i.e., cat) food [12],
making them more probable to be recorded by city inhabitants and generating human–wild
boar conflicts.

Our results on the wild boar densities need to be taken with caution. Snow tracking
in urban areas can be challenging, especially in sectors with a high share of built-up areas
or inaccessible plots. The more built-up areas in a sector, the longer stretch at which
snow tracking is not possible, e.g., in sector no. 5, snow tracking was possible only along
11 km out of 17 km of our walking distance. In the case of big wild boar packs, it may be
difficult to quantify the number of trails crossing the transect. Some sectors were close or
adjacent so that the same individuals could travel between the sectors. They were partially
separated by streets and built-up areas, but those did not constitute a definite barrier so
that the same individuals could be present in different sectors. Moreover, animals from
the forests located outside this city district could have entered our study sectors. Besides
these shortcomings, our estimations reflect the general distribution of wild boar over the
city and in different habitats. We believe the snow tracking method has many pros. It is
non-invasive, cost-effective, and can be used over long-term periods and in various habitats,
even the most urbanized, where camera trap placement may be difficult. The method may
estimate the absolute abundance or deliver the density index, allowing for monitoring
population trends and changes in habitat use [38]. On the other hand, it is only applicable
with sufficient snow cover; thus, the future use of the method remains questionable. Urban
habitats are patchy, with dispersed food or resting sites. This makes wild boars move more
to meet their daily requirements [9]. Therefore, the DMD value may reflect local habitat
structure, and variation in this value will affect the obtained density value. DMD value
should be ideally obtained for a given area or adopted from a study conducted in similar
conditions. Thus, the method should be supplemented with other techniques to monitor
long-term population trends, such as camera trapping or pellet group counts. The first
allows for density assessment (either using the relative index or the absolute density using
the REM) but also gives quite precise data on group size, productivity, or activity patterns,
parameters that in urban animals may shift as an adjustment to urban conditions [2,36]. In
our case, REM gave much higher results than the snow tracking estimations, yet consistent
with a general difference between the two forests (i.e., Sobieski and Kabaty Forests). A
similar pattern was found in the Białowieża Primeval Forest, where the wild boar density
was estimated based on drive counts, and the REM method was compared [31]. REM is
suggested to be the most promising methodology for wild boar density assessment [55],
yet in urban areas, it may be prone to overestimation [56]. One of the key assumptions of
REM is that the pattern of activity of individuals should be random as related to camera

92



Forests 2024, 15, 1497

trap placement [57]. This may be violated in heavily penetrated urban forests, where the
avoidance of humans may influence wild boar foraging decisions [23]. Moreover, the
day range is a crucial REM parameter to obtain unbiased density [57]. This value may
differ greatly from that obtained in rural areas and depends on the habitat structure in
urban areas [9]. Drive counts are impossible to conduct in heavily penetrated small urban
forests. Moreover, they give very variable results, probably related to the highly gregarious
behavior of wild boar [55]. A molecular analysis aimed at population assessment [56] and
genetic differentiation may help better understand migration patterns between urban and
suburban populations [11].

The attitudes of city inhabitants towards wild boar may be very variable [58], with
some claiming wild boar eradication/relocation from any urban areas [13] and others being
very affectionate about this ungulate species, with attempts to feed wild boars and/or
approach not being rare [17,27,28]. Even those who believe wild boar should return to their
natural habitats are against wild boar culling [58]. Many people are strictly against wild
boar killing, which makes managing wild boar populations in urban areas difficult. In
Warsaw, unofficial groups that sabotage the attempts of wild boar population control (e.g.,
letting wild boar escape from the traps, disrupting wild boar hunts, etc.) are organized.
There were also attempts to destroy or steal wild boar traps [29]. Our results did not point
to a high wild boar density in Warsaw. Nevertheless, between June 2023 and the time
of our study (winter 2023/2024), over 20 wild boars had been culled just in the Wawer
district. Unleashed dogs may magnify the conflict between wild boar and humans in
urban areas. This domestic carnivore is perceived as a persisting threat by wild boars [16].
Thus, when a dog attacks a wild boar, this ungulate responds, resulting in the dog owner
feeling threatened. Indeed, during our study, unleashed dogs were recorded frequently
(own observations).

5. Conclusions

Wild boar management should start with society’s education on wild boar behavior
and ecology so that the consequences of certain human actions (like feeding, approaching
animals, etc.) are clearly understood. It is clear that a long-term general strategy should
be implemented. This should be based on the regular monitoring of wild boar population
in the sampled locations, aimed at assessing wild boar population trend, distribution
within the city, and population productivity. This should also include hunting districts
neighboring the city. At the same time, the protection of forested areas, especially old oak
stands, which serve as refuges for wildlife, needs to be safeguarded. Also, regulations (on
limited access to people and dogs) must be respected. Wild boar-proof garbage bins are
necessary to keep wild boar from built-up areas. Any population regulations should be
based on the data delivered by population monitoring, with wild boar trapping and further
euthanasia probably being a better solution than wild boar shooting in urban areas.
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Appendix A. Description of Study Sectors

Sector no. 1 (527.1 ha) was dominated by forest (98%), part of which (116 ha) was
legally protected as a nature reserve (Sobieski Forest). Stands were diverse but dominated
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by 70–80-year-old pine and oak stands. Besides, there were natural 150–200-year-old oak
stands in the reserve. Most of the forest is managed by the Municipal Forests of Warsaw.

Sector no. 2 (388.2 ha) was also forest-dominated (84%, Barciucha Forest) with a share
of built-up (primarily detached or semi-detached houses) areas (13%). Private forest plots
are now being built up intensively, including old oak stands, with new roads and other
infrastructure being established. The Wawerski Canal runs through the sector.

Sector no. 3 (830 ha) was also mostly covered by forest (79%, Wilanowski Forest), with
built-up areas accounting for 14%. Warsaw’s southern bypass runs at its southern border.
Almost 50% of the forests are or will soon be built up.

Sector no. 4 (1113 ha) was mostly covered by forest (70%), and built-up areas accounted
for 13% (primarily detached and semi-detached houses). Its pine stands are young, mostly
planted after World War II. Warsaw’s southern bypass was its northern border.

Sector no. 5 (1322 ha) was the most urbanized (built-up areas accounted for 27% of
the area). Agricultural lands (mostly fallow lands) accounted for 42% of the area; forests
accounted for 19% of the area. The whole area is undergoing fast urbanization, i.e., plots
are fenced, and new buildings are erected. Along its western border (Miedzeszyński
Embankment), there are some wet areas, reed, and willow Salix spp. covered.

Sector no. 6 (340.6 ha) encompassed former Vistula floodplains. Forests (15%) were
primarily located in its northern part, were alder-dominated, and were protected as a
Nature and Landscape Complex (Zakole Wawerskie). The rest of the area is covered by
reeds, meadows, and fallow land in various stages of succession (79%). Built-up areas are
scarce and account for 6% of the whole area.

Sector no. 7 (540.4 ha) encompassed the Vistula floodplains and was bordered by the
river from the west and Miedzeszyński Embankment from the east. The landscape was a
mixture of riparian forests (27%) and open areas (meadows and fallow lands, 71%). There
are old river beds and swamps in some parts. Built-up areas accounted for less than 2% of
the area and were primarily located in the southern and northern parts of the sector. Some
recreational areas also existed (like golf courses, boating clubs, and beaches).

Sector no. 8 (155.5 ha, located in Rembertów district) encompassed a woodland cut
into two separated areas by a heavy traffic road. Its stands primarily comprise Scots pine
(Pinus sylvestris L.), oaks, and birch (Betula pendula Roth), though most of this site was
afforested in the 1950s. Half of the forest (70 ha) is protected as a nature reserve (Kawęczyn
reserve) with limited access.

Sector no. 9 (184.9 ha) was located in an inner district (Praga Południe). It encompassed
about a 5 km long riparian area (with remnants of willow and poplar forest and some
municipal beaches along) restricted by flood bank and the Vistula River. Also, a nearby
urban park (Skaryszewski), the National Stadium surrounded by its open areas, and an old
river port (now undergoing housing development) were included in this study site. The
whole area is intensively used for recreational activities.

Sector no. 10 (1108.5 ha, Ursynów) encompassed the largest compact forest complex in
Warsaw (more than 900 ha) and has been protected as a reserve (Kabaty Forest) since 1980.
The multi-species tree stands are dominated by Scots pines and oaks, which grow in fertile
habitats. Some stands are more than 120 years old. This reserve is contiguous with other
Warsaw green areas via the Vistula Scarp. It is surrounded by developed areas, except in
the east, where the reserve is adjacent to arable land, an urban park, and a botanical garden.
In the protected area, visitors can move only along tourist trails, where walking and biking
are allowed. Forest management is highly limited. In the reserve and an adjected urban
park, special places are dedicated to leisure activity, barbecue areas, fireplaces, etc. Thus,
there are plenty of anthropogenic food remnants that attract wild boars.

Sector no. 11 (89.4 ha, Ursynów) was located on the Warsaw University of Life
Sciences campus. Three different habitats can be distinguished: a modern campus with
new buildings, an old campus being a historical park, and a nature reserve (Ursynów
Scarp). The reserve protects the scarp rising above what was once the proglacial valley
that carried meltwaters from the ice sheets. This valley is now considered to be the Vistula
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Valley. Protection was provided to a 23 ha area here in 1996, and the reserve includes a
multi-species stand of broadleaved woodland. However, the woodland and scrub habitat
only accounts for 30%–40% of the protected area. The remainder of the reserve is composed
of meadowland and ruderal plant associations. The scarp runs south of the reserve and
is connected to woods at the southern edge of Warsaw agglomeration. To the southeast,
the reserve borders have more extensive open areas, although these areas are destined for
more urban development.

Sector no. 12 (96.4 ha, Mokotów) encompassed two parks (Królikarnia, a historical
park adjacent to a historic classicist palace, and Arkadia, now being protected as the Arcadia
Nature and Landscape Complex), allotment gardens, sports areas, and XIX fort, all located
among highly urbanized parts of the city.

Sector no. 13 (456.6 ha, Śródmieście) covered green areas in a strict city center. These
were the historical Royal Łazienki Park, Botanical Garden, Agrykola Park, the surroundings
of Sejm and Senate Complex, Marshal Edward Rydz-Śmigły Park, Kazimierzowski Park,
and smaller parks and squares located within the built-up areas of the city center and
surrounded by busy streets. Some parts of this site are built up by historical and modern
buildings. The sector was limited by the Vistula River from the east. Yet, this part of the
river bank is highly anthropogenically transformed and deprived of riparian forests and
other natural habitats.

Sector no. 14 (86.9 ha, Ochota) included the neighboring Szczęśliwice Park, remnants
of Szczęśliwice Fort (part of the 19th century Warsaw Fortress) and adjacent allotment
gardens. This municipal park was established in the 1960s in the area, which used to serve
as a debris and rubbish dump and clay excavation site (now turned into ponds). The soil is
highly degraded, so pioneer species (like poplars) have a significant share among the plants.
There is also Szczęśliwice Hill, created initially as a dump for rubble from the destruction
of Warsaw during the war, then covered with earth and turned into a slope with a ski lift.
The area is a popular recreational site for inhabitants.

Sector no. 15 (291.8 ha, Bielany) was a forest (Młociny Forest) adjacent to sector no.
16 (Młociny Park). This site is directly linked with Kampinos National Park. In the south,
it is restricted by one of the biggest Warsaw cemeteries (Northern Communal Cemetery).
Tree stands are dominated by Scots pine and oaks with an admixture of birch, black alder
(Alnus glutinosa (L.) Gaertn), and other deciduous species.

Sector no. 16 (129.5 ha, Bielany) was a forest complex (Młociny Park) with a meadow
in the southern part (so-called forest park). Stands are dominated by Scots pine and oaks.
The central part of the forest is swampy and dominated by black alder and poplars Populus
spp. Some pine and oak stands are over 150 years old.

Sector no. 17 (56.7 ha, Bielany) was located along the Vistula River on one side
and Młociny Park on the other side. It encompassed a ca. three-kilometer-long riparian
habitat mostly covered by willow and poplar forests or bushes. Meadows and oxbow lake
complemented the landscape.

Sector no. 18 (233.5 ha, Bielany) was an urban forest (Bielany Forest) surrounding the
university campus and historical abbey complex. In its north part, a sports club is located.
Most of the forest has been protected as a nature reserve since 1978. Its forest habitats
include oak–lime–hornbeam forest, riparian forest, and alder carr. The oldest oak stands
are more than 250 years old. Two small watercourses cross the reserve area. On the eastern
side, the reserve is partly separated from the Vistula River by a 3-lane expressway (yet it
partly runs on a flyover). At the same time, the northernmost limits are connected to the
Młociny Park. In contrast, dense urban development is present to the west and south.

Sector no. 19 (57.0 ha, Bielany) encompassed the University of Physical Education
in Warsaw campus and a small forest complex (Linde Forest). Stands aged 60–80 are
dominated by Scots pine, black locust, birch, and oaks.
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Appendix B. Habitat Composition of Study Sectors (no. 1–7) Located in Wawer

City District

Table A1. Percentage share of habitats (Urban Atlas Categories) within study sectors (no. 1–7) located
in Wawer district.

Habitat Category
Sector no (% of Area)

1 2 3 4 5 6 7

Continuous urban fabric 0.1 4.6 5.0 1.9 20.5 1.1 0.1
Discontinuous urban fabric 0.0 7.3 7.2 9.7 5.7 3.6 1.0

Discontinuous
medium-density urban

fabric
1.4 1.8 1.4 0.5 0.8 0.5

Industrial and commercial
units 0.3 0.3 0.4 1.2 4.4 0.0 0.3

Roads 0.3 2.5 3.1 2.0 3.3 0.4 0.2
Railways 0.3 0.0

Construction sites 0.2 0.7 0.0 0.1
Green urban areas 0.8 0.0 3.9
Agricultural and

semi-natural areas 2.2 13.6 42.1 78.8 70.5

Forests 97.8 83.9 79.1 69.5 18.6 15.3 27.4
Water 0.4 0.0

Cemetery 1.6 0.2

Total area (ha) 527.0 388.2 830.0 1113.3 1321.7 340.6 540.4

 

Figure A1. Habitat structure of seven sectors (sectors no. 1–7) in which Wawer (city district of
Warsaw) was divided to estimate wild boar density.
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32. President of Warsaw. Decision no. 203/OŚ/2024; President of Warsaw: Warsaw, Poland, 2024.
33. Forest Data Bank. 2024. Available online: https://www.bdl.lasy.gov.pl/portal/en (accessed on 12 July 2024).
34. Zegar, T. (Ed.) Rocznik Statystyczny Warszawy; Statistical Office in Warsaw: Warsaw, Poland, 2023.
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Available online: https://gazetalubuska.pl/lubuskie-prekursorem-w-kraju-to-u-nas-pilotazowa-metoda-policzono-dziki-
inwentaryzacja-jest-konieczna-aby-skutecznie-walczyc-z/ar/c8-17387233 (accessed on 25 December 2023).
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Abstract: The habitat of the lichen Scots pine forest is currently one of the communities that requires
attention and active protection due to its rapid disappearance. In our study, we identified factors that
can be modified to preserve this habitat. The primary focus of our research was on the significance of
tree height and sunlight in fostering the development of a lichen-rich layer within the lichen Scots pine
forest. Additionally, we investigated the environmental factors influencing the presence of specific
species of lichens and bryophytes, including those that form communities and those that displace
species characteristic of the lichen Scots pine forest community. Our study was conducted in Bory
Tucholskie National Park (N-W Poland) using 20 experimental sites and 248 point-frame plots from
spring 2021 to winter 2022. Fieldwork involved species surveys, measurements of photosynthetic
activity in lichens and bryophytes, and collection of environmental data. Through parametric
testing, modeling, and mapping, our main findings confirmed that light availability, influenced
by tree height, is a critical factor in maintaining a well-preserved lichen-rich layer and facilitating
habitat reintroduction.

Keywords: Cladonio-Pinetum complex; tree height; environmental factors; Bory Tucholskie National
Park; photosynthetic activity; habitat reintroduction; lichens; bryophyte

1. Introduction

Photosynthesis is regulated by numerous environmental factors that not only limit
steady-state photosynthesis but also constrain the speed of response to environmental fluc-
tuations [1–3]. Under natural conditions, photosynthesis occurs in fluctuating irradiance.
We define this process as dynamic photosynthesis, regulated by the kinetics of underlying
processes and interspecific variation in response to fluctuating irradiance [2,4].

The effect of light on photoautotrophic species can be assessed in direct terms (i.e., how
light directly affects the photosynthetic system of the plant) and indirectly (i.e., how this
solar energy also in the form of thermal energy shapes the ecosystem conditions, including
water conditions). The amount of energy that reaches the ecological niche in a community is
largely shaped by the structure of the plant community itself. In the case of the community
of the lichen Scots pine forest, it is a specifically developed strongly deformed Scots
pine stand on a poor, sandy base with a lichen-rich undergrowth layer. The lichens that
occur there are light-requiring organisms, adapted to high values of sunlight intensity, as
evidenced by the presence of the same species of lichens in open habitats, for example,
alpine or tundra communities [5,6]. Previous studies have shown that an important
environmental factor limiting the occurrence of undergrowth is the thickness of organic
matter on the forest substrate [7]. However, an equally important factor is the height
of the pine stand, which changes a lichen-rich undergrowth layer into a bryophyte-rich
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undergrowth layer. This relationship was believed to be related to the limiting impact
of the pine stand on the availability of solar energy in the forest undergrowth layer [7];
however, this has not been empirically proven in research to date.

Since 2015, studies have been carried out in Bory Tucholskie National Park on 13 hectares of
lichen Scots pine forest habitat belonging to the Cladonio-Pinetum Juraszek 1927 community [7–9].
In 2020, a pilot study was conducted focusing on the determination of the degree of viability
of selected species of lichens and bryophytes with respect to environmental conditions,
using the method of assessing photosynthetic activity [9].

The region where the research took place is marked by severely impoverished and
arid conditions, linked to a particular substrate created during the last ice age (consisting
of sandy soils in the valleys of major rivers and post-glacial outwash sands). Over time,
this environment has been influenced by various human activities, including cattle grazing,
the collection of litter (such as pine needles, pinecones, and small branches), deforestation,
and clear-cutting [7,8].

On the one hand, previous studies [9] have observed a certain repeatability of photo-
synthetic activity of the studied species in relation to the seasons and time of day; on the
other hand, clearly the conservation status of the lichen undergrowth was correlated with
the height of the trees. So, in the current study, which has been conducted through the use
of automatic measuring devices (loggers) distributed in dozens of sites, an attempt was
made to clarify the mechanisms of the effect of the sun per year in relation to the height of
the trees on the photosynthetic activity of lichens and bryophytes in the undergrowth of
the brushwood forest.

The aim of the presented research was to study how sunlight identified as a source
of PAR (Photosynthetic Active Radiation) and thermal energy shape the lichen-rich un-
dergrowth layer in the lichen Scots pine forest community. Due to the structure of this
community with pine stands of different age and height, the amount of light reaching
the undergrowth differs. Therefore, we assume that both the height of the stand and the
amount of sunlight reaching the forest floor influence the development of the lichen-rich
undergrowth layer. Apart from environmental conditions, lichen photosynthesis is closely
related to the photosynthetic abilities of the photobiont, i.e., an autotrophic prokaryotic or
eukaryotic alga [10–13]. On the other hand, in bryophytes, it occurs in the gametophyte,
which is the dominant generation, additionally nourishing the sporophyte [14]. Further-
more, we studied the influence of environmental variables on certain species of lichens and
bryophytes present in the study area. We set the following hypotheses: (1) an increase in
the percentage cover of the lichen-rich undergrowth layer is directly proportional to the
increased amount of light reaching the substrate, which is dependent on the tree height;
(2) an increase in the amount of light decreases the percentage cover of the bryophyte-rich
undergrowth layer.

2. Material and Methods

2.1. Study Area

Fieldwork was carried out for one year from spring 2021 to winter 2022 in the ‘Bory
Tucholskie’ National Park (Tuchola Forest region, Nort-West Poland) (Figure 1). In 2017 in
the north part of the National Park, a study area (13 ha) of the lichen Scots pine forest was
designated that included 20 experimental localities designated in 2017 and an additional
248 point-frame plots analyzed in 2021 (Figure 1).

2.2. Lichen Undergrowth Layer and Trees Height Mapping

In 2018, an aerial LIDAR scan of the stand was performed, which was used to make a
tree crown model [7,15]. Based on the model, tree heights (THs) were calculated, which
were grouped into three height ranges (1–9 m, 10–13 m, and 14–18 m) and presented on the
map (Figure 2A). Data for crown areas (CAs) and tree cover (TC-2017) were obtained from
the same tree crown model. These data were used to perform later statistical analysis.

101



Forests 2024, 15, 675

 

Figure 1. Study area in the north part of Bory Tucholskie National Park in Poland (white line) of the
lichen Scots pine forest community with 20 experimental localities (violet dots) having automatic sub-
strate temperature and light intensity loggers; among them, 20 localities carried out the measurement
of the chosen cryptogams species’ photosynthetic activity [Fv/Fm] (the maximal quantum yields of
photosystem II) (blue dots) and 248 new localities were point-framing plots (pink dots). Orthopho-
tomap layer by © The Head Office of Geodesy and Cartography (www.geoportal.gov.pl 2022).

Utilizing the random points tool within the ArcGIS software 10.8.2 (ESRI, Redlands,
CA, USA, 2020) across the study area, with the exclusion of zones where all undergrowth
cover was cleared in 2018 as part of a prior project, a total of 248 sites were delineated,
forming the shapefile layer of the point-frame (Figure 1). In the field, randomly determined
positions were located with a precision of 1 m using an iPad device equipped with the
MapPlus 2.8.20 application (Miocool Inc., 2021). For this purpose, an aluminum frame was
used, divided by lines into 100 squares with dimensions of 5 by 5 cm. The frame was placed
at the designated site and then each species that was at the intersection of the lines was
noted as one percent. The records for each species were summed, and thus the percentage
cover of each species in each plot was calculated. In the case that there were no species at
the intersection, the zero value was observed. Then, for each plot, the percentage cover for
all lichen and bryophyte species was summed. Based on the obtained results, a geodatabase
of the point-frame shapefile layer was created. This layer was used to create the percentage
cover of lichens in the Scots pine forest undergrowth layer model (Figure 2B). Both models
are presented as maps (Figure 2) for visual comparison.

2.3. Measurement Microhabitat Variables

Each of the 20 experimental localities had automatic loggers (HOBO MX2202 Under-
water Temp/Light, Version Number: 140.59) measuring the temperature of the substrate
[◦C] and the intensity of sunlight [lux] at 6:00 a.m., 9:00 a.m., 12:00 a.m., 3:00 p.m., and
6:00 p.m. from 1 June 2021 to 31 February 2022. For presenting the results of statistical
analyses, measurements taken on the days of measuring the photosynthetic activity of
selected species of lichens and bryophytes were used. For selected microhabitat variables
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that had a statistically significant effect, we carried out an interpolation modeling process
using the Kriging Tool in the ArcGIS ArcMap application.

Figure 2. Map of the tree height model (A) and map of the percentage cover lichens in the Scots pine
forest undergrowth layer model (B).
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2.4. Measurement of Photosynthetic Activity

All 20 experimental localities contained 4 selected species of lichens (Cladonia mitis
Sandst; Cladonia uncialis (L.) Weber ex F.H. Wigg.) and bryophytes (Pleurozium schreberi
(Willd. ex Brid.) Mitt.; Dicranum scoparium (L.) Hedw.) (Figure 1). We chose 3 days each
in the months representing the four seasons found in this part of Europe. The choice of
days was based on weather conditions, so that the days of conducting field work were
preceded by stabilized weather characteristic of the season. In these places in the outlined
seasons (spring (23–25 April 2021); summer (25–27 June 2021); autumn (1–3 October 2021);
and winter (4–6 February 2022), we randomly selected individuals from species within
the plot and carried out measurements of photosynthetic activity [Fv/Fm] (the maximal
quantum yields of photosystem II) at designated times of the day (6:00 a.m.; 9:00 a.m.;
12:00 a.m.; 3:00 p.m.; and 6:00 p.m.). Twenty samples of each species were simultaneously
collected on a designated day and at a specified time. Each sample, approximately 2 g
in weight, was carefully deposited into conical tubes containing 5 milliliters of rainwater.
Subsequently, the samples were subjected to a hydration period lasting 2 h. The objective of
this thallus watering procedure was to ensure a uniform hydration level across all samples,
thus standardizing the experimental conditions.

Measurements were conducted utilizing a Handy PEA+ fluorometer manufactured by
Hansatech Instrument Ltd., located in King’s Lynn, Norfolk, UK. The prompt fluorescence
(PF) method [16] was employed for data acquisition. Prior to measurements, each sample
underwent a dark adaptation phase lasting approximately 15 min [17], facilitating the
quenching of the light phase of photosynthesis reactions. Upon completion of the adapta-
tion phase, samples were subjected to continuous light exposure with wavelengths shorter
than 670 nm. Chlorophyll fluorescence emitted within the range of 680 to 760 nm was
then recorded by the photodetector. Post-measurement, the Fv/Fm ratio was determined,
representing the maximum photochemical efficiency of photosystem II. This ratio is widely
acknowledged as a robust indicator of the photochemical activity within the photosynthetic
apparatus [18].

2.5. Statistical Analysis

The following variables were selected to determine the relationship between tree
height and lichens: (a) percentage cover of lichen (N = 248); (b) percentage cover of Cladonia
mitis (N = 248); (c) percentage cover of C. gracilis (L.) Willd. (N = 248) (both lichen species
characteristic of the Cladonio-Pinetum complex); (d) percentage cover of P. schreberi (N = 248)
(bryophyte species were additionally taken into account due to their expansive nature
causing it to occupy areas after retreating lichens). Pearson’s r correlation analysis was
performed for an equal sample size (p < 0.05). Scatterplots were presented to show the
relationship between the various variables (Figure 3).

To investigate the relationship between lichen cover and microhabitat variables
(N = 248), i.e., substrate temperature (Table 1a) and light intensity (Table 1b) in a sea-
sonal approach (summer, autumn, and winter), multiple regression analysis was performed
for an equal sample size (p < 0.05). The results obtained are presented in Table 1.

To investigate the relationship between the photosynthetic activity of selected species
(C. mitis, C. uncialis, D. scoparium, and P. schreberi) in a seasonal approach (summer, autumn,
and winter) at different times (9:00 a.m., 12:00 a.m., and 15:00 p.m.); the temperature in a
seasonal approach (summer, autumn, and winter) at different times (9:00 a.m., 12:00 a.m.,
and 15:00 p.m.); light intensity in a seasonal approach (summer, autumn, and winter) at
different times (9:00 a.m., 12:00 a.m., and 15:00 p.m.); and the height of trees, multiple
regression analysis was performed for an equal sample size (p < 0.05). Modeling was
not performed for the spring period due to the lack of measurements of microhabitat
parameters. A total of 36 models were used (for the photosynthetic activity value of four
species and three variables) where one data series counted N = 248 (total N = 11,904). The
results obtained are presented in Supplementary Table S1.
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Table 1. Results of stepwise multiple regression analysis for the effect of two microhabitat parameters:
(a) substrate temperature (r = 0.61039, r2 = 0.37258371, F = 48.2988, p < 0.001) and (b) light intensity
(r = 0.599672, r2 = 0.359607, F = 68.79, p < 0.001) in a seasonal approach (summer, autumn, and winter)
on lichen cover. The constant tree height parameter was also included in both analyses. Variables
with significant effect (p < 0.05) are provided in bold. Variables are listed according to p-value.

Variables B t p

(a)
Tree height −7.74 −10.147 p < 0.001
ASTA 65.31 3.0355 p = 0.003
ASTW −95.19 −2.419 p = 0.016

(b)
Tree height −8.15 −11.123 p < 0.001
ALIA 0.009 2.025 p = 0.044

As a result of photosynthetic activity measurements, the collected results (N = 2880)
were statistically analyzed by a two-way analysis of variance (ANOVA) test followed by
Tukey’s HSD (Honestly Significant Difference) test for an equal sample size (p < 0.05). The
test was performed to reveal Fv/Fm differences between the following pairs of variables:
(a) species (C. mitis, C. uncialis, D. scoparium, and P. schreberi) and season (spring, summer,
autumn, and winter), and (b) species and time of day depending on the season (9:00,
12:00, and 15:00) (Table 2). Before the analysis, the normality of the distribution was
verified using the Kolmogorov–Smirnov test (p > 0.05) and the Levene test (p > 0.05) to
assess equality of variance. Box-and-whisker plot charts were presented to illustrate the
differences (Figure 4).

Table 2. Results of the two-way ANOVA assessing the effects of the following variables on cryp-
togams’ Fv/Fm: (a) species (Cladonia mitis Sandst; Cladonia uncialis (L.) Weber ex F.H. Wigg., Dicranum
scoparium (L.) Hedw., Pleurozium schreberi (Willd. ex Brid.) Mitt.) and seasons (spring, summer,
autumn, and winter); (b) species and daytime (8:00 a.m., 12:00 p.m., and 3:00 p.m.) during spring,
(c) summer, (d) autumn, and (e) winter. Significant effects (p < 0.05) are denoted in bold.

Variables F p

(a)
Species 150.6 p < 0.001
Season 460.2 p < 0.001
Species x season 16.4 p < 0.001

(b)
Species 96.2 p < 0.001
Daytime in spring 12.15 p < 0.001
Species x daytime in spring 7.61 p < 0.001

(c)
Species 81.18 p < 0.001
Daytime in summer 0.76 p = 0.47
Species x daytime in summer 3.33 p = 0.003

(d)
Species 30.6 p < 0.001
Daytime in autumn 2.7 p = 0.069
Species x daytime in autumn 11.0 p < 0.001

(e)
Species 13.93 p < 0.001
Daytime in winter 197.01 p < 0.001
Species x daytime in winter 0.41 p = 0.875

To investigate the relationship between species of lichens and bryophytes, forest
variables, and microhabitat variables, a canonical correspondence analysis (CCA), preceded
by random Monte Carlo permutation tests, was performed using Canoco for Windows
Version 4.51 (C) 1997–2003 Biometric—Plant Research International Wageningen, The
Netherlands, and CANOCO CanocoDraw for Windows 4.1 (C) 1999–2003 Petr Smilauer.
Statistical tests were performed using the StatSoft STATISTICA program (data analysis
software system), version 13.3. The abbreviations of variables are explained in Table 3.
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3. Results

3.1. Influence of Microhabitat Parameters on Photosynthetic Activity and Cover of Lichens
and Bryophytes

By comparing the graphic interpretation of the lichen/bryophyte undergrowth layer
model based on the quantitative data of the species of lichens and bryophytes and the tree
height model, some relationships were found visually showing the presence of a large
percentage cover of lichens in the undergrowth layer in low (1–9 m) and medium (10–13 m)
places of the pine stand (Figure 2). On the other hand, the bryophyte-rich undergrowth
layer was dominant in places where the pine stand reached the highest values (14–18 m)
(Figure 2).

The linear relationship between tree height value, lichen cover value, and selected
species of lichen and bryophyte cover value showed a strong linear correlation (Figure 3).
The strongest relationship was shown between tree height and lichen cover in the under-
growth layer (Figure 3A). The cover of lichens in the forest undergrowth layer decreases
with increasing tree height (r = −0.59). Slightly lower, the same as the previous, inverse
correlations also occurred between tree height and percentage cover of C. mitis (r = −0.41)
and C. gracilis (r = −0.4), the two most important habitat-forming species. In the case of
P. schreberi, which competes strongly with lichens, a positive correlation with tree height
occurred (r = 0.43).

Since strong relationships between tree height and percentage cover of lichens in
the forest undergrowth layer were found, additionally, multiple regression analysis was
performed that included data from three seasons (summer, autumn, and winter) on mi-
crohabitat parameters: average substrate temperature and average light intensity on the
undergrowth surface and tree height (Table 1). Based on the multiple regression analysis
performed, it was observed that the variables TH, ASTA, and ASTW (Table 1a) and TH
and ALIA (Table 1b) had a large influence on the shaping of the lichen-rich undergrowth
layer. The results of the next multiple regression analysis showed the relationship between
the Fv/Fm of selected species (C. mitis, C. uncialis, D. scoparium, and P. schreberi) and the
substrate temperature and light intensity microhabitat parameters in the aspects of daytime
and seasons (Supplementary Table S1). In total, 36 models of the activity relationship of
four species were made in each case for three variables, 13 of which showed statistical
significance (Supplementary Table S1). For nine statistically significant models, a very high
value of r > 0.5 of the regression coefficients was found, and for four, it was moderately
strong 0.0 < r > 0.3 (Supplementary Table S1).

In terms of species, relationships between the Fv/Fm of these species and the mi-
crohabitat parameters in terms of seasons and daytime were found to be statistically
significant for the following: C. mitis—two out of nine results (autumn 9:00 a.m. and
12:00 a.m.); C. uncialis—five out of nine results (summer 9:00 a.m. and 12:00 a.m., autumn
9:00 a.m. and 3:00 p.m., and winter 9:00 a.m. and 3:00 p.m.); D. scoparium—two out of nine
results (autumn 12:00 a.m. and winter 3:00 p.m.); and P. schreberi—three out of nine results
(summer 9:00 a.m. and 12:00 a.m., and autumn 9:00 a.m.) (Supplementary Table S1).

3.2. Seasonal Variations in Photosynthetic Activity of Selected Lichen and Bryophyte Species

The outcomes of the two-way analysis of variance (ANOVA) demonstrated significant
impacts of species, season, and their interaction on Fv/Fm values (see Table 2; depicted
in Figure 4A). Across all examined species, Fv/Fm values reached their lowest during
the spring and summer seasons, exhibiting an upward trend during autumn and winter
(Figure 4A). Notably, during both spring and autumn, the Fv/Fm values of both lichens
and D. scoparium demonstrated similarity and were significantly divergent from those
of P. schreberi (Figure 4A). Moreover, during autumn, the Fv/Fm values for all species
under investigation approached stabilization, resembling the levels observed during winter
(Figure 4A).
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Figure 3. Linear relationship between the Scots pine trees’ height in each point-framing plot and
(A)—the percentage cover of lichens in the plots; (B)—the percentage cover of Cladonia mitis Sandst
in the plots; (C)—the percentage cover of Cladonia gracilis (L.) Willd. in the plots; and (D)—the
percentage cover of Pleurozium schreberi (Willd. ex Brid.) Mitt. in the plots.

Figure 4. Cont.
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Figure 4. Variability of Fv/Fm (mean ± SE and SD) including division into species (C. mitis Sandst,
C. uncialis Weber ex F.H. Wigg., D. scoparium (L.) Hedw., and P. schreberi (Willd. ex Brid.) Mitt.)
in relation to the following: (A)—season (spring, summer, and autumn); (B)—daytime in spring;
(C)—daytime in summer; (D)—daytime in autumn; (E)—daytime in winter. The lowercase letters in
section A denote the statistically significant interaction among species, season, and daytime.

In terms of the impact of species and daytime, both variables exerted influence on
Fv/Fm; nonetheless, their interaction was not statistically significant during the winter
daytime (refer to Table 2 and Figure 4E). The values of Fv/Fm in the daytime of each season
differed; however, the results of daytime in summer and autumn were not significant
(Table 2, Figure 4C,D). The values of Fv/Fm for daytime in summer show a slight upward
trend during the day, reaching the highest values in the afternoon (Figure 4B), while in the
case of the winter, the situation was the opposite, with Fv/Fm reaching the highest values
in the morning (Figure 4E). For P. schreberi, the Fv/Fm was significantly lower compared to
that of C. mitis, C. uncialis, and D. scoparium (see Figure 4B,C,E).

3.3. The Relationship between Species of Lichens and Bryophytes, Forest Variables, and
Microhabitat Variables

The results of the forward selection and Monte Carlo permutation tests showed that
14 of the 37 variables analyzed are statistically significant (Figure 5, Table 3). Variables
were ordered according to their decreasing importance to the presence of lichen species
in the study area, as shown by lambda statistics (Table 3). The CCA diagram showed the
relationship between species of lichens and bryophytes, forest variables (TH, TC-2017,
and CA) and microhabitat variables (ALIS, ALIA, ALIW, LIS6, LIA15, LIW12, LIW15, STS6,
STA6, STS12, and STA12). Most of the microhabitat variables in the diagram were parallel
to the second axis. This means that this axis reflects the gradient of variable microhabitat
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parameters on the percentage cover of lichens and bryophytes in the forest undergrowth
layer. Additionally, the microhabitat variables were mostly grouped in one area, especially
characterized by light intensity (Figure 5). Their ranges of individual values are shown
on additional maps (Figure 6). These variables, by increasing their values, increase the
percentage cover of lichen species of minor habitat formation in the forest undergrowth
layer, such as the following: C. pleurota Hoffm., C. pyxidata (L.) Hoffm., C. squamosa Hoffm.,
and C. verticillata (Hoffm.) Ach. Two species of bryophytes, H. splendens (Hedw.) Schimp.
and D. spurium Hedw., were also found in this influence area. The microhabitat variables
above are also accompanied by the CA forest variable. The remaining microhabitat variables
STS6, STA6, and STA12 (Figure 5) are located almost parallel to axis 2, but in the opposite
direction, and range values were also presented on additional maps (Figure 7). In this case,
the increase in their values influenced the habitat-forming lichens C. portentosa (Dufour)
Coem., C. uncialis, C. subulata (L.) F.H. Wigg., C. furcata (Huds.) Baumg., and C. rangiferina
(L.) Weber, and those that are insignificant to the community, C. rei Schaer., C. deformis
(L.) Hoffm., C. zopfii Vain., and C. phyllophora Hoffm., as well as that of two bryophytes,
D. scoparium and P. piliferum Hedw. The primary axis appears to be primarily determined
by Tree Height (TH), with a significant influence from the outlier Cetraria aculeata exhibiting
low TH values. This observation aligns with the ecological preferences of Cetraria aculeata
(Schreb.) Fr., which thrives in open habitats. The increase in their value clearly affects the
two main species of the bryophyte-rich undergrowth layer, P. schreberi and D. polysetum Sw.,
while their decrease affects the main species of the lichen-rich undergrowth layer, C. mitis,
C. arbuscula (Wallr.) Flot., and C. gracilis (Figure 5).

Table 3. Results of forward selection and Monte Carlo permutation tests derived from CCA (refer
to Figure 5). Environmental variables are arranged according to their model order (Lambda A).
Significant variables are indicated in bold (p < 0.05). Abbreviations for variables were utilized in
multiple regression analyses (refer to Table 1), CCA (refer to Figure 5), light intensity models (refer to
Figure 6), and substrate temperature models (refer to Figure 7).

Variable Abbreviation Lambda A p F

Tree height TH 0.22 0.002 14.68
Light intensity summer—6:00 LIS6 0.07 0.002 4.92
Tree cover 2017 TC-2017 0.05 0.002 3.61
Substrate temperature—autumn 12:00 STA12 0.05 0.002 3.23
Substrate temperature—summer 12:00 STS12 0.05 0.002 3.67
Crown area CA 0.04 0.008 2.3
Light intensity—winter 12:00 LIW12 0.03 0.006 2.19
Average Light intensity—summer ALIS 0.03 0.004 2.24
Light intensity—winter 15:00 LIW15 0.03 0.01 2.04
Average light intensity—winter ALIW 0.02 0.04 1.68
Substrate temperature—autumn 6:00 STA6 0.03 0.016 1.9
Substrate temperature—summer 6:00 STS6 0.02 0.028 1.78
Average light intensity—autumn ALIA 0.02 0.038 1.8
Light intensity—autumn 15:00 LIA15 0.02 0.048 1.73
Average substrate temperature—autumn ASTA 0.03 0.11 1.5
Light intensity—winter 9:00 LIW9 0.02 0.088 1.5
Light intensity—summer 15:00 LIS15 0.02 0.222 1.22
Substrate temperature—summer 15:00 STS15 0.02 0.126 1.41
Substrate temperature—summer 9:00 STS9 0.02 0.118 1.45
Light intensity—summer 18:00 LIS18 0.01 0.128 1.33
Light intensity—winter 18:00 LIW18 0.02 0.402 1.02
Light intensity—summer 12:00 LIS12 0.01 0.364 1.08
Light intensity—autumn 18:00 LIA18 0.01 0.61 0.86
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Table 3. Cont.

Variable Abbreviation Lambda A p F

Substrate temperature—autumn 18:00 STA18 0.02 0.556 0.94
Average Substrate temperature—winter ASTW 0.01 0.348 1.11
Substrate temperature—winter 18:00 STW18 0.02 0.258 1.25
Substrate temperature—winter 6:00 STW6 0.01 0.348 1.07
Light intensity—autumn 9:00 LIA9 0.02 0.41 1.04
Light intensity—summer 9:00 LIS9 0.01 0.472 0.96
Substrate temperature—autumn 15:00 STA15 0.01 0.744 0.75
Substrate temperature—winter 12:00 STW12 0.01 0.76 0.73
Tree cover 2018 TC-2018 0.01 0.824 0.67
Light intensity—autumn 12:00 LIA12 0.01 0.772 0.74
Substrate temperature—winter 15:00 STW15 0.01 0.802 0.7
Average substrate temperature—summer ASTS 0.01 0.894 0.55
Substrate temperature—winter 9:00 STW9 0.01 0.98 0.45
Substrate temperature—summer 18:00 STS18 0.01 0.99 0.39

Figure 5. Canonical correspondence analysis ordination diagram showing relationship between
species of lichens—blue color—and bryophyte—green color; forest variables (TH, TC-2017, and
CA)—red color; and microhabitat variables (ALIS, ALIA, ALIW, LIS6, LIA15, LIW12, LIW15, STS6,
STA6, STS12, and STA12)—violet color. Variables’ abbreviations are explained in Table 3. The variance
explained by the first canonical axis reaches 29% whereas by all canonical axes 12%. Abbreviations of
lichens and bryophyte species names which were noted in all areas: cetacu—Cetraria aculeata (Schreb.)
Fr.; claarb—Cladonia arbuscula (Wallr.) Flot.; clachl—C. chlorophaea (Flörke ex Sommerf.) Spreng.;
clacoc—C. coccifera (L.) Willd.; cladef—C. deformis (L.) Hoffm.; clafur—C. furcata (Huds.) Baumg.; clagla—
C. glauca Flörke; clagra—C. gracilis (L.) Willd.; clamit—C. mitis Sandst.; claphy—C. phyllophora Hoffm.;
claple—C. pleurota Hoffm.; clapor—C. portentosa (Dufour) Coem.; clapyx—C. pyxidata (L.) Hoffm.;
clarang—C. rangiferina (L.) Weber; clarei—C. rei Schaer.; clasqu—C. squamosa Hoffm.; clasub—C. subulata
(L.) F.H. Wigg.; claunc—C. uncialis (L.) F.H. Wigg.; claver—C. verticillata (Hoffm.) Ach.; clazop—
C. zopfii Vain.; dicpol—Dicranum polysetum Sw.; dicsco—D. scoparium Hedw.; dicspu—D. spurium Hedw.;
hylspl—Hylocomium splendens (Hedw.) Schimp.; plesch—Pleurozium schreberi (Willd. ex Brid.) Mitt.;
polpil—Politrichum piliferum Hedw.; pticil—Ptilidium ciliare (L.) Hampe.
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Figure 6. Light intensity models on the study area. Microhabitat variables: (A)—ALIS; (B)—ALIA;
(C)—ALIW; (D)—LIS6; (E)—LIA15; (F)—LIW12; (G)—LIW15. Abbreviations are explained in Table 3.
Relation between Sun azimuth and height above the horizon presented in part—(H).

111



Forests 2024, 15, 675

Figure 7. Substrate temperature models on the study area. Microhabitat variables: (A)—STS6; (B)—STA6;
(C)—STS12; (D)—STA12. Abbreviations are explained in Table 3.

4. Discussion

4.1. Influence of Microhabitat Parameters on Photosynthetic Activity and Cover of Lichens
and Bryophytes

We have already indicated in previous studies that there is a clear relationship between
the height of trees and the percentage cover of lichens and bryophytes in the undergrowth
layer [7]. However, those studies also considered the parameters of the undergrowth prop-
erties and were carried out on a small sample of data from several sites. The distribution
of the lichen–bryophyte flaps was made based on manual mapping of the area, and the
data on the energy reaching the undergrowth were calculated based on the total values
of solar energy reaching the Earth’s surface in that region, minus the amount of energy
retained by the stand [7]. There was a great need for more detailed studies based on a
wider range of data, to be completely sure of previous reports. Comparison of the model
of the percentage cover of lichens in the undergrowth layer and the model of tree height
in the study area (Figure 2) confirmed the previous results [7]; however, the current data
allowed for more detailed insight. In a relatively low stand, up to 9 m high, the lichen
undergrowth layer is very well preserved. In a tree stand of up to 13 m, the increasing share
of P. schreberi and D. scoparium can be seen. Above 14 m in height, most of the undergrowth
layer is completely bryophytes. These results provide a good justification as to why the
lichen forest community was described as periodic and gradually disappearing as the stand
ages [19–22].

Fałtynowicz [23] found in his study, which also conducted in the Tuchola Forest but in
the 1980s, that there is a high correlation between the age of pine trees and the abundance
of lichens and mosses, which is related to the amount of light reaching the undergrowth, as
well as the amount of water available. In younger and older stands, lichens dominate [23].
The results of our research to date clearly indicate that it is not the age of the stand but the
height of the trees that is of major importance in the processes of the decline of the lichen-
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rich undergrowth, since in the low site index V, stands have 50-year-old trees that reach a
height of 9 m, and in such a habitat, the lichen undergrowth persists much longer than in
the high site index I, where 50-year-old trees are 14 m high, and the lichen undergrowth
begins to degenerate as they reach an age of about 20–25 years when trees exceed 9 m
in height.

Numerous statistical analyses are presented in this work, including linear correlations
with high correlation coefficients (Figure 3), and a more complex multiple regression
analysis was performed (Table 1; Supplementary Table S1), which attempted to explain
this phenomenon of the decrease in the percentage cover of lichens in the pine forest
undergrowth with the increase in tree height based on the photosynthetic activity of chosen
species of lichens and bryophytes. This is in line with the results of studies explaining this
phenomenon of the limited availability of sunlight in increasingly mature forests [21,22]
and what follows directly from the fact that lichens are photophilic [24–26] and bryophytes
are photophobic organisms [27,28].

The results obtained indicate a large impact on undergrowth formation due to the
relationship between forest variables: tree height and microhabitat variables; substrate
temperature in autumn and winter (Table 1a); and tree height and light intensity in autumn
(Table 1b). Already in previous studies [7], it was observed that substrate temperature
is very variable throughout the year and that organic matter is a natural thermal insula-
tion of the mineral layer against high temperatures in summer and low temperatures in
winter [29,30]. The faster heating of the substrate in the summer months causes very rapid
water loss. Furthermore, organic matter is a large reservoir of accumulated water [7].

4.2. Seasonal Variations in Photosynthetic Activity of Selected Lichen and Bryophyte Species

Current research confirms these earlier observations and shows even more clearly
that the cold seasons of the year have a decisive influence on the formation of the lichen
undergrowth layer. This is also confirmed by the obtained results of the seasonal variability
of Fv/Fm (Figure 4). Fv/Fm was lowest in spring and summer, and it increased in,
autumn, and winter when it had higher values (Figure 4A). Although lichens are pioneering
organisms that occur in very extreme conditions, they prefer wetter and less sunny locations
for optimal growth, as evidenced by the fact that they are called cryophilic species [31,32].
Both the results of these studies and the work of other authors confirm that the autumn and
winter period is a favorable environment for lichen metabolism, due to the presence of lower
temperatures, higher and constant humidity, and optimal light intensity [33]. On the other
hand, other studies on bryophytes confirmed that CO2 gas exchange takes place even at a
temperature of −5 ◦C [34], and they contrast with the assumption that the photosynthesis
process stops when cellular fluids freeze in bryophytes [35]. It is not surprising that
lichens and bryophytes photosynthesize under such unfavorable conditions as autumn
and winter, because it is related to their temperature preferences [10]. The temperature
between 5 ◦C and 15 ◦C is the normal range of maximum apparent photosynthesis in
most northern bryophytes, but activity continues at temperatures below 0◦ C [36]. The
tolerance of lichens to freezing temperatures might be attributed to the effects of sugar
alcohols [37] and antifreezing- and ice nucleation-promoting proteins [38], which occurred
in lichens [39]. The ability to perform photosynthesis at low and even temperatures below
0 ◦C means that it does not stop even in winter. However, it is quite surprising that in the
cold period, photosynthesis is at such a high level. Scientists explain this phenomenon with
high tolerance to desiccation, thanks to which species of bryophytes and lichens, unlike
other plants, can maintain the efficient process of photosynthesis under winter stress.

There is another important aspect to the variability of seasonal photosynthetic activity.
Lichens and bryophytes can rebuild photosynthetic systems. So far, it has been found to
occur faster in bryophytes that grow in light-exposed habitats and experience frequent
alterations between wet and dry conditions than in woodland species subject to less
frequent changes [40].
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Previous pilot studies on Fv/Fm [7] showed the highest photosynthetic activity of
examined lichens and bryophytes in the autumn period. The research was not carried out
in winter because then the authors thought that the studied species would be in a phase
of complete dormancy, and the reason for the low values of Fv/Fm [7] during spring and
summer are the weather conditions, e.g., higher temperature, light intensity, and sudden
and drastic fluctuations in air humidity [33,41].

Microhabitat conditions have a significant influence on water relations in the lichen
thicket because they are poikilohydric species [42]. On hot and rainless days (which
characterize the summer period), the lichen thallus can lose up to 97% of its water and thus
enter the state of anabiosis. On the one hand, it causes the suppression of photosynthesis
in them; on the other hand, it becomes a defense mechanism against solar radiation [32].
Long-term stress periods in lichens activate the production of reactive oxygen species,
which negatively affect the PS II system and thus lead to cell death [43]. This mechanism
is confirmed by studies conducted in warm desert areas, which have shown that high
temperature causes very low or negative net photosynthesis, and in combination with water
deficit, it can lead to the disappearance of the biological soil crust made of bryophytes
and lichens [44]. These authors emphasize the significant role of water availability on
photosynthetic activity, while bryophyte dehydration and excessive hydration inhibit
the photosynthesis process [45]. A similar situation occurs for lichens, which during the
natural state of physiological drought show much lower activity than after their two-hour
hydration in Eppendorf [9].

Tobias and Niinemets [46] showed that with a decrease in the amount of light de-
livered, the level of chlorophyll concentration in P. schreberi increased, which resulted in
better absorption of solar radiation with its lower availability. In conditions of strong
sunlight, our results for P. schreberi showed the lowest Fv/Fm values of all the species
tested. The lichen species C. mitis and C. uncialis showed similar photosynthetic efficiency
throughout the seasons, which is related to their great similarity; C. mitis has a more intense
photosynthetic process, while C. uncialis photosynthesizes longer under conditions of water
shortage, which ultimately balances their photosynthetic activity [47]. The large values of
standard deviations in the tests are the result of different atmospheric conditions during the
conducted measurements. On sunny and dry days, both lichens and bryophytes reached
the critical values of Fv/Fm = 0.200, while in the morning, during the presence of dew
or after intense rain, these values reached the limit of Fv/Fm = 0.8. This proves that the
process of photosynthesis is very quickly regenerated, and that the photosynthesis process
is resumed to a maximum extent (up to an hour), with little water availability [48].

The daily cycle of Fv/Fm in lichens and bryophytes is comparable within each species
in the spring, summer, and autumn seasons, and the differences are noted only in winter
(Figure 4B–E). All species studied show the highest photosynthetic activity in the morning
and then significantly reduce it. The explanation for this is probably a short day and an
early sunset. Furthermore, the studied species form bryophyte undergrowth in tall pine
forests with spreading tree crowns, which limit light and cause shading [8]. However, these
are merely assumptions that require further investigation.

The results of the relationship between the photosynthetic activity of selected species
(C. mitis, C. uncialis, D. scoparium, and P. schreberi) and the substrate temperature and light
intensity microhabitat parameters in the aspects of daytime and seasons (Supplementary
Table S1) show even more clearly how the process of photosynthesis is highly dependent
on environmental factors and is specific for each species.

The results presented confirm that the TH has a large impact on the values of the
substrate temperature and the intensity of light reaching the undergrowth, which in turn
determines the photosynthetic activity and photosynthesis efficiency. The presented regres-
sions state that the joint influence of temperature and light intensity determines the Fv/Fm
values, which is confirmed in studies on lichens and bryophytes and in studies on vascular
plants [8,49]. The differences in Fv/Fm lichens in relation to the season and daytime can be
explained by the fact that these organisms are extremely resistant to unfavorable microhabi-
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tat conditions, as they have wide optimal temperature and light requirements met [50]. The
results confirm the tendency that in summer and autumn, photosynthetic activity decreases
with a large increase in temperature and light intensity. This phenomenon is related to
dehydration of the thallus and puts it into anabiosis [51]. However, studies are known to
determine the optimal temperature for the photosynthesis process that occurs in lichens in
the range of 15–25 ◦C [52]. In the autumn period, the average temperatures in the studied
area fluctuate around 14 ◦C, which is below the optimal values.

However, there are studies with results that differ from ours. For example, samples of
Cladonia foliacea, C. furcata, C. pyxidata, Diploschistes muscorum, and Thalloidima physaroides
had higher Fv/Fm values in spring and autumn samples compared to summer and win-
ter [41]. The authors explain their results by stating that the environmental conditions
during spring and autumn were more favorable for photosynthetic efficiency than in the
other two seasons [41]. The conditions of spring and autumn, i.e., high humidity and
increasing intensity of incident light, contributed to the high photosynthetic activity of the
lichens. During winter and summer, the investigated species had been exposed to stress [53].
In summer, it could be explained by heat and light stress, which had a photoinhibition
effect on lichen thalli [54].

Contrary to lichens, bryophytes do not like high temperatures; therefore, significant
relationships in our results were only confirmed in the morning and noon hours in summer
and autumn for P. schreberi and in autumn at noon and in winter in the afternoon for
D. scoparium. P. schreberi prefers light shading, lower temperatures, and optimal light
availability [55]. It is a species characteristic of wetter and shaded areas; therefore, its
retreat related to the thinning of the stand, which took place in 2017 [8], is visible in the
experimental plot studied.

4.3. The Relationship between Species of Lichens and Bryophytes, Forest, and
Microhabitat Variables

The CCA analysis showed a clear separation of the impact of forest variables which,
according to previous studies, are mainly responsible for the occurrence of lichen species
characteristic of lichen Scots pine forest communities, from microhabitat variables responsi-
ble for the occurrence of less important and habitat-forming lichens and bryophytes. Some
of them, STS6, STA6, and STA12, are located between the axes, which may suggest their
influence on both important and less significant species for this community. Thus, CCA
indicates that substrate temperature has a significant influence on the formation of the
forest undergrowth layer of lichen and bryophytes. Other studies analyzing the effects
of microhabitat variables for terricolous lichens showed similar results [41]. The results
clearly indicate that Fv/Fm is usually higher in less arid than in arid microhabitats, which
results directly from solar exposure, along with the different shading created by vascular
plants, including shrubs and trees [56]. The higher soil water content provided a higher
amount of humidity for rehydration/activation of terricolous lichens. Their results [41] in-
dicate the important process of nonphotochemical quenching (NPQ), which is a mechanism
employed by plants and algae to protect themselves from the adverse effects of high light
intensity [57] and is usually more intensive in shaded than in exposed microhabitats of the
lichen species. These observations are explained by the fact that the shaded microhabitat is
usually wetter, causing more frequent irrigation of the lichen thallus, which makes them
transparent and more exposed to greater amounts of solar energy supplied [58,59]. Dry
lichen thalli reflect most of the sun’s energy [60].

5. Conclusions

The study delves into the intricate dynamics between tree height, microhabitat factors,
and the prevalence of lichens and bryophytes in the lichen Scots pine forest ecosystems.
Contrary to previous notions linking stand age to undergrowth decline, our findings
emphasize the pivotal role of tree height in shaping the forest undergrowth composition.
Lichens exhibit photophilic tendencies, thriving under optimal humidity conditions during
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autumn and winter, while bryophytes’ responses to environmental stress vary. Substrate
temperature and light intensity emerge as key determinants of photosynthetic activity,
influencing undergrowth formation. The research underscores the need for comprehensive
studies to unravel the complexities of forest microhabitats and their impact on undergrowth
dynamics, offering valuable insights into the resilience and adaptability of these organisms
in changing environmental conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f15040675/s1, Supplementary Table S1: Result of stepwise multiple
regression analysis for the effect of microhabitat parameters on the measurement of the photosynthetic
activity (the maximal quantum yields of photosystem II—FV/FM) of the study cryptogams species
in aspect of daytime and seasons. Variables with significant effect (p < 0.05) are provided in bold.
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Abstract: Habitat fragmentation is one of the main factors leading to changes in bird forag-
ing behavior. Therefore, studying bird diversity, foraging groups, and spatial utilization in
fragmented habitats is of great significance for forest bird conservation. This experiment
was conducted in the continuous and fragmented forests of Meihua Mountain National
Nature Reserve in southeast China. We collected bird foraging behavior data using the
distance sampling method and compared the composition of bird foraging groups in the
two habitats between October and December 2020 and 2021. The 46 bird species observed
in the fragmented habitat belonged to 3 orders and 24 families, forming a total of 8 bird for-
aging groups. In contrast, the continuous habitat had 45 bird species belonging to 3 orders
and 19 families, forming 7 bird foraging groups. Using principal component analysis and
log-linear analysis, we demonstrated significant differences in foraging location, foraging
substrate, foraging height, and foraging mode between the fragmented and continuous
habitats during autumn and winter. Birds in the fragmented habitat tended to pick up food
from high tree crown layers, while those in the continuous habitat preferred picking up or
exploring food from low shrubs and ground levels. This study revealed that the separation
of foraging variables among different groups allows for efficient utilization of foraging
space, and foraging behavior is influenced by habitat type. Consequently, there are notable
differences in resource utilization within evergreen broad-leaved forests. These results
provide valuable scientific insights into how habitats with varying degrees of fragmentation
affect biodiversity and species spatial utilization.

Keywords: birds; foraging guild; utilization of foraging space; Meihua Mountain Nature
Reserve

1. Introduction

A guild is a group that utilizes habitat resources at the same level of similarity [1].
Root first proposed this concept in the 1960s, and it has since been extensively studied,
primarily focusing on the impact of habitat on bird foraging behavior within groups [2–4]
and the species composition of bird foraging guilds [5,6]. Bird foraging guilds, as an
important entry point for studying community ecology and functional diversity, have seen
significant progress in multiple dimensions in recent years. Existing research indicates
that the composition and structure of foraging groups are highly dependent on habitat
characteristics and resource availability. For instance, Pigot et al. found that bird foraging
groups in tropical forests exhibit higher functional diversity [7], while Newbold et al.
demonstrated that habitat fragmentation leads to a significant reduction in carnivorous and
fruit-eating groups [8]. Despite these advances, the dynamic changes of foraging groups
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across different geographical scales still require further exploration. This study provides
theoretical foundations for avian biodiversity conservation and ecosystem management.

Habitat fragmentation is widely recognized as a major driver of global biodiversity
loss, exerting profound impacts on ecological communities and species interactions [9].
Avian species, in particular, are among the most vulnerable groups due to their high sensi-
tivity to alterations in habitat configuration and resource availability, which significantly
influences their foraging behaviors and guild structures [10]. The transformation of con-
tinuous habitats into smaller, isolated patches within fragmented landscapes frequently
results in substantial ecological consequences, including disrupted food web dynamics,
diminished resource accessibility, and altered species composition [11]. These environ-
mental modifications may trigger cascading effects on avian foraging guilds—ecological
groups comprising species that utilize similar food resources through comparable foraging
strategies—potentially leading to significant transformations in their structural organiza-
tion and functional roles within ecosystems.

This study addresses the following key questions: (1) What are the characteristics of
bird foraging groups in the fragmented habitat and continuous habitat? (Including similar-
ity in resource utilization, differentiation of ecological niches, mechanisms of competition,
coexistence, diversity and stability) (2) What impact does the habitat fragmentation have
on the spatial utilization of bird foraging groups?

2. Materials and Methods

2.1. Study Area

Meihua Mountain Nature Reserve is located in the southwestern Fujian Province. The
vegetation flora transitioned from the southern edge of the subtropical zone to the southern
subtropical zone, forming typical subtropical forest vegetation with abundant vegetation
types and animal and plant resources. The area of the core zone was 7041.7 km2, the buffer
zone was 2443.1 km2, and the experimental zone was 2683.7 km2 [12]. This study selected
fragmented habitats in the Yew Ecological Garden and continuous habitats in the Tiger
Park as research sites, both conducted within the experimental area.

Yew Ecological Garden as a fragmented habitat (25◦16′28′′–25◦16′29′′ N, 116◦52′40′′–
116◦52′59′′ E) is in Chongtou Natural Village, Meihua Mountain Nature Reserve. The
main habitat type around the tourist area is the bamboo forest. Yew Ecological Garden
is dominated by evergreen broad-leaved forests with many tall trees. Overall, vegetation
cover was relatively high. Taxus. chinensis is the most important tree species in Yew
Ecological Garden. The main habitat around the Yew Ecological Garden is bamboo forests
and farmland, showing a fragmented distribution. The local protection authorities have
increased their efforts to protect the park; for example, the prevention of illegal fruit-
picking has been enforced during the ripening period of T. chinensis, however, tourism
activities continue to affect its growth environment. There are studies indicating that
human interference leading to the continuous loss of natural habitats has an impact on the
movement behavior of fruit-eating birds, which in turn affects their dispersal patterns and
efficiency of southern Chinese yew seeds [13]. There are many other tall dominant trees in
the evergreen broad-leaved forest habitat of Yew Ecological Garden, including Machilus
thunbergii, Quercus glauca, and Sloanea sinensis.

The Tiger Park as a continuous habitat (25◦17′16′′–25◦18′47′′ N, 116◦52′7′′–116◦52′58′′ E) is an
ecological tourism scenic spot based on forest landscape. Its location is in the southwestern
part of Meihua Mountain Nature Reserve, Fujian Province, mainly distributed in evergreen
broad-leaved forests that exhibit a continuous distribution pattern. The plant composition
in and around the park is very complex, and the vegetation flora transitions from the
southern edge of the subtropical zone to the southern subtropical zone, forming a typical
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subtropical forest vegetation. The main tree species in the park are Q. glauca, Castanopsis
eyrei, and S. sinensis.

2.2. Data Collection

In the autumn and winter of October–December 2020 and October–November 2021,
four transects were established using the distance sampling method in Yew Ecological
Garden and Tiger Park, respectively. The transects covered evergreen broad-leaved forests
in both areas, and each distance was approximately 500 m long. Five cycles of surveys
were conducted on each of the two habitats, with each cycle lasting 4 days, for a total
of 80 days. Observations were conducted directly using the naked eye and KOWA BD
42 × 8 XD binoculars (Kowa Company, Ltd., Nagoya, Japan) and recording the species and
quantity of birds seen and heard 30 m on each side of the sample line. During each survey,
we recorded both bird species and their associated foraging behaviors using a timer to
record quantitative observations of bird foraging behaviors within the telescope’s line of
sight every 30 s. After observing bird foraging activities, the foraging location (Stay away
from the trunk; Close to the trunk; Shrub; Ground), foraging substrate (Upper canopy;
Middle canopy; Lower canopy; Sprig; Thick stem; Trunk; Ground; Air), foraging height
(0–1 m; 1–5 m; 5–10 m; 10–15 m; >15 m), and foraging method (Glean; Hover; Sally; Probe)
were recorded [10]. Before collecting the observation results, we measured the diameter at
the breast height of the fruit trees.

2.3. Data Analysis

The bird classification system was divided according to the fourth edition of the
“Chinese Bird Classification and Distribution List” [14]. We used the Shannon Wiener
Diversity Index (H’), Pielou Uniformity Index (J), and Simpson Dominance Index (C)
to evaluate the diversity of bird communities at different levels of fragmentation. The
Sorensen Similarity Index (S) is used to compare the similarity of bird communities between
two habitats with different degrees of fragmentation [15].

We constructed a tree diagram based on the outcomes of k-means clustering analysis,
from which the aggregation level can be discerned by examining the Euclidean distance
coordinates of each node. To uncover the response patterns of bird foraging strategies
to the spatial structure of habitats and assess the relative impact of fragmentation types
and intensities on community functional differentiation in two locations, we quantified
the consistency between the clustering results of bird communities and the gradient of
habitat fragmentation. Furthermore, we performed a log-linear analysis on the foraging
variables of birds in the two locations using R, aiming to identify significant interactions
and dependencies between habitat types and foraging variables. The percentage matrix
data were used for cluster analysis and principal component analysis, and the Shapiro–Wilk
test was used to compare the differences in foraging location, foraging substrate, foraging
height, and foraging methods between the fragmented habitat and continuous habitat. All
data were tested for normality using the Shapiro–Wilk test before further statistical testing,
and data processing was performed using R 4.0.2 [16,17].

3. Results

3.1. Composition and Diversity of Foraging Birds

The fragmented habitat was used for data analysis, with 46 bird species belonging to
3 orders and 24 families, and 41 bird species belonging to the Passeriformes order, account-
ing for 89.13% of the total bird species. There were two species of national second-class
wild protected animals: Lophura nycthemera and Garrulax canorus. There were 45 species of
birds used for data analysis in the continuous habitat belonging to 3 orders and 19 families,
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including 38 species of Passeriformes, accounting for 84.09% of the total number of bird
species. There are three species of national second-class wild protected animals: the white
browed mountain partridge Arborophila gingica, L. nycthemera, and G. canorus. Per the Shan-
non diversity index and Pielou evenness index, the continuous habitat was more diverse
than the fragmented habitat; per the Simpson dominance index, the fragmented habitat
was more diverse than the continuous habitat (Table 1).

Table 1. Diversity of foraging bird communities in fragmented habitat and continuous habitat.

Site
Number of

Species
Shannon Diversity

Index (H’)

Pielou
Uniformity
Index (E’)

Simpson
Dominance
Index (C’)

Sorensen
Similarity Index

Fragmented
habitat 46 3.023 0.79 0.09

0.69
Continuous

habitat 45 3.308 0.874 0.048

3.2. Bird Foraging Guilds

We constructed the tree diagram based on the findings of k-means clustering analysis.
A lower aggregation level among species suggests more similar foraging behavior patterns
and indicates a greater degree of ecological niche overlap, potentially signifying competitive
relationships among these species.

Based on the methodology proposed by Holmes et al., the avian community was
classified into distinct foraging groups using the average Euclidean distance (d̄) between
species as the primary classification criterion [18]. At a threshold of d̄ = 12.25, our analysis
revealed differential group partitioning between habitat types: the fragmented habitat
was segregated into 8 distinct foraging groups, while the continuous habitat yielded
7 groups. Both habitat types shared six common foraging groups: (1) shrub and ground
foraging group, (2) shrub foraging group, (3) ground foraging group, (4) lower canopy
foraging group, (5) middle canopy foraging group, and (6) upper canopy foraging group.
Notably, the inner trunk foraging group was exclusively identified in the fragmented
habitat, representing a unique ecological adaptation to habitat patchiness (Figure 1).

Figure 1. Cont.
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Figure 1. Cluster dendrogram of bird community foraging guild in fragmented habitat and con-
tinuous habitat. (a) The fragmented habitat Autumn and Winter 2020; (b) The fragmented habitat
Autumn and Winter 2021; (c) The continuous habitat Autumn and Winter 2020; (d) The continuous
habitat Autumn and Winter 2021.

3.3. Important Variables for Dividing Bird Foraging Guilds

The results of the principal component analysis of bird communities in the autumn
and winter of the two years (2020 and 2021) showed that the characteristic values of the
first two principal components in the fragmented and continuous habitat were both greater
than one, with cumulative contribution rates of 70.38% and 75.86% (2020) and 70.13% and
69.64% (2021), respectively.

The principal component analysis (PCA) revealed significant differences and interan-
nual variations in bird foraging strategies between fragmented and continuous habitats.
PC1 (explaining variance 39.8%–56.4%) mainly reflects the spatial differentiation of foraging
height and substrate: birds in fragmented habitats tend to prefer ground foraging in 2021
(load 0.491), while individuals in continuous habitats prefer mid to high levels (load 0.239)
in 2020. PC2 (explaining a cumulative variance of 69.6%–75.9%) highlights the comparison
between shrub layer and twig foraging. In 2021, the positive load of shrub foraging in
patch habitat (0.431) was significantly higher than that in continuous habitat (−0.500). The
interannual variation shows that the foraging strategies of birds in fragmented habitats
fluctuate more (such as the reversal of ground foraging load from −0.487 to 0.491), while
continuous habitats remain relatively stable. The difference in eigenvalues (with the highest
PC1 eigenvalue of 2.632 in 2021) suggest that fragmentation may enhance niche differentia-
tion. Overall, habitat types drive the functional reorganization of bird foraging behaviors
by changing resource distribution; and the dynamic response of fragmented habitats is
more significant (Table 2).
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Table 2. Principal component analysis of bird foraging variables.

Variables of Foraging Guild

Fragmented Habitat Continuous Habitat

2020 2021 2020 2021

PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2

Foraging
location Stay away from the trunk 0.293 −0.217 −0.217 −0.289 −0.211 0.230 −0.184 0.273

Close to the trunk 0.195 −0.195 −0.056 −0.255 −0.108 0.249 −0.095 0.298
Shrub −0.001 0.519 −0.219 0.431 −0.175 −0.425 −0.207 −0.500
Ground −0.487 −0.107 0.491 0.113 0.494 −0.054 0.486 −0.071

Foraging
substrate Upper canopy 0.145 −0.139 −0.040 −0.123 −0.110 0.142 −0.040 0.098

Middle canopy 0.136 −0.069 −0.123 −0.176 −0.105 0.079 −0.119 0.148
Lower canopy 0.190 −0.117 −0.121 −0.110 −0.081 0.050 −0.110 0.165
Sprig 0.013 0.481 −0.218 0.432 −0.171 −0.436 −0.205 −0.496
Thick stem −0.013 0.035 −0.001 −0.001 −0.004 0.010 −0.001 −0.004
Trunk 0.017 −0.086 0.012 −0.134 −0.022 0.206 −0.009 0.162
Ground −0.488 −0.106 0.491 0.113 0.493 −0.052 0.486 −0.071
Air 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Foraging
height 0–1 m −0.030 0.295 −0.044 0.111 −0.046 −0.279 −0.040 −0.276

1–5 m 0.136 0.305 −0.255 0.378 −0.305 0.044 −0.331 −0.041
5–10 m 0.167 −0.160 −0.077 −0.099 −0.115 0.239 −0.099 0.329
10–15 m 0.138 −0.220 −0.071 −0.351 −0.026 0.047 −0.015 0.058
>15 m 0.076 −0.114 −0.045 −0.152 0.000 0.000 0.000 0.001

Foraging
methods Glean 0.065 0.196 −0.092 0.175 −0.076 −0.400 −0.082 −0.171

Probe −0.098 −0.162 0.102 −0.150 0.099 0.367 0.097 0.145
Hover 0.027 −0.025 −0.008 −0.019 −0.022 0.031 −0.015 0.026
Sally 0.005 −0.008 −0.002 −0.006 −0.001 0.002 0.000 0.000

Eigenvalue 2.066 1.811 2.632 1.336 2.346 1.654 2.143 1.849
Accumulated variance% 44.200 70.380 39.770 70.130 56.440 75.860 44.430 69.640

3.4. Differences in the Utilization of Foraging Space by Birds

The Mosaic plot obtained through the log-linear analysis showed that the ground
foraging frequency in fragmented habitats was significantly higher than the independent
model’s predicted value (p < 0.001) at the foraging location, while it was significantly
lower than the independent model’s predicted value far from the tree trunk. However, the
opposite was true in continuous habitats. In terms of foraging methods, the frequency of
birds detecting fruits in continuous habitats was significantly higher than the independent
model prediction value (p < 0.001), while in fragmented habitats it was significantly lower
than the independent model prediction value (p < 0.001), and the other three foraging
methods remained consistent with the expected values. On the foraging substrate, the
foraging frequency of continuous habitats on the ground was significantly higher than
the independent model prediction value (p < 0.001), while it was significantly lower than
the independent model prediction value in the upper and lower canopy layers (p < 0.001);
but the opposite was true in fragmented habitat. In terms of foraging height, the foraging
frequency at ground level in continuous habitats was significantly higher than the predicted
value of independent models (p < 0.001); in fragmented habitats, the foraging behavior
of H6 (>15 m) almost disappears, which may be related to habitat loss caused by the
continuous destruction of tree crowns (Figure 2).
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Figure 2. Log-linear analysis of habitat types and foraging variables.

4. Conclusions

The diversity and distribution of birds are strongly influenced by vegetation struc-
ture [19]. The Meihua Mountain Nature Reserve, characterized by its evergreen broad-
leaved forests, supports high biodiversity with distinct vertical stratification and diverse
microhabitats [20], which significantly shape avian community composition and struc-
ture [21,22]. In this study, we analyzed foraging guilds using 46 and 45 bird species in
fragmented and continuous habitats, respectively. Our results reveal significant differ-
ences in foraging locations, mechanisms, vertical stratification, and foraging techniques
between the two habitat types. These findings suggest that niche partitioning across
multiple foraging dimensions enables optimal spatial resource utilization among avian
assemblages. Moreover, the spatial distribution patterns of avian foraging activities show
clear correlations with habitat characteristics.

Cluster analysis revealed that fragmented habitats formed eight foraging guilds, one
more than the continuous habitats (seven guilds), with the emergence of a unique “inner
trunk foraging guild.” This finding contrasts the results reported by Bregman et al. in
tropical forests, suggesting that subtropical bird communities exhibit distinct responses
to habitat fragmentation [23]. Diversity indices showed that continuous habitats had
higher Shannon diversity and evenness, supporting the “habitat heterogeneity hypothesis”.
In contrast, the higher Simpson dominance index in fragmented habitats implies that
competitive exclusion may dominate community assembly, which aligns with findings by
Karp et al. in Neotropical regions [24]. The Sørensen similarity index indicated relatively
high community similarity between the two habitat types.

According to the clustering analysis, the bird community in fragmented habitats was
divided into eight groups in autumn and winter, and the bird community in continuous
habitats was divided into seven groups. There were significant differences in the composi-
tion of ground foraging guilds between the two locations; a reason for these differences
might be that the fragmented habitat transects were distributed in patch habitats, whereas
the continuous habitat transects were distributed in continuous habitats. There are scattered
residential areas and roads along the edge of the patches in the fragmented habitat, and
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human interference is relatively large. However, the continuous habitat has a continuous
evergreen broad-leaved forest habitat, which can provide more food and habitat resources
for ground foraging bird groups. Within each bird group in both regions, there were
birds with very low aggregation levels and very similar foraging space utilization. The
potential competitive pressure was also high, which is consistent with existing research
results [25,26]. However, utilizing similar resources in a similar manner within the same
group does not necessarily indicate significant competition among species [27,28]. In the
ground foraging guilds of the two places, the Anthus hodgsoni mainly fed on open sur-
faces, whereas L. nycthemera was active on forest surfaces with high vegetation coverage.
Furthermore, the foraging behavior patterns of L. nycthemera and Bambusicola thoracicus
were very similar, but further observation showed that B. thoracicus usually fed on ground
clusters near shrubs. B. thoracicus used habitat differences to alleviate competition with
L. nycthemera and achieve coexistence. Some studies have found that when the vegetation
hierarchy is unclear, multi-layer foraging guilds may appear [26]. For example, Lu et al.
conducted a bird survey in the Nonggang karst area of Guangxi and found that 16 bird
species fully utilized the foraging space of each layer and were therefore classified as
multi-layer foraging guilds [26]. However, this phenomenon was not observed in Meihua
Mountain Nature Reserve. Although some canopy foraging guild birds, such as Pycnonotus
sinensis and Parus minor, also used foraging positions below the canopy, their main foraging
and habitat activities still occurred in the canopy.

The selection of foraging grounds by birds is influenced not only by their dietary pref-
erences but also by the structure of their habitat and the availability of food resources [29].
Such selection can reveal the status, role, and relationships of birds within their ecosys-
tems [30,31]. Our comparison of bird foraging space utilization between fragmented and
continuous habitats revealed significant differences in foraging location, substrate, height,
and methods between the two areas during autumn and winter. Specifically, birds in the
fragmented habitat tended to pick up food from high tree crown layers, while those in
the continuous habitat more frequently foraged by picking up or exploring food from low
shrubs and ground levels. These differences likely arise because the fragmented habitat
was dominated by tall trees, whereas the continuous habitat featured relatively lower tree
heights, dense shrubs in some areas, and more complex spatial structures in the middle
and lower layers. These findings further demonstrate that birds adapt their foraging behav-
iors to the vegetation structure of their habitat [32], enabling resource partitioning within
evergreen broad-leaved forest communities and facilitating coexistence with species.

This study demonstrates significant differences in avian community composition and
species diversity between fragmented and continuous forest habitats in Meihua Mountain,
Fujian Province. Our results indicate that habitat fragmentation substantially influences
avian foraging guild structure and foraging behaviors, leading to altered resource utiliza-
tion patterns among bird species. Notably, dominant species exhibited distinct spatial
adaptation strategies in response to fragmented habitats. These findings advance our
ecological understanding of how habitat fragmentation affects biodiversity and species
behavioral ecology. Furthermore, the study provides region-specific insights that can
inform conservation strategies and management practices for forest bird populations in
fragmented landscapes.
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Abstract: Ensuring the sustainability of forests is among the priority measures to be taken against
the decline in biodiversity, which is among the world’s increasingly common concerns. This study
investigated whether sustainable forest management processes are considering wildlife conservation
objectives. Ten forest management processes were categorized and then analyzed for whether wildlife
conservation is adequately considered. The wildlife data were grouped into four categories, with
the most common being the protection of biodiversity and wildlife trade. The satisfaction level
obtained according to the scoring method used was determined as the criterion of success in wildlife
conservation. According to the scoring method applied, the overall success was found to be 50%.
It was determined that a standard should be developed regarding the economic value of wildlife
fauna and flora species and that this issue should be included in sustainable forest management
strategies. Only 20 of 116 total sustainable forest management criteria considered wildlife. The
African Timber Organization process, which has the most member countries, was identified as the
process with the lowest number of wildlife criteria, at 2%, while the International Tropical Timber
Organization process was found to have the most wildlife protection criteria at 20%. The conservation
success rates for the two processes of which Türkiye is a member were also found to be quite low.
It is concluded that there is a need to strengthen the place of wildlife, one of the most important
living components for forests, in SFM processes both for Türkiye and internationally. The results
obtained were evaluated both in terms of international criteria and practices in Türkiye. It is also
recommended that future international meetings include wildlife health and diversity as a separate
criterion when determining sustainable methods.

Keywords: sustainable forest management; wildlife; life on land; biodiversity protection

1. Introduction

Forests cover one-third of the land area worldwide. Approximately 10% of the world’s
forests are reserved for biodiversity conservation. As of 2022, Türkiye’s total forest area is
29.8% (23,245,000 ha) of the country [1–3]. It is estimated that 70% of the world’s plant and
animal species live in forest areas [4].

For many years, timber-focused economic gain has been the main principle of forest
management. Today, with the change in society’s conservation interests and awareness of
biodiversity loss, forest management has started to expand its objectives. A sustainable
forest management (SFM) approach that takes more into account relevant issues, such as
endangered species, wildlife, biodiversity, and wildlife areas, is developing. In many areas
around the world, it is no longer possible to keep a single utilization target dominant in
line with societal demands [5,6]. SFM is analyzed in terms of its ecological, social, and
economic dimensions. In ecological terms, this means managing the forest ecosystem in
a way that maintains its vegetation, animals, microorganisms, mineral substances, and
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hydrological and microclimatic features and the relationships between these features. The
economic sustainability dimension includes the necessity for the units that carry out forest
management activities to have economic viability to maintain their existence [7,8].

Another approach that is considered to be linked to processes is the economic value of
wildlife. In this study, although the issue of economic valuation has not been specifically
studied, we have attempted to provide complementary data in this respect and to contribute
to the literature. The debate on the sustainable use of wildlife should not be limited
to a conflict between advantages and disadvantages. Pitting the value of conservation
against the value of development is a dead-end debate. A complementary approach
allows conservation issues to meet development concerns [9]. Whereas the old-fashioned
philosophy of nature and wildlife conservation was defensive, seeking to protect nature
against the consequences of development, modern biodiversity conservation is a voluntary
approach aimed at meeting human needs for biological resources while securing the
long-term survival of the Earth’s biological wealth [10]. This information is valuable for
managers responsible for designing or modifying wildlife management areas. At this point,
it is important to see wildlife as both a consumable and non-consumable resource [11].

For a complementary approach, recognizing the economic value of wildlife will also
help to better understand its place in SFM processes. However, in addition to positive
values, such as historical, educational, food, scientific research, and protection of ecological
processes, wildlife can sometimes also provide negative values. Damage caused by wildlife
to humans (losses), livestock (predation), agriculture (crop damage), and the natural
landscape (invasive pests) are considered opposing or anti-values. However, differently
minded researchers/decision-makers may consider the predation of livestock by predators
as a normal and positive value [10,12]. Costs of game animals include browsing, predation,
traffic accidents, and transmission of diseases. Economic valuation can also enable the
development of policies in terms of property rights, taxes, etc. [13]. Furthermore, despite
growing concern about wildlife management since the 1950s [14], there is a lack of studies
on the economics of wildlife management [15]. There are few previous reviews on economic
studies of wildlife management (reviewing methods used to calculate the costs and benefits
of wildlife conservation projects) and comparisons of policies [16–20].

The increasing number of private forest owners in Europe and their intensive opera-
tions in various formats are of concern to policy makers and forestry sector representatives.
Increasing demand and societal expectations for forest products are not limited to timber
services. In order to manage forests effectively, forests need to be categorized according
to their purpose [21–23]. Sustainability is very important in forest management, which
involves long-term and multiple utilization of forest ecosystems. When planning these
multiple uses, including social demands, sustainability must be included. If sustainability
is missing in planning, total value generation will not be improved [24].

On the other hand, as a strategic wildlife management approach, the approach of
reducing hunting-related tools, permits, or access opportunities in order to regulate or limit
hunting activities is generally applied for habitat conservation, sustainability of biodiversity
and prevention of human–wildlife conflicts. It is known that many countries, including
Türkiye, have introduced hunting rules in this regard. For example, some traps, poaching
equipment, and the use of certain types of weapons are prohibited. In addition, resources
may be restricted in hunting when it conflicts with local communities, ecotourism, or
sustainable land uses. Depending on management priorities, conservation methods can
also be developed for populations which are declining as a result of overhunting. It is
crucial that endemic wildlife species are managed without exceeding the carrying capacity
of the area or without their numbers decreasing to the extent that the ecological balance
is disturbed. In this regard, there are both hunting grounds and wild animal production
facilities in order to contribute to the development of wildlife. In many of the wildlife
development areas and nature parks in Türkiye, wild animal production is also carried out.
In order to eliminate the negative effects of excessive hunting, the fact that the protection

130



Forests 2024, 15, 2195

of wildlife is based on a good legal basis will provide deterrence. Effective implementation
of the laws can only be realized by raising public awareness [25,26].

For example, in Türkiye, hunting-related activities are carried out under the authority
of the Ministry of Agriculture and Forestry. The related works and procedures are regu-
lated by the General Directorate of Nature Conservation and National Parks. Article 1,
paragraph 2 of the Land Hunting Law No. 4915 enacted in 2003 covers hunting and wild
animals and their habitats; their protection and development; hunting and wildlife man-
agement; hunting grounds; regulation of hunting, hunting tourism, and the production
and trade of wild animals; raising public awareness; training of hunters; crimes and mis-
demeanors related to hunting and wildlife, and their follow-up and penalties. It is also
states that the purpose of this law is to ensure the sustainability of hunting and wildlife [26].
Hunters use public resources. Cooperation with hunters and hunter organizations in the
protection and development of wild animals can be successful. However, there is no such
provision in the Turkish legislation [25].

For hunting tourism, the number and species diversity of game animals should be
large enough to ensure the continuation of the species and genetic diversity. In 2013, the
Hunting Management Information System (AVBIS) was put into effect in order to protect
and properly use hunting and wildlife resources in Türkiye [27]. With this system, the aim
is to protect wildlife more effectively with “Sustainable Hunting Management” activities
by adopting planned hunting [28]. Hunting and wildlife management plans should be
within a successful protection/control system for sustainable management. In addition,
there should be cooperation between the Ministry and hunter associations in Türkiye.

In addition, the participation of interest groups should be ensured in decisions taken
on sustainable management of wildlife. As a result, more effective contributions will be
made to the protection and development of wildlife resources and biological diversity.
Local people and hunters should be informed and awareness should be raised through
notices, books, brochures, etc. on hunting. In doing so, public relations techniques should
be utilized. In this way, local people can be more aware of the issue of wild animal poaching,
and they will be encouraged to report poachers. In addition, more studies should be carried
out to increase the production of wild animals in wildlife breeding stations and to release
these animals into nature. In conclusion, for the sustainable management of hunting and
wildlife resources, these resources should be protected, developed, and brought into the
economy [25,26,28,29].

Due to the multiple use/utilization areas, flora and fauna elements that are signif-
icantly damaged in Türkiye should be included as a main subject in SFM processes for
more effective conservation. The date of emergence of each SFM process, the number of
members, and the number of criteria are already known [30]. However, these data are not
tabulated in the literature and the scope of each criterion in terms of wildlife is unknown.
This has been identified as a gap that needs to be filled. In addition, each process needs
to be examined in terms of its area of coverage when developing revised SFM processes.
The processes were grouped as national, regional, global, etc. in order to provide data for
future research on the subject. This data is expected to have a developmental impact on
SFM research.

In the Forest Europe process (Helsinki resolution/the Pan-European process), the SFM
is defined as “the stewardship and use of forests and forestlands in a way, and at a rate,
that maintains their biodiversity, productivity, regeneration capacity, vitality and potential
to fulfill, now and in the future, relevant ecological, economic and social functions at local,
national, and global levels and that does not cause damage to other ecosystems” [6,31]. The
United Nations (UN) defines SFM as a dynamic and evolving concept that has the objective
of conserving and enhancing the economic, social, and environmental values of all forests
for the benefit of present and future generations [32,33]. According to the 2020–2030 strategy
of the CIFOR (Center for International Forestry Research) and ICRAF (International Centre
for Research in Agroforestry), whose work is aligned with the Sustainable Development
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Goals, the Paris Agreement, and the three Rio Conventions, deforestation and biodiversity
are among the five challenges of global significance that should be addressed [34,35].

In 2003, at the International Conference on the Contribution of Criteria and Indicators
to the SFMs, Methods for Moving Forward, seven thematic areas were identified that form
the basis of the current international (eco-regional) and regional criterion and indicator
processes of SFMs. The thematic areas are as follows [30,36–39]:

• Scope and extent of forest resources (contribution to the global carbon cycle, etc.).
• Forest biodiversity.
• Health and vitality of forest ecosystems.
• Protective functions of forests: soil, water, and others.
• The production functions of forests: NTFPs (nontimber forest products), etc.
• Socioeconomic functions of forests.
• Legal, institutional, and policy framework.

According to comprehensive research, 130 of the approximately 13,200 mammalian
and bird species estimated to have existed in 1600s are now extinct worldwide. Many
reptiles, amphibians, fishes, and invertebrates are also endangered, and there are an
estimated 20,000–25,000 endangered plants. Three-quarters of these species have become
extinct or endangered as a direct result of human activities [40]. In addition, invasive alien
species also have a great impact on biodiversity loss [41]. Today, in Türkiye, 481 birds,
150 mammals, and 130 reptile species are protected by the General Directorate of Nature
Conservation and National Parks of the Ministry of Agriculture and Forestry [3]. As
biodiversity and wildlife are closely related, it should be recognized that they are also
pertinent to NTFPs involved in SFM processes.

According to target 15(7) of the United Nations’ international development goals,
Life on Land, urgent action is needed to end the poaching and trafficking of protected
species of flora and fauna and to address both the demand and supply of illegal wildlife
products [42–46]. Therefore, by taking this study into consideration, the place and impor-
tance of wildlife in development will be emphasized. It is also important to note that NTFPs
are all remaining materials except timber taken out of forests for human use. These include
foods, medicines, spices, essential oils, resins, gums, latex, tannins, dyes, ornamental plants,
wildlife (product and live animals), fuel wood, and raw materials, notably, rattan, bamboo,
small wood, and fibers [34,35,47,48]. It is also very important to involve local communities
in monitoring and protection processes in order to effectively manage SFM processes.

According to the inferences obtained from the related literature, the impact of general
approaches and practices on wildlife is examined, and its place in terms of Türkiye is also
discussed. Conclusions for improving the situation in Türkiye with the findings obtained
from the research are presented. This research investigated the effectiveness of sustainable
forest management processes in taking into account wildlife conservation objectives.

2. Materials and Methods

This research investigates whether there are sufficient wildlife protection criteria for
SFM processes. The Republic of Türkiye’s Ministry of Environment, Urbanization and
Climate Change’s data on international agreements and conventions to which Türkiye
is a party in the field of environment (available online: https://ab.csb.gov.tr/turkiyenin-
cevre-alaninda-taraf-oldugu-uluslararasi-anlasma-ve-sozlesmeler-i-109376 accessed on
18 November 2024) and international literature from Web of Science database, Scopus
database and Google Scholar articles as well as official documents and conventions that
include the keywords “wildlife” and “sustainable forest management”, and “wildlife”
and “SFM” between 1992–2024 were used to examine the criteria and indicators of SFM
processes in Türkiye. Among the analyzed data related to these criteria and indicators, it
was determined that the information on wildlife conservation was quite insufficient. It was
also observed that there are only local or regional studies on wildlife and SFM.

The number of member countries and the number of criteria in SFM processes were
tabulated by evaluating the data in the literature. From this point of view, firstly, inter-
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national SFM processes, such as global, regional, national, forest management unit, and
local processes were researched and categorized into a table. Then, by analyzing the data
obtained from the official website of the United Nations, the number of criteria related to
wildlife was determined for each process and shown in the graph. Within 10 processes,
the criteria ratios for wildlife were determined. These data were then shown as a pie chart
for their percentage expression in all processes. All tables and figures in this article were
compiled by the authors based on the literature review. Criteria for wildlife in the SFM
processes were also identified and analyzed in terms of content. The analyzed criteria were
typologically reduced into 4 groups.

Each process was analyzed separately in terms of wildlife conservation types, and
the EFLD (Environmental and Forestry Law Department) scoring method was applied to
each process in the 4 reduced groups. In order to examine whether a certain criterion that
contributes to wildlife conservation is at a satisfactory level, the typologies were analyzed
for each process and scored according to the level of protection. The process contents for
each typology were explained and shown in separate groups. In addition, by evaluating
which of these processes Türkiye is involved in, it was determined which processes in
the SFM processes do not have a sufficient impact on wildlife despite the high number of
member countries by using this scoring method [49].

A five-point scoring system, namely the EFLD method, was used for scoring (Table 1).
This benchmark was previously used by environmental and forest attorneys [50–55]. The
method scoreboard is as follows.

Table 1. EFLD method scoreboard.

Point Description

0 Does not meet criterion
1 Criterion is described in general terms and is inadequate
2 Criterion is described in close terms but not enough detail
3 Criterion is partially met but there are gaps
4 Criterion is fully met

Based on this information, a study has been conducted to deepen our understanding
of wildlife in terms of SFM in order to fill the gap in the subject. Considering the ongoing
loss of wildlife worldwide, there is a need to evaluate SFM criteria in this respect. In
addition, after all the data were obtained, document analysis was carried out again with
a deductive approach in the aforementioned literature, and inductive suggestions were
made together with those identified in the content analysis.

3. Results

Since the Stockholm Conference, the Brundtland Report, and the United Nations
Conference on Environment and Development (Rio Summit) in 1992, significant progress
has been made at regional, national, and international levels in defining and developing
standards, setting criteria and indicators, and promoting and implementing the concepts
of sustainability, sustainable development, and sustainable forest management. This
management approach, which stems from the need for the conservation of biodiversity
and other environmental concerns, has gone through 10 main stages, and some of these
stages have not continued to take place within the process [56]. In this respect, it can be
said that SFM criteria have a dynamic structure. Due to all the protection requirements, it
is important to remember that the path to the most accurate assessments is through good
research. The results of the data analysis in this regard are presented below.

3.1. Review of SFM Processes

Criteria and indicators are essential tools for the development of forest policy which
provide relevant information for national forest policies, plans, and programs, and serve as
the basis for cross-sectoral forest-related data collection. Sustainable forest management
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makes it possible to monitor, assess, and report developments at the global, regional
and national levels. In this respect, one of the objectives of the implementation of the
SFM criteria and indicators is to create a basis for dialogue and communication between
policy makers and relevant stakeholders in forestry and other sectors for SFM and forestry
policy development.

A number of initiatives have been organized under the leadership of the Food and
Agriculture Organization of the United Nations to identify and develop SFM criteria
and indicators at the regional and local levels. A total of ten separate regional processes
involving different regions of the world have emerged. In fact, more than 150 countries
have participated in these processes [57]. The SFM processes identified in this framework
are as follows [47,58,59] (Table 2).

Table 2. SFM processes, number of regional member countries, and scope of the criteria.

SFM Process Member Country Number Start Date of Process Number of Criteria *

1 African Timber Organization (ATO) 13 1996 26 (R, N)
2 Dry Forests in Asia Initiative 9 1999 8 (N)
3 Dry Zone Africa Process 36 1995 7 (N)
4 International Tropical Timber Organization (ITTO) 74 1992 7 (N, F)
5 Lepaterique Process of Central America 7 1997 4 (R), 8 (N)
6 Montreal Process 12 1995 7 (N)
7 Pan-European Forest Process 41 1994 6 (R, N)
8 Tarapoto Proposal 8 1995 1 (G), 7 (N), 4 (F)
9 Near-East Process 30 1996 7 (R, N)

10 Center for International Forestry Research
Process (CIFOR) 31 1998 24 (L)

* G: global, R: regional, N: national, F: forest management unit, L: local.

The general table of SFM processes shows that there are 1 G, 43 R, 83 N, 11 F, and 24 L
criteria. It is important to work on addressing these processes, which are mostly national
and regional, at a more global level.

3.2. Importance of Wildlife Protection

In recent years, efforts to prevent the loss of wild fauna/flora and their habitats
have been prioritized. In this case, decisionmakers need to see and prioritize criteria
established on this issue more frequently among the SFM framework criteria and in the
reports of scientific researchers. In particular, it was evaluated that studies on linking
forest biodiversity and management indicators to strengthen SFM are useful, especially
for discovering important species in the area to be managed. In such studies, local people
contribute to both habitat and SFM processes in terms of tracking and discovering wildlife
and biodiversity [60]. In addition, it is important to examine studies on the effect of
NGO participation on local people’s understanding of forest management as another
management tool. In such studies, it has been argued that more effective and efficient
protection can be achieved if NGOs participate more actively [61]. NGOs have also played
a role in helping to shape the links between government and society and have influenced
the legal framework. Community-based forest management is based on the belief that
communities are in the best position to manage and protect forests if they participate in
decision-making on the sustainable use of forest resources. This can be seen as an enabling
mechanism for the valuation of NTFPs [62]. Among the new trends, the involvement
of local communities in the monitoring of forests and agricultural areas with unmanned
vehicles, such as drones, to increase the effectiveness of monitoring and managing forest
health, will also contribute to sustainability [63]. In addition, regular monitoring of forest
health by providing access to satellite-based imagery to local communities is crucial for
sustainability (i.e., publicly accessible imagery, such as Landsat, MODIS, and Sentinel
data) [64].

Since forests are one of the habitats for wildlife and the conservation of forest bio-
diversity will affect wildlife, it is important to ensure that conservation policies in these
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ecosystems are effective and comprehensive. In the context of forest biodiversity (Sus-
tainable Development Goal 15.7), pressures refer to human activities and factors that put
pressure on forest ecosystems and contribute to the loss or degradation of forest biodiver-
sity. The stressors may include deforestation, forest fragmentation, unsustainable logging
practices, the introduction of invasive species, pollution, the impacts of climate change,
and the illicit wildlife trade. These activities and factors directly or indirectly affect the
composition, structure, and functioning of forest ecosystems, resulting in a decrease in
biodiversity [65]. Among the processes in Table 1, the numbers of SFM criteria related to
wildlife are as follows (Figure 1).
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Figure 1. Criteria counts for wildlife in SFM processes.

The percentages of criteria allocated to wildlife sustainability within the SFM processes
are as follows: ATO, 3.85%; Asian Dry Forest Process, 25.00%; Dry Zone Africa Process,
28.60%; ITTO, 42.80%; Lepaterique (Central America) Process, 16.70%; Montreal Process,
14.30%; Pan-European Process, 16.70%; Tarapoto Proposal, 25.00%; Near-East Process,
28.60%; and CIFOR, 12.50%. Percentages of wildlife-related criteria in the all the SFM
processes are also as shown in the following pie chart (Figure 2).

The processes with the highest number of criteria for wildlife are CIFOR, the Tarapoto
Proposal, and ITTO. However, the situation changes according to the pie chart that emerges
when compared to the total criteria in all processes. In this case, the processes that are
most amenable to wildlife in SFM processes are the ITTO, Near-East Process, and Dry Zone
Africa Process. CIFOR and the Tarapoto Proposal, which have more criteria for wildlife,
were found to be less relevant when calculated in general.

According to the literature review, the ITTO process includes the most criteria, and the
ATO process includes the least criteria. Points that need to be improved in these processes
are given in the discussion and conclusions.
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Figure 2. Percentage of criteria for wildlife sustainability.

4. Criteria for Wildlife in SFM Processes

The criteria related to wildlife in SFM processes are summarized below. The reason
for including trade-related criteria is that wildlife use is directly related to the CITES
Convention (Washington Convention) on the prevention of the illegal wildlife trade.

4.1. African Timber Organization Process

The ATO process started in January 1993. Türkiye is not a member. Among the
criteria of the process, it was determined that the criterion related to wildlife is 3.2. This
criterion pertains to the protection of rare and endangered species, conservation of biodi-
versity, and minimization of negative impacts. Eight indicators of criterion 3.2 are listed as
follows [39,66]:

• Biological protection zones are established on permanent forestland where no inter-
vention is allowed.

• The size of biological reserves has to be adapted to suit the conservation objective.
• The potential for effective conservation has to be considered in the selection of biologi-

cal protection areas.
• Special provisions for the protection of sensitive areas, plains, riverbanks, and steep

slopes have to be defined in the management plan.
• Forest management plans are provided for single-species or exotic-species plantations

only when other types of silvicultural activities are considered by forest management
experts and abandoned for justifiable reasons.

• If enrichment planting is performed in afforested forests, species that have actually
been harvested in the forest will be preferred.

• Rare or endangered species have to be protected.
• High-demand nontimber forest products are the objects of conservation and domesti-

cation experiments.

4.2. Asia Dry Forests Process

This process started in December 1999. Türkiye is not a member. Criterion 3 pertains
to the maintenance and enhancement of biodiversity. The indicators of these criterion are as
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follows: “scope of protected areas; number of endangered, keystone, flagship and endemic
animal and plant species; list of fauna and flora; degree of nondestructive harvesting;
percent cover by forest type or/and species; and presence of mechanisms for the protection
of genetic resources”.

Criterion 6 is related to the scope of forest resource utilization; one of the indicators of
the criterion is “Import and export of wood and NTFPs” [67].

4.3. Dry Zone Africa Process

This process started in November 1995. Türkiye is not a member. Criterion 2 pertains to
the conservation and enhancement of biodiversity in forest ecosystems for the “Permanent
Interstate Committee for Drought Control in the Sahel” (CILLS) countries (CILLS Countries:
Permanent Interstate Committee for Drought Control in the Sahel). The indicators of these
criterion are categorized as ecosystem indicators, species indicators, and fauna/flora
genetic indicators.

Criterion 6 for CILLS countries pertains to the maintenance and enhancement of
socioeconomic benefits; one of its indicators is the forest sector trade balance.

Criterion 6 for SADC countries (SADC: Southern African Development Community)
pertains to the maintenance and enhancement of the socioeconomic benefits of forests and
other wooded areas. The criteria for CILLS and SADC include 12 indicators, 8 of which are
related to the economic benefits of the forest and forest industry sectors [39,68].

4.4. The International Tropical Timber Organization Process

The ITTO process started in March 1992, and was revised in 1999. Türkiye is not a
member. Criterion 3 pertains to forest ecosystem health and conditions. Among the indica-
tors of the criterion, protection and conservation procedures include the “existence and
implementation of quarantine and phytosanitary procedures to prevent the introduction of
pests and diseases” and the “existence and implementation of procedures to prevent the
introduction of potentially harmful exotic plants and animal species”.

Criterion 4 pertains to the flow of forest products. This criterion concerns forest
management to produce wood and NTFPs. Such production can be sustainable only in
the long term if it is economically and financially feasible, environmentally friendly, and
socially acceptable.

Forests allocated for production can fulfill a number of important forest functions,
such as environmental protection and biodiversity conservation. These multiple roles
of the forest must be maintained through concrete management practices that safeguard
the potential of the full range of benefits that the forest resource can provide to society.
The indicators for this criterion include indicators of resource assessment, indicators of
planning procedures, and indicators of management guidelines.

Criterion 5 pertains to biodiversity. The indicators of these criteria include indicators
of ecosystem diversity; indicators of diversity among endangered, rare, and threatened
forest flora and fauna species; indicators of in situ and ex situ conservation of genetic
diversity in commercial, endangered, rare, and threatened forest flora and fauna species;
indicators of management guidelines; and indicators of monitoring and evaluation [47,69].

4.5. The Central America Process

This process (also called the Lepaterique Process) started in January 1997. Türkiye is
not a member. Criterion 2 pertains to the protection and maintenance of environmental
services provided by forest ecosystems at the regional level in Central America. Three of
the thirteen indicators of this criterion are as follows: “implementation of mechanisms to
regulate the capture and illegal marketing of flora and fauna species”, “number of endemic,
threatened and/or endangered species”, and “number of forest species protected ex situ
(e.g., in seed banks)”.

Criterion 5 pertains to biodiversity in forest ecosystems at the national level in Central
America. The indicators for this criterion are listed as follows: “percentage and area of
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forest species in various categories of protected areas”, “number of endemic, threatened
and/or endangered species”, “estimates of wildlife species dependent on forest habitats”,
“area and length of biological corridors per forest ecosystem”, “area and percentage of
primary and secondary forests and plantations”, and “number of species protected ex situ
(e.g., in seed banks)” [70].

4.6. Montreal Process

This process started in June 1992. Türkiye is not a member. Member countries agreed
on a legally non-binding dataset for national implementation of the SFM and agreed to
review and consider possible elements for criteria and indicators at the forest management
unit level. Criterion 1 pertains to biodiversity conservation. The indicators of this criterion
are as follows [71]:

• ecosystem diversity,
• interspecies diversity and genetic diversity of the species, and their subheadings.

4.7. The Pan-European Process

The Pan-European process (also called the Helsinki resolution) started in June 1993 and
is also known as the Helsinki Process. Türkiye is a member. The process is supervised
by the Ministerial Conferences on Forest Protection in Europe (Forest Europe). The topics
that form the basis of forestry practices in Europe include “Domestic policies that are effec-
tive in sustainable forest management and development”, “Certification”, “Basic forestry
measures-monitoring”, “Rural development”, “Biodiversity”, “Climate change and carbon
management”, “Forest industry”, “Forest production materials and phytosanitary”, “Inter-
national forestry policy processes”, “Cooperation development”, and “International trade
and foreign relations” [72].

It is possible to establish a direct relationship between these European criteria and
wildlife through the issues of “biodiversity”, “forest production materials and phytosani-
tary” and “international trade”. Among the criteria identified in this process, the criterion
related to wildlife is stated as follows: Criterion 4 pertains to the maintenance, conservation,
and enhancement of biodiversity in forest ecosystems [47].

4.8. The Tarapoto Proposal

This process started in February 1995. Türkiye is not a member. Criterion 4 is at the
national level and pertains to the protection of the forest and biodiversity. Two of the
eight indicators of this national-level criterion are listed as “measures for the in situ conser-
vation of endangered species” and “measures for the conservation of genetic resources”.

Criterion 10 is at the management unit level and pertains to the protection of forest
ecosystems. One of the six indicators of this management unit level criterion is “mea-
sures for the conservation, recovery and sustainable use of wild populations of endan-
gered species”.

Criterion 12 is at the global level, and pertains to the economic, social, and environ-
mental services performed in the Amazon forest. Two of the seven indicators of this global
criterion are as follows: “contribution to meeting global demand for sustainably produced
wood and NTFPs” and “contribution to biodiversity conservation” [39,47].

4.9. The Near-East Process

This process started in October 1996. Türkiye is a member. Criterion 2 pertains to
the conservation of biodiversity in forest areas. The indicators of this criterion are listed
under the headings “ecosystem indicators”, “fauna and flora species indicators”, and
“genetic indicators”.

Criterion 6 pertains to the maintenance and improvement of socioeconomic functions
and conditions. Among the indicators of this criterion, the headings of the indicators
of economic conditions are as follows: “value of wood products”, “value of nontimber
forest products”, “value of recreation”, “value of hunting”, “share of forest industry in
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GNP/GDP”, “value obtained from secondary forest industries”, “value obtained from
biomass energy”, “forest trade balance”, and “level of investment in the forest industry
and other industries based on forest products” [47].

4.10. Center for International Forestry Research

CIFOR criteria and indicators were first used in September 1998. Türkiye is not a
member. One of CIFOR’s six main principles is ecology. The criteria for “maintenance
of ecosystem integrity”, which is linked to ecology, are “preservation of processes that
maintain biodiversity in managed forests”, “preservation of ecosystem function”, and
“preservation of processes that maintain genetic diversity”. CIFOR includes 24 criteria
and 98 indicators which are used as a “starting platform” for countries to develop their
own local sets of criteria and indicators. These criteria include indicators and validators to
protect biodiversity and its processes [47,48].

5. Types of Criteria for Wildlife Conservation

From the analysis of SFM processes, four main types of wildlife conservation were
identified. These are wildlife trade, biodiversity conservation, NTFPs, and wildlife health.
Among the 10 processes, 6 regulate the criteria for wildlife trade, 6 are for biodiversity
conservation, 5 are for NTFPs, and 3 are for wildlife health. It would also be useful to
proportionally represent all the criteria in these SFM processes in terms of the criteria
headings related to wildlife (Figure 3).
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Figure 3. Criteria counts pertaining to wildlife protection.

When each process was analyzed in terms of the four protection types that it combines
in terms of wildlife, the following results were obtained:

1. The contents of the processes with provisions on wildlife trade are based on “import
and export, product demand, biodiversity conservation in commercial, illegal market-
ing of flora and fauna species, international trade and foreign relations, investment in
forest industry, share of forest industry in GNP/GDP, value of products and forest
trade balance”.

2. The contents of the processes with provisions on biodiversity conservation are based
on “rare or endangered species protection, biological reserves and biological protec-
tion zones, maintenance and enhancement of biodiversity, inventory works, genetic
resources, works on forest species, habitat and forest ecosystem, reclamation on areas,
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in situ ex situ protection works, genetic diversity, measures for the conservation,
resilience and sustainable use of wildlife, ecosystem functions integrity”.

3. The contents of the processes with provisions on NTFPs are based on “export and
import of non-wood forest products, forest management for the production of tim-
ber and NTFP’s, contribution to meeting global demand for sustainably produced
nontimber forest products, value of nontimber forest products, maintenance of ecosys-
tem integrity”.

4. The contents of the processes with provisions on wildlife health are based on “mea-
sures for the in situ conservation of endangered species, existence and implementation
of procedures to prevent the introduction of potentially harmful exotic plant and
animal species, resource assessment, planning procedures and indicators of man-
agement guidelines, management practices that preserve the potential for the full
range of benefits that the forest resource can provide to society, biodiversity conser-
vation works such as management guidelines on species and forest conservation,
measures for the conservation of genetic resources, maintenance and preservation of
biodiversity processes”.

When the 10 processes are analyzed in terms of wildlife conservation, the most related
processes are ITTO, Tarapoto, and CIFOR. Other processes were seen to have a more general
approach. When the other processes are examined, they are evaluated as weak even though
they contain wildlife protection criteria in two aspects.

The wildlife criteria analyzed according to the EFLD method in terms of all processes
were scored for the effectiveness of the conservation types in the processes. The score
distribution in this regard is as shown in Table 3.

Table 3. Wildlife conservation type points of each process.

Process Wildlife Conservation Type Point

ATO Biodiversity conservation 1
Asia Dry Forests Process Wildlife trade, NTFPs 2
Dry Zone Africa Process Wildlife trade, biodiversity conservation 2

ITTO Wildlife trade, NTFPs, wildlife health 3
Lepaterique Process Wildlife trade, biodiversity conservation 2

Montreal Process Biodiversity conservation 1
Helsinki Process Wildlife trade 1

The Tarapoto Proposal Biodiversity conservation, NTFPs, wildlife health 3
The Near-East Process Wildlife trade, NTFPs 2

CIFOR Biodiversity conservation, NTFPs, wildlife health 3

According to the results obtained by calculating the score in the table, the overall suc-
cess of all processes in terms of wildlife sustainability was found to be 50%. It is important
to discuss the data on this subject and to develop them in line with the conclusions.

6. Discussion

The analysis of 10 processes revealed that the SFM criteria and indicators provide an
international reference for policy makers in formulating national policies and programs.
However, in many countries, there are still insufficient data to assess flora and fauna, as
well as gaps in monitoring [49,73]. Therefore, there are no detailed data on wildlife in the
international meetings on SFM processes.

A report of the United Nations Intergovernmental Science-Policy Platform on Biodiver-
sity and Ecosystem Services (IPBES 2019) revealed that nearly 1 million plant and animal
species are threatened with extinction due to human activities [74]. The Living Planet
Report (2020), published by the WWF, reminds us that vertebrate species populations have
declined by 68% in the nearly 50 years between 1970 and 2016. In addition to these findings,
research has shown that protected areas are among the most important tools available for
slowing the loss of biodiversity [75].
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When the processes are analyzed, several criteria for wildlife reveal what needs to be
improved and renewed. A healthy diversity of wildlife is a key element of biodiversity. If
biodiversity suffers, so does wildlife. It is very important to protect biodiversity in terms
of both habitat and species diversity. In the processes that have been implemented for
several years and developed on the basis of conservation measures, wildlife is included
in very few criteria. When this situation is analyzed in percentages, it is seen that timber-
related processes predominantly exclude wildlife. However, it is illogical to consider these
elements separately in wood quality and ecosystem integrity.

According to the result of wildlife conservation type points (Table 3), the processes
that need to be developed in terms of the criteria reduced to four protection types have
to be evaluated in terms of increasing the success of international sustainable forestry in
the future. Wildlife protection types, which are one of the most important components for
the sustainability of forests, should be developed throughout the SFM, and there should
be more than four protection types. It is seen that Türkiye is a member of the Helsinki
and Near-East processes. It has been seen that there is a need to bring new updates on
wildlife health to these two processes. Compared to other processes, the lack of effort on
biodiversity conservation and wildlife health in both processes was also seen as a common
deficiency. This situation is explained in the SFM (2020) publication as well as in many
reports which indicate that there is not enough flora and fauna inventory to evaluate
and consider [2].

Regarding the Near-East process, the forest trade balance is expressed as an indicator.
Under the criterion “conservation of biodiversity in forest areas”, there is no mention of
the protective use of wildlife. According to the other criterion, poaching of wild animals
was cited as one of the reasons for the loss of natural forest areas. Therefore, although
there are no detailed data on wildlife in the SFM processes in which Türkiye has been
involved, it is known that there is a commercial wildlife supply and demand situation that
continues today. Although wildlife has been included more frequently in the agenda of
the recent SFM (2020) report, effective conservation success has not yet been achieved. In
many scientific meetings, the need to improve legal infrastructure, increase the population
of wildlife, and take measures to protect genetic purity have been emphasized [2]. These
meetings have also emphasized how state ownership under economic pressure in Türkiye
can lead to forest loss, and the need for a more adaptive policy approach [76]. There are
also studies showing that 75% of visitors give negative comments when they see park
management that does not take into account wildlife and their habitats [77].

Human activities are the most important driving force affecting wildlife populations
through direct and indirect interactions [78,79]. Over the years, strict conservation aims
were formulated and humans and wildlife were separated in order to reduce the negative
effects of human practices, including agriculture, leisure, and hunting [80]. However, the
positive effects of practices, such as hunting, should not be ignored. As opposed to overex-
ploitation and poaching, controlled hunting is very useful for ecosystem sustainability. For
example, hunting is a very necessary control mechanism in terms of combating invasive
alien species, has economic benefits, and helps to make the population suitable for the
carrying capacity of the area, etc. [29,41].

Hunting income is also a source of livelihood for many local communities. Approved
practices, such as sport hunting, are also widely used as a preventive or curative measure.
A separate source of income is also obtained for ecotourism or sport hunting practices
in the areas. In addition, the products obtained after planned hunting, such as trophy
hunting, contribute to the society and local economy through both direct consumption
and trade [79].

Wildlife management aligns with each of the above criteria. In particular, sustainability,
biodiversity, climate change, policies, and international trade are the main objectives of
protecting wildlife habitats, flora, and fauna. Therefore, it is not possible to assess wildlife
independently of the SFM criteria. When the criteria counts pertaining to wildlife protection
are analyzed, the weakest of the four main types of protection are NTFPs and wildlife
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health. It is thought that international conventions on these topics and the biodiversity
conservation agenda can also be taken into consideration to determine the improvements to
be prioritized in the studies on the subject. Healthy and diverse wildlife requires a healthy
and sustainable forest. Hopefully, taking this study into consideration will contribute to
creating a new perspective on preventing the loss of biodiversity on land.

The importance of NTFPs and forest data (including flora and fauna specific studies)
for strengthening the bioeconomy in Europe is emphasized [73,81]. Good knowledge
and valuation of forest products (living and non-living) can both diversify forest incomes
and enhance ecological integrity. Scientific research on transparency to increase access
to forest data is also in progress. There are also studies investigating contradictions in
forest utilization licenses and management rights. The main purpose of these studies is to
contribute to sustainability [82,83].

Today, forestry faces a complex management situation. The understanding of SFM
has moved far beyond the original meaning of ensuring a sustainable timber yield. SFM
strategies must fulfill ecological, economic, and social functions without harming other
ecosystems. In this understanding, forest management actions cannot be viewed as isolated
or monocausal [5]. In the planning and revision of forests, local people and stakeholders
making decisions together with protected area management, i.e., ensuring participation
in sustainable conservation, will prevent the unclear division of responsibilities among
authorities and encourage cooperation and success [84].

When the framework criteria are determined and continue to be developed at the In-
ternational Conference on Criteria and Indicators (CICI) according to the current FAO data,
it can be concluded that national and international institutions should continue to conduct
research on difficult-to-measure criteria and indicators. These may be focused on particular
issues, such as biodiversity, NTFPs, nonmarket values, soil and water conservation, carbon
sequestration, and sociocultural aspects [36–38,47,59].

It is also very important to protect and restore the natural structure of existing habitats
in line with the ecological demands of wild animals. In addition, bio-restoration plans
should be regularly implemented to ensure that the carrying capacity of habitats and
the target species are optimally maintained and improved [85]. In forests, which are the
priority ecosystem for wildlife, forest cover needs to be improved primarily. To achieve this
goal, afforestation, sub-flora maintenance, control of grazing, restoration of plant species
preferred by wildlife, reproduction of shrubs, trees, and bushes in the areas, laying of
trimmed branches, combating erosion in the area, maintenance and development of water
resources, and combating the direct and indirect effects of forest fires should be monitored
regularly [86]. Environmental arrangements in areas where wildlife populations are present
should be carried out with the highest care, and factors that threaten the needs and survival
of wild animals should be considered. Animals, which are the active element of wildlife,
have demands, such as food, shelter, dust bathing, roaming, and water [86–88].

Proper management of hunting also involves the rational organization of hunting
range capacity. It is known that both good monitoring of population dynamics and the
correct implementation of hunting will help to improve habitat health and increase wildlife
potential. It is clearly seen that the main elements of wildlife management, such as inven-
tory, education, monitoring, and supervision, need to be managed, especially within the
scope of SFM.

7. Conclusions

It is not possible to evaluate wildlife separately from SFM criteria. A forest without
wildlife and a humanity without forests are unimaginable. The planning of forest products
according to socioeconomic factors and other functional purposes requires that wildlife
be included in these plans. Economic planning in forests without considering wildlife
diversity will have consequences that threaten the existence of forests. It is important
to calculate the economic value of wildlife, which is counted among NTFPs. A standard
should be developed for determining the economic value of wildlife fauna and flora species,
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and this issue should be included in the SFM criteria. This is because there are many criteria
and indicators that point to this value. While many issues, such as the illegal wildlife trade,
NTFPs, and invasive alien species are being studied, it has been determined as a deficiency
in terms of developing this standard. The economic valuation of wildlife is considered to
be within the scope of NTFPs, one of the four prominent wildlife protection typologies. It is
clear that more work needs to be carried out to develop a standardization for the economic
valuation of wildlife, which is known to have a place in all areas of SFM. As seen in many
international definitions of SFM, it is an economic policy, and it is critical to include the
living and non-living parts of wildlife.

In Türkiye, the economic value of the entire hunting and wildlife sector has not yet
been calculated even for the largest cities. Products obtained from the skins, feathers, etc.,
of wild animals also make a significant contribution to the economy. If the ecological,
cultural, and social values of hunting and wildlife are also taken into consideration, the
total economic value will increase much more and the contribution of the sector to GDP
will increase at the same rate. In this respect, it is important to carry out the necessary
scientific research in order to calculate the total economic value of hunting and wildlife
mathematically. It would be useful to examine the examples of countries that have achieved
success in this regard. In addition, a database in which the records likely to be used for this
purpose are kept in a healthy way should also be established.

The SFM criteria and indicators provide an international reference for policy makers for
formulating national policies and programs. Despite these limitations, in many countries,
there is still a lack of sufficient data for the assessment of flora and fauna, and monitoring
deficiencies exist. It is a priority for Türkiye and many other countries to develop standards
and to pay more attention to inventory studies.

Social participation in decision-making, the research/development dimension, and
the resource utilization dimension of forest villagers, as well as the integration of wildlife in
decision-making processes, will ensure full protection. Considering the social participation
in decision-making, the research and development (R&D) perspective, and the resource
utilization perspective of forest villagers, the inclusion of wildlife in decision-making
processes will ensure their full protection.

The majority of the SFM criteria are directly related to wildlife. While there are
many criteria related to wildlife, there are still none that directly address wildlife. It is
observed that wildlife is not sufficiently mentioned even among the prominent indicators
in a criterion as broadly defined as biological diversity. This will always be a weakness
in maintaining forest unity. Therefore, wildlife health and diversity should be added as
separate criteria in addition to the studies and opinions that set the criteria for SFM. In
addition, in future international meetings, it is crucial that the issue of wildlife be brought
to the agenda as a main heading rather than a subheading to make sustainable decisions
regarding wildlife.

Sustainability in forests and wildlife are not issues to be planned independently of one
other. Forests are the primary habitat of wildlife. In this case, while there are many criteria
related to wildlife, the fact that a criterion directly related to wildlife is still not regulated is
an issue that will always be missing in the protection of forest unity.

According to criteria that are broadly defined as relating to biological diversity, wildlife
is not mentioned enough even among the leading indicators. It should also be emphasized
that wildlife management and the legal infrastructure cannot be considered separately.
This legal infrastructure should be in accordance with current international law, effective,
and applicable. Scientific researchers at Türkiye should classify these important criteria as
priorities in their implementation policies.

From a general framework of SFM processes, it is seen that among the criteria for
identifying wildlife, the most common criteria are biodiversity conservation and the wildlife
trade. When the results are analyzed in general, only 20 criteria point to wildlife among a
total of 116 SFM criteria, and this is considered to be insufficient. This general conclusion is
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expected to contribute to international conventions and other meetings to be organized on
biodiversity conservation.

The fact that only 17% of the criteria of the 10 processes include wildlife is a major
deficiency. Within the existing criteria, which are typologically divided into four headings,
wildlife health should be developed as a priority. The fact that wildlife criteria, of which
there are very few in the overall SFM criteria, achieve only 50% success even when grouped
together, shows the importance of developing this subject and adding it as a main criterion
in international SFM processes.
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Abstract: A review of 113 scientific and other publications on the smallest and most abundant deer in
Lithuania, the roe deer (Capreolus capreolus), is presented, along with an analysis based on compound
annual population growth rates of population numbers, hunting bags, and roadkill. This review
covers the species’ history in the country from the last glaciation onwards, the changes in numbers
from 1934 to 2023, hunting bag changes from 1965 to 2022, roadkill numbers from 2002 to 2022,
data on roe deer reproduction, habitat selection, genetic diversity, pathogens, and damage to forest
stands. It also provides an overview of species management and selection for trophies. Despite the
exponential increase in roe deer numbers since 1990 and the dominance of this species in roadkill,
even on urban roads, the number and density of animals and the damage they cause to forest stands
are relatively low compared to other European countries. Within the observed period, drops in
numbers were related to harsh winters in 1969/1970 and 1995/1996. Poaching, especially coinciding
with weakened enforcement during the period of political–economic transition in the early 1990s,
has also had a negative impact on population numbers, as have recent increases in the number of
large predators. Population growth over the recent period does not correlate with hunting mortality,
which has remained stable at an average of 16.9% since 2002.

Keywords: Capreolus capreolus; abundance; hunting; roadkill; population management; genetics;
pathogens; Lithuania

1. Introduction

With a vast range in the Palearctic region, the roe deer (Capreolus capreolus) inhabits
most of Europe, excluding Ireland, southern islands such as Sicily, Corsica, Sardinia, Cyprus,
and the far northern latitudes [1–3]. The species has been present in Europe for over half a
million years, enduring through glacial and interglacial periods, and it has been one of the
most abundant mammals in the Late Quaternary [4].

Randi et al. highlighted that genetically, European roe deer can be categorized into
three haplogroups: one in the west (mainly Iberia), another in the east (Balkans and Greece),
and a third in the central part of the continent (spanning across Europe, including the east-
ern region); however, this study did not include samples from Lithuania [5]. Subsequently,
Lorenzini and Lovari [6] classified Lithuanian roe deer into a central–northern group,
alongside animals from Romania, Turkey, Greece, and Poland. Roe deer populations in
eastern and central parts of Europe exhibit the highest genetic diversity, likely attributable
to introgression from the Siberian roe deer (Capreolus pygargus) [7].

The roe deer is a generalist browser, but they also eat grasses and sedges. Species occu-
pies “deciduous wooded areas with glades and clearings, as well as in fields interspersed
with wood patches, mostly in temperate climates” [1]. However, in areas with small forest
fragments and intensive agriculture, the so-called “field roe deer” ecotype evolved [8].
Its biology differs from that of woodland roe deer in several respects [9]. Field roe deer
foraging in agricultural areas outside forests can have substantial impacts on crops [10].
The field roe deer ecotype is also widespread in Lithuania [11–13].

Roe deer are the most abundant deer in the mid-latitudes [1,14], and management of
this species is therefore linked to ecological, economic, and other aspects [15]. Recently, the
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management of the species has faced a number of challenges [16,17] due to the overabun-
dance of ungulates in Europe [18], including human safety issues due to the increasing
number of wildlife and vehicle accidents, even in urban areas [19].

Roe deer are important as browsers, playing a significant role in forest regenera-
tion [20]. Furthermore, they can serve as a model species for studying the impacts of
climate change [21] and landscape change [22]. In heterogeneous European landscapes,
roe deer could be utilized as an indicator species [23]. Despite any disagreement with the
authors’ position, roe deer have been recognized as ecosystem engineers [24].

Roe deer have been a good indicator of political and economic change in the post-1990
post-socialist countries of Eastern and Central Europe [25,26]. Currently, the management
of roe deer populations in European National Parks has shown the need for an integrated
management approach [27].

However, many aspects of roe deer ecology and management in Lithuania are either
unexplored or inaccessible to non-native speakers. The aim of this review is therefore
to provide a comprehensive overview of roe deer in Lithuania, including the history of
the species, its current status and abundance, ecology, and other aspects of the species’
management, based on published sources. Changes in the management of the species in
relation to legislation are assessed. In the absence of publications on population dynamics,
we have supplemented the review with trend analysis. Management options have been
analyzed in the light of the political and governance changes that have occurred in the
country since the 1960s.

2. Materials and Methods

2.1. Scope of Literature Sources and Filtering of References

Given that many of the references on roe deer are in the national language and those
previously published are in Russian, we carried out several literature searches. The two
main terms to be included in the search were “roe deer” as a species and “Lithuania” as a
geographical reference. In some references, Lithuania was not included in the search terms
because all Baltic countries were included.

Further on, we used search terms including biology, ecology, abundance, diet, repro-
duction, hunting, management, and roadkill of roe deer (Table 1).

Table 1. Key terms used in the literature search.

Key Term Definition Notes on Usage

Roe deer Capreolus capreolus, member of
the Cervidae family

We also used “stirna” (Lithuanian) and
“Evropejskaja kosulia” (Russian)

Lithuania Territorial scope of the search
We also used “Lietuva”, “Baltic

countries” and “Baltic states”, as well as
“Baltijos šalys”

History Period between last glaciation
and world War II

Includes archaeological findings
and archives

Management Includes hunting, survey,
and monitoring

The hunting yield and the abundance of
species were associated with alterations

in the legal framework

Three search engines were used to search for published information sources: the Web
of Knowledge, Google Scholar, and Google. The latter was needed for books published in
Lithuanian. Our search period covered the period from 1900 to 2024. Boolean combinations
of terms were used, such as

(roe deer OR Capreolus capreolus) AND (history OR survey OR hunting OR
roadkill OR monitoring OR management) AND Lithuania,

(1)

also using the same terms in Lithuanian and Russian languages.
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Two problems with the key term “roe deer” in Lithuanian were the fact that it has
the same species name in Latvian and that it is popular as a surname or company name.
For this reason, the resulting reference lists were manually sorted to exclude sources not
related to the animal.

Student works, such as Master’s and Bachelor’s theses, were critically analyzed and
singled out because they did not contain original information on the species. The literature
sources that did not provide original information and relied on other sources were also
excluded. Thus, the list of sources to be reviewed included 114 sources. The remainder of
the cited sources are related to other countries.

2.2. Study Site and Sources of Empirical Data

The study area with its forest cover, main cities, and the main roads is shown in
Figure 1. Data on the recent forest cover and forest cover dynamics are taken from the
Official Statistics Portal [28,29]. Data on regulations concerning roe deer management were
collected from official sources [30–34]. The hunting periods for roe deer are taken from the
hunting calendar [35].

Figure 1. Map of Lithuania showing forests, cities, and main roads in 2021. The inset indicates the
position of the country in Europe. Note: Between 1934 and 1940, the territorial boundaries of the
country were altered in the western and southeastern regions due to political factors.

The size of the national roe deer herd (number of animals surveyed) and the number
of hunting bags (number of animals hunted per season) were used to describe population
dynamics and trends. We used official data on the number of surveyed animals [36] and
data on the hunting bag [37], previously available in the archives of the Ministry of the
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Environment of the Republic of Lithuania, with data for the period 2015–2023 only being
available on the internet.

The data on roadkill of roe deer were provided by the Lithuanian Police Traffic
Supervision Service, comprising the sum of reported roadkill documented in officers’
reports. In the past decade, the verification of roadkill has been conducted by the nearest
hunting clubs. Additionally, unregistered roadkill numbers of roe deer were compiled by
professional biologists from the Nature Research Centre. These figures represent the sum of
animals found roadkilled by scientists but not documented in the reports of police officers.

Until 1990, the main survey method was snow-tracking, adjusted according to the
number of animals recorded visually. Game counts in the snow by foresters and hunters
were carried out in a coordinated manner on the same day throughout the country, and
the results obtained were aggregated at several levels. Subsequently, after the 1990s, the
population size was taken as the sum of the animals present in all hunting areas in the
country, as reported by hunting clubs. In the last decade, wildlife cameras were used
by nearly all clubs, however, there are no publications on the roe deer numbers. After
2018, the snow-track index [38] has again been used to analyze population trends, but not
the number.

We understand that official figures may be biased, but this is the only source of game
numbers. These data have been used in publications covering Europe and the Baltic
States [14,16,26,27,39], Lithuania [11], and at the local level [40].

Data on roe deer damage were taken from the annual reports [41].

2.3. Data Analyses

We analyzed trends in population numbers, hunting bag numbers, and roadkill
numbers using the compound annual growth rate (CAGR) and regression analysis. Various
time periods were selected to represent different population phases.

CAGR was expressed as the number required for the population or hunting bag to
change from the beginning value to an end value. We used the following expression:

CAGR =

(
EV
IV

) 1
n − 1, (2)

where IV is the initial value, EV is the end or final value, and n is the number of years [42].
Larger CAGR values indicate faster growth, while negative CAGR values indicate a reduc-
tion in numbers over the specified time period.

We employed basic statistics, including Pearson correlation and the standard error
of the mean, for our analysis. Regression analysis was conducted to determine the best
fit to the raw data based on the least squares criteria, utilizing either linear, power, or
exponential regression models. The best regression model was selected using the coefficient
of determination, R2.

All calculations were done in MS Excel, ver. 16.0.5387.1000 and Statistica for Windows,
ver. 6.0 [43].

3. Results

3.1. Historic Data on Presence of Roe Deer in Lithuania

As pointed out by Sommer et al. [44], “the European roe deer is a typical faunal
element of the Holocene”, and it was present in Europe for over 600,000 years, surviving
several glaciations in refugia as were other ungulate species [45]. During the last glaciation
period, the distribution range of roe deer was at its minimum [44]. Central and northern
Europe were subsequently recolonized after the glaciation, as fossils of the species older
than 11,000–12,000 years are not present [6]. The current distribution of the species is
limited by permafrost, leading to the absence of roe deer beyond the Arctic Circle in
Scandinavia [5]. Furthermore, forest re-establishment after deglaciation was followed by
the expansion of the species’ range.
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While the teeth of ungulates were commonly found in Mesolithic burials across
Europe [46], those of roe deer were not discovered in Lithuania [47]. From the Early
Neolithic to the Early Bronze Age, the number of findings of roe deer bones and teeth
was considerably lower compared to those of moose (Alces alces) and red deer (Cervus
elaphus) [48]. According to these authors, roe deer bones accounted for only 1.54% of
the animal remains in the Early Neolithic, 2.99% in the Middle Neolithic, 2.32–6.66% in
the Late Neolithic periods, and 3.93% in the Early Bronze Age. Furthermore, based on
stable isotopes, there is no evidence of roe deer presence in the diet of humans during that
period [49].

From the Late Paleolithic to the Middle Bronze Age, hunting was the main economic
activity in Lithuania, but roe deer were not often hunted—hunting was focused on the
largest ungulates such as reindeer (Rangifer tarandus), moose, and red deer [50]. As the
landscape changed and forests expanded from the river valleys into the rest of the country,
the composition of game also changed, but roe deer were again in the minority.

As the Iron Age progressed, the importance of hunting gradually diminished with
the appearance of other sources of meat, such as domestic animals [50]. M. Vitkūnas [51]
demonstrated that the proportion of game animal bones in archaeological findings de-
creased over time: it was up to 35.4% in the last millennium BC, then decreased to 27.5% in
the first 400 years AD, further dropping to up to 7% before the end of the first millennium
AD, and finally to 3.1% until 1400 AD. The proportion of roe deer bones in the latter case
ranged from 3% to 3.7% of all bones at several sites. This suggests that either roe deer
were not numerous or larger game were the main target of hunting [52]. Additionally,
roe deer were not numerous in later periods, as evidenced by materials from the 14th to
17th centuries excavated in the castle of Vilnius, the capital city, where roe deer bones were
absent [53].

In the 15th and 16th centuries, roe deer were a common and widespread animal in
Lithuania [54–56]. In the 16th and 19th centuries, their numbers declined due to the colder
climate [57].

Towards the 20th century, roe deer distribution declined and became fragmented
due to uncontrolled hunting [11] and the influence of predators [58]. In Lithuania, a
decline in roe deer numbers due to both of these causes was reported at the end of the
18th century [59]. In the second half of the 19th century, roe deer in Lithuania became rare
or endangered [11,60].

3.2. Numbers of Roe Deer in Lithuania from the 20th Century to the 1990s

At the European level, the roe deer population started to increase again in the 20th cen-
tury [1]. However, in Lithuania, the trends were different. Poaching and wolf population
growth led to a critical decline in roe deer numbers during the First World War [11]. It was
not until 1928 that it was concluded that roe deer were no longer threatened with extinction
due to their rapid reproduction and ability to adapt to their environment [61].

In the 1930s, the number of roe deer increased (Figure 2), from 13,930 in 1934 to 35,030
in 1949 [11]. The compound growth rate of the roe deer population during this period
was CAGR = 0.202. However, during the Second World War and the post-war years, the
number of roe deer decreased drastically due to poaching and preying by wolves. In 1948,
only 8500 roe deer remained, CAGR = −0.146. Wolf numbers at the end of the 1940s were
at about 1700 [59].

The next decade, 1948–1958, was characterized by a slow increase in roe deer num-
bers (CAGR = 0.084); despite the extermination, numbers of wolves remained high, and
poaching still had a substantial influence. Subsequently, numbers increased more rapidly
(CAGR = 0.138 during 1959–1968), reaching 70,800 individuals in 1968. The growth of the
population in some regions halted even without roe deer being hunted [62], followed by a
reduction in breeding intensity [63].

The harsh and deep snow winter of 1969/1970 resulted in a significant decrease
(CAGR = −0.20) in roe deer numbers, declining from 68,500 in 1969 to 44,000 in 1971 [11].
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Subsequently, roe deer numbers remained at the same level (CAGR = −0.002) until 1991,
when the population was 44,400 roe deer.

 

Figure 2. Changes of the roe deer numbers in Lithuania, 1934–2023, based on [11,36,59]. Data for
1940–1942 and 1944–1946 are not available, while data for 1943 are not reliable.

3.3. Numbers of Roe Deer in Lithuania during 1990–2023

In the last decade of the 20th century, roe deer numbers remained nearly stable
(CAGR = 0.003), at just over 40,000 individuals [11]. A reduction in roe deer numbers in
1996–1997 was attributed to intensive hunting (see below), an increase in wolf numbers,
and increased poaching associated with weakened controls during the political–economic
transition [26,64,65]. Additionally, the harsh and deep snow winter of 1995/1996 resulted
in a decrease in roe deer numbers from 41,000 to 36,500 in the country. However, locally,
the loss ranged from 20% to 50%, and in some forests, it amounted to up to 80% of the roe
deer population [66].

In general, after 1998, the increase in the roe deer herd in Lithuania lasted until 2020
(see Figure 2). The growth rate was not very steep (CAGR = 0.059), with the fastest growth
occurring during the years 2014–2020 (CAGR = 0.084). The roe deer population growth
after 1990 is best described as exponential (R2 = 0.94), as indicated by the equation

roe deer number = 33, 782e0.0518x (3)

where x is the year.

3.4. Roe Deer Hunting

The first period of legal hunting of roe deer in the 20th century was 1936–1939, during
which time the number of individuals hunted increased from 486 to 868 and their share in
the population was 1.96%–2.48%. Following the subsequent decline in the population, roe
deer hunting only resumed in 1965 (Figure 3).

From 1965 to 1996, the numbers of roe deer bags remained stable (CAGR = 0.010),
averaging about 6500 ± 500 annually, with a minimum of 910 in 1970 and a maximum
of 10,844 in 1976, followed by a second drop in 1979. Meanwhile, the proportion of the
population that hunted fluctuated widely (see Figure 4), averaging 14.5% ± 1.3%. However,
it reached a minimum of 1.5% in 1970, dropped to 5.1% in 1979, and peaked at 28.3% in 1993.
From 1993 to 1997, the proportion of hunted roe deer sharply decreased (CAGR = −0.882).
In 1997, under a hunting ban for roe deer, only two individuals were reported to have
been hunted.

From 1999 to 2019, the increase in the roe deer hunting bag was steady (CAGR = 0.115),
with only a small drop in 2011 (see Figure 3). During this period, the hunting bag size
increased from 3558 to 31,564 individuals, with the latter number representing the absolute
maximum. The increase in the hunting bag (CAGR = 0.053) from 1999 to 2019 was consistent
with the population increase. Therefore, the proportion of the population that hunted
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remained stable from 2002 onwards, averaging 16.9%. There was a drop in roe deer hunting
bag size and proportion of the population hunted from 2020 to 2022 (see Figures 3 and 4);
however, there are no data on changes in hunting effort.

 

Figure 3. Changes of the roe deer hunting bag in Lithuania, 1965–2022, based on [11,37,59].

Figure 4. Proportion of the roe deer hunting bag from the population numbers in Lithuania, 1965–2022.
Based on [11,36,37,59].

3.5. Roe Deer Roadkill in 2002–2022

Roe deer are the most abundant species among ungulate roadkill incidents [67]. Out
of 50,679 animals killed on the roads of Lithuania during 2002–2022, 32,944 were ungulates,
including 32,707 cervids. Among these, 29,199 collisions were registered as cases of roe deer
roadkill, while 57 incidents went unreported to the Lithuanian Police Traffic Supervision
Service. The correlation between roadkill incidents and population numbers is very high
(r = 0.94, p < 0.001). Extrapolating from unregistered roe deer roadkill numbers based on
the sampling effort, it is estimated that approximately 9200 individuals were not recorded
by the Service during 2002–2022 [67].

The changes in roadkilled roe deer numbers on main, national, regional, and urban
roads, based on [19], are presented in Table 2. An exponential increase in registered roe
deer roadkill numbers, from 150 in 2002 to over 3500 individuals in 2019, 2021, and 2022,
was significant (R2 = 0.97) and best expressed on urban roads.

The decrease in roadkill incidents in 2020, observed on main, national, and regional
roads, can be attributed to COVID-19-related human and vehicular mobility restrictions [68].
However, on urban roads, the number of roe deer roadkill incidents increased during the
COVID-19 restrictions [19]. This increase was one of the most notable consequences of the
so-called “anthropause” [69].
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Table 2. Roe deer roadkill on the main, national, regional, and urban roads in 2002–2022, and roe
deer proportion of the roadkilled mammals: TM, N—the total number of roadkilled mammals;
RD main—number of roadkilled roe deer on the main, RD nat—national, RD reg—regional, RD
urb—urban roads; RD, n—total of roadkilled roe deer; RD, %—percent of roadkilled roe deer from
all roadkilled mammals, RDF, %—percent of roe deer roadkilled in the forest habitat.

Year TM, N RD Main RD Nat RD Reg RD Urb RD, n RD, % RDF, %

2002 373 42 93 15 150 40.2 29.3
2003 447 52 92 23 167 37.4 22.9
2004 571 104 128 33 265 46.4 26.2
2005 641 102 152 41 295 46.0 29.6
2006 781 105 201 49 355 45.5 28.8
2007 1625 158 257 79 41 535 32.9 30.8
2008 1534 145 258 84 36 523 34.1 23.2
2009 2774 159 255 73 44 531 19.1 22.8
2010 1350 135 308 95 69 607 45.0 19.5
2011 1265 129 244 94 78 545 43.1 23.6
2012 1379 175 326 87 83 671 48.7 25.0
2013 2120 180 408 126 111 825 38.9 22.3
2014 2810 283 525 229 161 1198 42.6 23.4
2015 2824 336 679 295 176 1486 52.6 21.7
2016 3327 403 988 402 282 2075 62.4 22.1
2017 2554 341 735 295 223 1593 62.4 21.9
2018 4065 548 1283 576 463 2870 70.6 19.6
2019 5027 733 1495 724 700 3652 72.6 18.2
2020 4717 505 1060 503 1325 3393 71.9 18.5
2021 5281 513 1357 696 1281 3847 72.8 17.8
2022 4902 573 1255 615 1230 3673 74.9 16.8

Two patterns of roe deer roadkill were observed: an increase in the proportion of roe
deer in the total roadkill (Table 2) and the habitat distribution of roadkill, which was not
related to forest habitats (Figure 5). The proportion of roe deer in the total roadkill exceeded
50% after 2014, rising to nearly 75% in 2022. Decreases in this proportion in 2008, 2009, and
2013 were related to intensive roadkill studies conducted at the Nature Research Centre,
which focused on registering the number of smaller mammals [70].

Among other cervids, roe deer roadkill incidents were the least related to forest
habitats [67]. With the increase in roe deer numbers roadkilled in urban areas [19], the
proportion of roadkill in forested areas decreased, particularly in recent years. From 2018
to 2022, the proportion of roe deer roadkilled in forest habitats was consistently less than
20% (see Table 2).

This pattern is most evident in the southwestern, western, and central–northern parts
of the country, where forest cover is below average [67], creating conditions conducive to
the existence of the field roe deer ecotype [11,71]. These animals exhibit morphometric
differences [12] and genetic distinctions [72] from forest-dwelling roe deer. Field roe deer
are also common in northeast Poland [8,9]. The formation of this ecotype depended on
scarce forest cover and the abundance of forage in agricultural areas [10]. Landscape
changes in post-Soviet countries [16,25,26] have favored the formation or support of the
field ecotype of roe deer.

The influence of cervid roadkill on population management in Lithuania has been
studied for nearly two decades [73]. While roadkill incidents were very important for
moose during years of low population density and limited hunting [74], this was not the
case for red deer, as roadkill numbers are very limited [75]. Roadkill incidents involving
roe deer are the most notable in proportion to the hunting bag of all cervids, averaging
7.7%. However, this proportion increased to 16.5%–16.6% in 2020–2021 [67].
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Figure 5. Roe deer roadkill in respect to forest habitat, 2002–2022 [67]. One dot represents one
roadkill.

There is no single solution to the problem of roadkill; therefore, in Lithuania, several
approaches were investigated, including the following:

• The use of chemical repellent to deter ungulates from entering main roads through
gaps in wildlife fencing was investigated as a quick solution before the fence was
repaired [76]. It was demonstrated that the reduction in ungulate entry, particularly in
roe deer, exceeded 40% when using Wam Porocol®, Witasek PflanzenSchutz GmbH,
Feldkirchen, Austria.

• Understanding the temporal patterns of roadkill incidents [77–79] reveals that the
majority of casualties occur during dusk in May and September, primarily between
8:00 p.m. and 10:00 p.m., and on weekends (Friday to Sunday) [80]. However, roe
deer are not the main contributors to human casualties.

• Analysis of the structure of surrounding habitats [81–83] has demonstrated that the
movement of ungulates, including roe deer, is influenced by the distant habitat struc-
ture, leading to the identification of key habitat features important for the formation
of roadkill hotspots [83,84].

• Testing the effectiveness of wildlife fencing as a mitigation tool to prevent ungulates
from entering roads has been conducted [84].

• Identifying intersections between urban corridors and wildlife serves as a framework
for planning wildlife-vehicle collision mitigation measures [85].

• Given limitations in the use of wildlife fences, there is a need to improve driver
awareness regarding hotspot locations and the most dangerous times for collisions [84].
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Fencing on main roads can lead to the redistribution of ungulate roadkill toward roads
characterized by lower speed and traffic intensity.

3.6. Environmental Parameters and Roe Deer Ecology

The increase in roe deer numbers and harvest has been observed across much of
Europe, particularly in the western part [14]. The synchrony of harvested numbers across
the continent suggests common factors affecting abundance. Hagen et al. [86] found
“a significant positive correlation between the North Atlantic Oscillation winter index
(December–March) and annual changes in roe deer bag records for Czech Republic, Ger-
many, Latvia, Lithuania, Norway, and Sweden”. They concluded that periodic fluctuations
in population size and harvest are induced by the interplay of environmental factors and
human-induced changes.

In Lithuania, roe deer ecology is inadequately understood, with much of the available
data being over three decades old [11]. Previous studies concluded that roe deer den-
sities are directly proportional to land fertility and the proportion of deciduous trees in
forest stands, while inversely proportional to woodland cover. Land fertility and afforesta-
tion are indirect factors influencing the protective qualities and fodder basis of roe deer
habitats [87,88]. This suggests that the increased anthropogenic nature of the landscape
contributes to higher ungulate densities in Lithuania [89], a phenomenon reflected in their
territorial movements [90].

Predation, particularly by wolves, and mortality during severe winters have the most
substantial negative impact on roe deer abundance [64–66,91,92] The winters of 1969/1970
and 1995/1996 serve as notable examples of such negative consequences for roe deer [11].
Snow cover exceeding 40 cm was considered detrimental to the species survival [93].

The influence of environmental parameters, particularly the composition of forest
stands, on roe deer abundance has been studied since the late 1960s [94], with a focus on the
food resources available to roe deer and their impact on forest stands. Subsequent analyses
of the roe deer diet in relation to forest cover [95,96] not only determined the species com-
position of plants eaten (including 20 species of trees and shrubs and 95 herbaceous plant
species), but also assessed the importance of agricultural habitats [97,98]. Supplementary
food sources from agricultural fields were acknowledged as the main factor contributing to
increased cervid abundance in the country after the 1980s [89,90]. Another important source
of food for roe deer was the remnants of forest cutting [99], which were also processed into
special pellets [100].

In the 1990s, the distribution of roe deer across various landscape types and forest
stands was assessed based on winter pellet counts [101], revealing the highest importance
of forest stands over 20 years old, as well as young pine stands on coastal and sandy
plains [102]. Additionally, the spatial distribution of roe deer was found to be dependent
on the presence of undergrowth and dwarf shrubs [103].

Roe deer have been observed as city-dwelling animals [104]. Subsequently, the various
effects of urbanization on cervids, including roe deer, were analyzed by Brazaitis et al. [105].
It is reasonable to assume that roe deer numbers in urban areas have been increasing over
the last decade, with a significant turning point being the limitations on human mobility
during the COVID-19 pandemic [19,68].

Data on the reproduction of roe deer in Lithuania are outdated, primarily referencing
the 1970s [11]. Calves are typically born in May–June [59]. The average number of embryos
per pregnant doe was recorded at 1.9, with 96.6% of adult females breeding [63,106].
Regarding the presence of yellow bodies in roe deer ovaries, 12.6% of females had one,
61.8% had two, 22.3% had three, and 3.3% had four. Older roe deer (6+ years old) tended
to have more yellow bodies, averaging 2.5, compared to middle-aged (3–5 years old) and
young (1–2 years old) individuals, with 2.2 and 1.9 yellow bodies, respectively [11]. In
other countries, large litters (>3 offspring) in roe deer are exceptions, but they might have
the potential to further increase populations if monitored more frequently [107].
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There are few publications on the field roe deer ecotype in Lithuania, although its
formation in Southwest Lithuania began in 1965–1967 [12]. This region is characterized by
very rich soil and minor forest cover, comprising only 9% of the area. Field roe deer are
distinguished by their larger body mass, ranging from 20.1 to 20.4 kg in juvenile females
and males, to 27.7–31.0 kg in adult animals, respectively. In contrast, adult forest roe
deer do have a body mass of 26.1 kg, and bucks 29.1 kg [88], resulting in a difference of
1.6–1.8 kg. In Poland, field roe deer were reported to be even heavier than forest ones, by
2.2 kg for males and 3.2 kg for females [108]. Additionally, the cranium and trophy value
of field roe deer were reported to be larger [109].

3.7. Genetic Diversity of Lithuanian Roe Deer

Genetic analysis conducted at various spatial scales across Central and West Europe
revealed the presence of mtDNA from the Siberian roe deer. In the Pannonian region
of Hungary, this species was represented in nearly 3% of samples [110]. Conversely,
in northeastern Poland, mtDNA from the Siberian roe deer was found in half of the
investigated roe deer [111]. These findings suggest either natural hybridization in the past
or the translocation of Siberian roe deer by humans. Interestingly, no genetic differences
were observed between field and forest roe deer by these authors, indicating that the
species’ ability to thrive in such diverse environments relies on phenotypic plasticity.

Three studies conducted on a continental scale have assessed genetic diversity patterns
across the range of roe deer, incorporating samples from Lithuania. In the Eastern European
deme, which spans Belarus, Lithuania, Latvia, and the European part of Russia, the highest
number of haplotypes of the Siberian roe deer was identified [7]. It was observed that the
introgression of the Siberian lineage decreased from eastern to central Europe [112]. These
patterns likely depend on the survival of roe deer during the last glacial maximum across a
wide range, including two northern refugia. During recolonization, the Baltic Sea has been
regarded as a barrier to gene flow [113]. Consequently, the genetic makeup of the species
in Lithuania holds interest. However, research on this subject has been notably limited
thus far.

Using RAPD (random amplified polymorphic DNA) and enzyme studies, researchers
identified nine polymorphic loci and confirmed differences in genetic variability among
local roe deer populations [114]. Subsequently, analysis of data from the 457 bp mtDNA
control region sequences revealed widespread introgression of Siberian roe deer, with three
out of six identified haplotypes being specific to roe deer from Lithuania [115]. Further
analysis of microsatellite and D-loop sequences demonstrated a high level of molecular
genetic variation in roe deer populations in Lithuania [116].

Genetic differentiation between the field and forest ecotypes, as assessed using mtDNA
and AMOVA, was found to be not significant. This includes differences in genetic diversity
parameters such as heterozygosity and allelic richness [71]. The authors concluded that
both field and forest ecotypes of roe deer in Lithuania are interbreeding and share a recent
common gene pool.

3.8. Pathogens of Lithuanian Roe Deer

Roe deer can suffer from very dangerous diseases such as foot-and-mouth disease,
brucellosis, tuberculosis, and rabies [58], and they have a variety of endoparasites [117].
Infectious diseases in roe deer have not been studied [11].

Pathogens of roe deer were analyzed during three periods. In the first period, the focus
was on coccidian and helminth pathogens. Seven coccidian species were identified, includ-
ing Eimeria lituanica n.sp., discovered in roe deer [118]. The most frequently encountered
coccidians in roe deer were Eimeria capreoli and E. ponderosa [119]. In the internal organs
of roe deer, 27 species of helminths were identified, including 3 flukes, 3 tapeworms, and
22 roundworms [120–123]. However, this represented only a fraction of the helminth fauna
known to infect roe deer at that time, with 68 species identified in the Soviet Union [58].
The most frequently found roundworms were Chabertia ovina (prevalence—80% of investi-
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gated roe deer), Bunostomum trigonocephalum (25%), and Trichocephalum capreoli (14%). Ch.
ovina and Varestrongylus capreoli were the most pathogenic, particularly in cases of intense
infection [123]. The helminth fauna of roe deer is influenced by various factors, including
the age of the animals, the availability of food, the prevalence of helminths in domestic
livestock, and the density of the roe deer herd.

In the second period, beginning in the late 1990s, investigations into the muscle para-
sites of roe deer were primarily conducted. Four species of Sarcocystis were identified from
the cysts, including S. capreolicanis, S. cf. hofmanni, and S. gracilis [124]. The prevalence of
Sarcocystis infection among roe deer was 87.5% in central, northern, and eastern Lithuania.
The number of cases with intense infection in roe deer was higher than in other ungu-
lates, with a median intensity of 26.8% [125]. The main limitation of this period was the
conventional method of light microscopy, which was not supported by molecular methods.

The prevalence of Sarcocystis infection, ranging from 94.4% to 100.0% in various
muscle groups of roe deer, was confirmed in the third period of investigations [126]. This
study marked the last investigation solely based on light microscopy. Molecular methods
confirmed the presence of six Sarcocystis species in roe deer from Lithuania: S. capreolicanis,
S. gracilis, S. linearis, S. oviformis, S. silva, and S. entzerothi [127], with the latter described as
a new species [128].

In the last decade, molecular methods have been instrumental in identifying pathogens
associated with cervids. Two Babesia species, B. microti and B. venatorum, were identified
in ticks, Ixodes ricinus and Dermacentor reticulatus, collected from cervids [129]. Other
pathogens identified in roe deer include Anaplasma phagocytophilum, with a prevalence of
47%, and Bartonella spp., with a prevalence of 15.7% [130]. Using nested PCR targeting
different parts of the 18S rRNA gene of Babesia spp., these pathogens were detected in
roe deer with a prevalence of 70.8%, identifying Babesia capreoli, B. odocoilei, B. venatorum,
and B. divergens [131]. According to the 16S–23S rRNA ITS region, samples of Babesia
from wild animals, including roe deer, were similar to B. shoenbuchensis, B. chomelii, and B.
birtlesi [132].

Roe deer have been shown to be susceptible to hepatitis E virus (HEV), with an overall
prevalence of IgG antibodies being 1.20%. Such a low prevalence suggests that roe deer
are accidental hosts [133]. However, a later finding revealed that 22.58% of the roe deer
samples tested positive for HEV RNA using primers targeting the ORF1 fragment. This
underscores the need for further studies to understand HEV transmission between animals
and humans in the Baltic countries [134].

3.9. Roe Deer Damage to Forest Stands

The most substantial damage caused by roe deer to forest saplings and undergrowth
has been reported in deciduous forests, particularly affecting oak, ash, maple, and, to some
extent, spruce. Studies from the 1960s and 1970s indicated that intact oak trees accounted
for only 0.5%–2.0% of the total [135]. In addition to the damaged area (Figure 1), it was
reported that 36%–39% of trees were damaged in 1969, 32% in 1975, 30% in 1980, and 39%
in 1981. Later, the intensity of damages was not presented in the annual reports [41].

In mixed forests, roe deer damage is relatively low, while pure pine forests are gener-
ally unaffected. Damage to agriculture is considered insignificant, even in cases where the
animals graze in fields throughout the year [11].

In general, roe deer damage is significantly lower compared to that caused by moose or
red deer. To mitigate damage to forests, various protective measures have been developed
and tested in the country [136]: different methods for maintaining the most valuable tree
species, fencing of critical areas, implementation of chemical and biotechnical measures,
and control of deer populations.

Despite increasing roe deer numbers, their damage decreased significantly (Figure 6),
from 12,114 ha in 1967 to 489 ha in 1997 (CAGR = −0.101). After 1998, deer species are no
longer analyzed separately (State Forest Service 2024). It should be noted that, during the
same period, damage caused by red deer and moose increased [74,75].
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Figure 6. Dynamics of roe deer-induced forest damage in Lithuania from 1967 to 1997, measured by
the extent of damaged areas (ha) [41].

Damage caused by all cervid species reached its maximum in 1990–1992, covering
23–24,000 ha of forest, later gradually decreasing to 2–3000 ha after 2014 (Figure 6). Scien-
tific investigations of roe deer damage in the last 40 years are absent. Sabalinkiene et al.
found the negative influence of ungulates on natural forest regeneration and afforestation
even under cervid densities not exceeding the highest optimal numbers [137].

3.10. Roe Deer Population Management

Roe deer management in Lithuania is based on regulating their numbers through
legal and administrative measures, which underwent several changes during the analyzed
period [11,74,75]. The main management method is hunting [16]. However, roe deer are
not the main commercial target on hunting grounds [40,138].

During the first two periods (Table 3), roe deer hunting was either forbidden or hunters
were not actually interested in increasing the hunting bag. Later, after introducing the
so-called “norms” or allowable maximum density of cervids (Table 4), overhunting of roe
deer as well as of moose and red deer [74,75] occurred due to concerns about the perceived
threat of cervids to forest regeneration and quality.

Table 3. Roe deer population management in Lithuania by time periods.

Years Period Short Description References

1948–1964 Hunting ban During the period of the post-war hunting ban, the roe deer population
increased 6.7 times (see Figure 2). [11,36,59]

1965–1988 Central regulation The hunted roe deer were delivered to state-owned meat factories;
therefore, hunter interest was kept to minimum. [139]

1986–1994 Overhunting

Based on the opinion that deer overabundance is threatening forests, the
hunting bag was set at over 20% of the winter population (Figure 4). This
period ended with a decrease in the population and a temporary ban on

roe deer hunting in 1997.

[140–142]

1990–1994 Hunting
reorganization

In the reorganization period following Lithuania’s independence,
administrative and legal changes negatively affected roe deer numbers.

Overhunting was driven by norms indicating maximum density limits for
deer in forests.

[30,143]

1995 Hunt regulations
The hunting of roe deer in the Republic of Lithuania is regulated by the
Adopted Regulation for Hunting and the Rules of Hunting. Roe deer

hunting quotas are set annually.
[34]
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Table 3. Cont.

Years Period Short Description References

2002 Law on Hunting Concepts of hunting, hunting plot units, and selectional hunting
established. Hunting grounds rent terms set for no shorter than 10 years. [144]

2020 Limits lifted From 2020 onwards, roe deer can be hunted without limits. [34]

2021 Selective deer
hunting lifted

There are no mandatory regulations specifically addressing selective deer
hunting; the only restriction pertains to the length of the hunting season.
Currently, roe deer bucks can be hunted from 1 May to 31 October, while

does and calves can be hunted from 1 October to 31 January.

[34]

Table 4. Norms of allowable maximum density of roe deer, red deer, and moose in the forests of
Lithuania (1995), which become Norms of recommended maximum density in 2005 [30].

Forest Type
Number of Animals (Per 1000 ha of Forest)

Moose Red Deer Roe Deer

Deciduous forests with admixture of coniferous trees 4 15 55
Mixed coniferous forests with admixture of deciduous stands 3 12 45

Mixed coniferous forests with scarce deciduous admixture 2 12 34
Pure pine forests 1 6 14

Institutional and legal changes also influenced roe deer population management. In
1989, wildlife management was transferred to the Ministry of Forestry, leading to a period
where the highest proportion of the roe deer population was hunted, particularly during
the early years of independence. Norms of allowable density of ungulates, incorporated
into legal acts [30,145], mandated hunters to regulate cervid populations. According to
these norms, the density of one species of cervids could be increased if the numbers of
other species were reduced. For instance, one moose was considered equivalent to three
red deer, and one red deer was equivalent to four roe deer. However, the allowable density
of roe deer (Table 4) was multiplied by two in forests smaller than 300 ha.

The last three periods were pivotal for the dynamics of roe deer numbers. The
implementation of the Law on Hunting in 2002, which allowed the renting of hunting
lands for extended periods, enabled hunter organizations to pursue long-term wildlife
management strategies [144]. Consequently, the numbers of other deer species besides
roe deer also increased [74,75]. The lifting of limits on roe deer hunting and the removal
of binding restrictions on selective roe deer hunting, with the only remaining constraint
being the length of the hunting season, stabilized roe deer numbers in recent years at
approximately 170 thousand.

4. Discussion

We do not dispute the official roe deer numbers, as in many countries, official statistics
and bag records are the primary sources of data [16,17,26]. According to Burbaitė and
Csányi, the actual roe deer population size in Europe may be around 1.5 times larger
than the official data suggest [14]. In the 1980s and 1990s, the real number of roe deer
in Lithuania could have been 1.3–1.6 times higher than officially reported, depending
on hunters’ reluctance to hand over hunted animals to the state [11]. While roe deer
hunting was restricted, from the 1990s onwards, the reported number of roe deer may have
been increased to achieve a higher limit. However, these expert opinions have not been
thoroughly verified at the country level.

The variation in roe deer population density across Europe is considerable, ranging
from 11 to 5380 individuals per 100 km2 [146]. In Lithuania, the density falls towards the
lower end of this spectrum, averaging around 347 individuals per 100 km2, with observed
limits between 100 and 886 individuals per 100 km2 of the forest area [11]. Specifically,
in the continental pine forests of Lithuania, roe deer densities are comparatively low,
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ranging from 30 to 100 individuals per 100 km2 [93], while in the mixed forests of southern
Lithuania, densities are higher, averaging about 150–160 individuals per 100 km2 [40].

There are no publications on the density of the population in the country, taking into
account the changes in the area of the country between 1923 and 1945. In 1937, the total
forest area in Lithuania was 9064.82 km2, while the country area in 1939 was 55,265.82 km2

(https://osp.stat.gov.lt/statistiniu-rodikliu-analize#/, accessed on 12 January 2024). After
1945, the area of Lithuania remained stable at 65,300 km2. Thus, in 1937–1939, the density
of roe deer was 48–63 ind. per 100 km2 of the country, or 295–386 ind. per 100 km2 of
the forest area. After the minimum densities found in 1948, 13 ind. per 100 km2 of the
country, or 66 ind. per 100 km2 of the forest area, later roe deer densities increased. In
1961, these indices were 46 and 195; in 1983, 60 and 214; in 2002, 106 and 345; in 2013, 181
and 555, respectively. Maximum densities reached 276 ind. per 100 km2 of the country, or
837 ind. per 100 km2 of the forest area in 2020. Therefore, roe deer has consistently been the
most abundant cervid in the country [74,75], outnumbering moose 8–12 times and red deer
2–4 times in 2012–2022. In 2017, the size of the roe deer bag in Lithuania was second to
Poland, with 26,592 individuals harvested, surpassing Latvia and Estonia, which reported
22,135 and 6264 individuals, respectively [147]. Therefore, we can conclude that the roe
deer population in Lithuania is robust.

Studies conducted in eastern Poland, where field roe deer populations are abundant,
much like in the southwestern part of Lithuania, have revealed that these populations are
particularly vulnerable to poaching, which is identified as the primary source of mortal-
ity [148]. Similarly, in the intensively managed cultural landscape of the Czech Republic,
predation by red foxes (Vulpes vulpes) and the use of harvesting machines have been
identified as important factors contributing to fawn mortality [149]. Although poaching
specifically targeting field roe deer was not mentioned as a specific threat [98], guidance
notes on the protection of game fauna during agricultural operations were issued in Lithua-
nia [150].

One of the distinctive features of ungulate population management in the country
is the selective hunting of ungulate males, a practice that has been in place for over
40 years [151–153]. Selective hunting and the criteria for selecting deer were established
based on the age variability of cervid antlers [154], and were later formalized into legal
requirements [145], including the mandate to pass an exam for permission to hunt adult
animals [155]. The requirement for selective hunting was only lifted in 2021 (see Table 3).

In the case of roe deer, a similar strategy of enhancing the value of trophy morpho-
metric parameters was not employed in Latvia or Estonia, the other Baltic countries with
similar game fauna and environments [156]. As a result, the largest roe deer trophies
are found in Lithuania, and the trophy values of younger roe deer bucks in Lithuania
are comparable to the best mature individuals in Estonia and Latvia, despite the lower
availability of good quality food.

One potential direction for further research on roe deer ecology and population
management could be to assess the relationship between the abundance of several deer
species, which has only been considered in terms of permissible densities in Lithuania thus
far. A study conducted in northern Poland suggests that red deer may outcompete roe
deer, and high densities of red deer could have a negative impact on roe deer numbers
and spatial distribution [157]. While red deer numbers in Lithuania are increasing [75], this
relationship has not yet been analyzed at various spatial scales.

5. Conclusions

The review concludes that the methodologies used in the studies analyzed had a
number of shortcomings, such as:

1. The survey of roe deer numbers may not provide an accurate picture, even with
broadly coordinated snow or visual surveys, due to potential overlap in roe deer
herds between surveyed areas.
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2. Aggregated data on roe deer poaching in the country are lacking, leading to incom-
plete hunting bag counts. It is presumed that poaching levels peaked in the 1960s
and early 1990s, coinciding with weakened enforcement during periods of political–
economic change [11,143].

3. Determining habitat preferences from pellet counts may be biased by differences in
pellet decomposition rates and detectability in open and forest habitats.

4. Attribution of deer damage to specific deer species lacks sufficient documentation in
the cited sources. Methods such as animal tracks and feces in damaged stands, as
well as measuring the thickness of browsed shoots, still leave space for bias due to the
presence and numbers of different deer species in the area.

5. The review highlights the scarcity of research on roe deer biology and ecology in
recent decades, except in areas related to road ecology and pathogens.
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12. Pėtelis, K.; Brazaitis, G. Morphometric data on the field ecotype roe deer in Southwest Lithuania. Acta Zool. Litu. 2003, 13, 61–64.

[CrossRef]
13. Sabalinkiene, G.; Danusevicius, D.; Manton, M.; Brazaitis, G.; Simkevicius, K. Differentiation of European roe deer populations

and ecotypes in Lithuania based on DNA markers, cranium and antler morphometry. Silva Fenn. 2017, 51, 1743. [CrossRef]
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Seroprevalence of hepatitis E virus in Lithuanian domestic pigs and wildlife. Acta Vet. Brno 2017, 85, 319–327. [CrossRef]

134. Spancerniene, U.; Grigas, J.; Buitkuviene, J.; Zymantiene, J.; Juozaitiene, V.; Stankeviciute, M.; Razukevicius, D.; Zienius, D.;
Stankevicius, A. Prevalence and phylogenetic analysis of hepatitis E virus in pigs, wild boars, roe deer, red deer and moose in
Lithuania. Acta Vet. Scand. 2018, 60, 13. [CrossRef] [PubMed]

135. Padaiga, V. Miškas ir Elniniai [Forest and Cervids]; (In Lithuanian). Mintis: Vilnius, Lithuania, 1969; pp. 1–122.
136. Πaдaйгa, B.И. Зимние прoстрaнственнoе рaспределение oленей в лесных oхoтничьих угoдиях. Тр. Литoвскoгo НИИЛХ

1973, 14, 337–351.
137. Sabalinkiene, G.; Simkevicius, K.; Petelis, K.; Stankeviciute, J.; Talijunas, D. High densities of Cervidae effect to forest regeneration

in mixed broadleaf forest in south part of Lithuania. Agrofor 2016, 1, 95–102. [CrossRef]
138. Saveljev, A.P.; Lissovsky, A.A.; Kozlov, Y.A. Comparative analysis of the lists of hunting mammals of the countries of the Baltic

region and Belarus. Russian J. Theriol. 2020, 19, 65–70. [CrossRef]
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