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Abstract: Artificial light at night (ALAN) is a major form of anthropogenic pollution, disrupting
nocturnal wildlife behaviour and ecosystem function. Large construction sites are typically located
at the intersection of urban and natural areas, introducing intense lighting into previously dark
natural habitats. This study examines the responses of bats to intense nighttime lighting at a major
construction site associated with a linear transport infrastructure (LTI) project. We used passive
acoustic monitoring to record bat activity and species richness at the construction site and in adjacent
urban and natural areas with different lighting levels. Generalist species, such as Pipistrellus kuhlii
and Nyctalus leisleri, were attracted to illuminated areas, likely due to increased prey availability.
Conversely, sensitive species, such as those from the Myotis and Plecotus genera, along with Barbastella
barbastellus, avoided illuminated areas, particularly the construction site. Species richness was
significantly lower at the construction site compared to other environments, reflecting ALAN’s barrier
effect on movements and habitat accessibility for more sensitive species. The findings highlight the
ecological impacts of introducing ALAN to previously unlit natural environments, underscoring
the urgent need for implementing ALAN mitigation strategies in urban planning and construction
practices to protect biodiversity in urbanising areas.

Keywords: bats; acoustic monitoring; ALAN; construction sites; light pollution; habitat selection;
habitat loss; bat activity; species richness

1. Introduction

Artificial light at night (ALAN) represents one of the most significant environmental
alterations of the last century. It is a ubiquitous phenomenon associated with human
activities ranging from urban street lighting to industrial illumination. The global extent
of ALAN is such that only the most remote regions, such as Siberia, vast deserts, and the
Amazon rainforest remain relatively unaffected [1]. The continuous increase in population,
urbanisation, and economic development has led to an amplification in the density and
reach of ALAN, affecting ecosystems worldwide [1,2]. Studies have demonstrated that
sky background brightness is growing at an annual rate of approximately 6%, with some
regions experiencing growth rates as high as 20% [3].

The ecological impacts of ALAN are broad and complex. It disrupts the natural light
cycles, crucial for the regulation of many biological processes in both flora and fauna [4].
For instance, ALAN’s impact on plant–pollinator interactions can trigger ripple effects
throughout entire ecosystems [5]. For nocturnal animals, especially, ALAN can have detri-
mental effects on behaviour, influencing foraging, reproduction, and communication [6].
Among these, bats are particularly vulnerable [7]. ALAN can act as a barrier to movements,
reducing available environments and forcing bats to use alternative, less optimal travel
routes. This shift can lead to increased energy costs and predation risks [5]. Different bat
species show varying responses to ALAN. Narrow-space-foraging species consistently
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avoid ALAN when foraging, whereas open and edge-space-foraging species may exploit
insects attracted to artificial lights [8]. However, this shift in foraging behaviour is not
without risks. The aggregation of insects around artificial lights can lead to increased prey
availability for certain bat species, potentially impacting local food webs [2]. Furthermore,
ALAN may disrupt the evasive manoeuvres of moths in response to bat echolocation,
making them more susceptible to predation [9]. Such disturbances carry implications for
ecosystems at large, potentially altering predator–prey dynamics on a global scale [10].

Despite growing research on the impact of ALAN, substantial gaps still exist in com-
prehending its multifaceted consequences. One key area needing more study is the way bat
species change their habitat selection in response to brightly lit structures. While numerous
studies have demonstrated the general impact of ALAN on bats [8] and other taxa [11], the
specific habitat selection bats make in the presence of such structures remains unclear. This
is particularly relevant for large industrial sites, which are often situated at the juncture of
urban and natural areas. These sites introduce intense artificial light into previously unlit
natural habitats, potentially upsetting their ecological balance [12]. Understanding bat
responses to these lit environments is crucial for reducing ecological disturbances caused by
industrial expansion. Accordingly, urban planning should incorporate specific mitigation
strategies at these sites, thereby promoting sustainable development in our increasingly
urbanised world [13].

This study investigates the changes in bat activity and species richness in environments
with high levels of ALAN, focusing on a major, brightly lit construction site for the Turin–
Lyon high-speed railway tunnel connecting Italy to France. Conducted eight years after
the site’s establishment, our research aims to investigate how bats have responded to the
introduction of intense artificial lighting in an environment that was previously naturally
dark. Species richness and activity at the construction site are compared to those in adjacent
urban and natural areas. We hypothesised that the introduction of high levels of ALAN at
the construction site significantly influenced bat activity and community composition in
the area. Specifically, we predicted a high level of activity of more generalist species, and
low activity levels of more sensitive species. We also predicted that species richness would
be lower at the construction site compared to adjacent urban and natural areas due to the
disruptive effects of intense artificial lighting.

2. Materials and Methods
2.1. Study Area

The study area was in the Upper Susa Valley (northwestern Italy), crossed by the river
Dora Riparia, within a mountain environment. This region is characterised by natural
and semi-natural forests [14], predominantly consisting of abandoned traditional chestnut
orchards (Castanea sativa) complemented by a widespread presence of oak (Quercus petraea,
Q. pubescens) and cherry trees (Prunus avium). Small patches of vineyards, orchards, and
grasslands border these forests. The only inhabited areas in the vicinity are small villages
with populations ranging from 500 to 900 residents [15].

Established in 2011, the Turin–Lyon high-speed railway construction site is in a forest
environment near the village of Chiomonte. It is the largest on the Italian side of the project,
spanning 12 ha across the municipalities of Chiomonte and Giaglione. Originally designed
for the excavation of an exploratory tunnel, its role evolved due to project modifications,
and it now functions as the primary access for the main tunnel excavation from the Italian
end [16]. Since 2012, this area has been of designated national strategic importance and
undergoes constant police surveillance. The site’s robust nighttime lighting ensures the
safety of workers and facilitates regular police patrols. However, by the time of the study
in 2019, many of the site’s operations were suspended, resulting in minimal acoustic and
human disturbance, particularly during nighttime hours. This unique setting offers a
valuable context to study bat responses to high illumination levels after the establishment
of the construction site.
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2.2. Bat Monitoring

The applied experimental approach compared species richness and activity in the
brightly lit construction site with other three areas exhibiting decreasing lighting levels.
In each of these four areas, we established five monitoring sites. The four areas were
as follows:

• Brightly lit area within the construction site: This area features strong and continuous
artificial lighting every night. Three monitoring sites were inside the construction site,
while two were outside the construction site but within the outermost fence of the
area. The maximum light intensity was 146.58 ± 75.23 lux.

• High-lit urban area: This included four monitoring sites in the centre of the village
of Chiomonte and one in the hamlet of Ramats, where artificial lighting levels are
relatively high. The maximum light intensity was 66.94 ± 48.95 lux.

• Low-lit urban area: Four monitoring sites were established in the suburbs of Chiomonte
and one in the hamlet of Ramats, where artificial lighting is reduced. The maximum
light intensity was 20.26 ± 13.31 lux.

• Dark areas: These sites were in unlit natural areas near the construction site, where
artificial lighting is nearly absent. Specifically, two sites were in forest environments,
two in ecotonal environments, and one in an open environment. The maximum light
intensity was 0.48 ± 0.86 lux.

The maximum light intensity was measured once at each site between 00:00 and 03:00
using an IM-720 Light Meter (RS Pro, London, UK).

Bats were recorded using full-spectrum automatic bat detectors (Song Meter SM4BAT
FS, Wildlife Acoustics, Maynard, USA) equipped with omnidirectional ultrasonic micro-
phones (SMM-U2, Wildlife Acoustics, Maynard, USA). Bat detectors were set to operate
from sunset to sunrise, with a minimum trigger frequency of 8 kHz and maximum record-
ing length of 8 s. During the active bat season from May to September 2019, one night of
recording was conducted at each monitoring site approximately every 20 days, resulting in
a total of 5–6 nights of recording for each site.

2.3. Acoustic Analysis

Acoustic analysis of bat calls aimed at species identification was conducted through
a two-step process. First, we used the automatic classifier Tadarida [17] to remove noise
files and categorise bat recordings by potential species. The software employs an extensive
reference database of call characteristics from bat species throughout Europe and attributes
a species identification to each sequence, along with a confidence index ranging from 0 to 1.

Subsequently, we performed manual verification using BatSound (Pettersson Elek-
tronik AB, Uppsala, Sweden, 2016) following the methodologies described in [18–20]. For
Pipistrellus pipistrellus, Pipistrellus kuhlii, and Nyctalus leisleri, which have extensive reference
collections available, we did not manually verify (and therefore considered valid) record-
ings with a probability of correct identification greater than 0.9. All remaining recordings
were manually verified. Genera Myotis and Plecotus, within which species identification
can be challenging, were treated at the genus level. Within the Myotis genus, differentiation
was solely made between large Myotis bats (M. myotis/M. blythii) and small Myotis bats (all
other Myotis species) [21].

2.4. Statistical Analysis

For each monitoring night, an occurrence dataset was defined by noting the presence
or absence of each species. An activity dataset for each species was then derived by
calculating the number of bat passes per hour of monitoring (bat passes/hour). Here, a
bat pass was defined as any recording containing one or more echolocation calls of the
considered species [22]. Additionally, a species richness dataset was derived from the
occurrence dataset, providing information on the minimum number of species identified on
each monitoring night. Species were categorised into two groups based on their frequency
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of detection during monitoring hours: common species (detected in at least 30% of the
monitoring hours) and rare species (detected in less than 30% of the monitoring hours).

We initially compared the average activity of each species across the four areas with
varying illumination levels using the Kruskal–Wallis test, appropriate for the non-normal
distribution of our data. For species showing significant differences in the Kruskal–Wallis
test, we conducted further analysis through pairwise comparisons between the construction
site and each of the other areas using post hoc Wilcoxon tests, with adjustments for multiple
comparisons via the Bonferroni method. We then included the Wilcoxon test results in
graphs summarising activity data for each species in each area. The same procedure was
applied to investigate bat species richness across the areas.

Building on these initial findings, we further explored bat occurrence, activity, and
species richness in relation to illumination levels and various environmental variables
critical for bat ecology and relevant to our study. Specifically, the following covariates
were considered:

• Maximum light intensity;
• Elevation, measured in the field via GPS device (GPSMAP 66s, Garmin, Shaffhouse,

Switzerland);
• Linear distance from the construction site;
• Linear distance from the nearest watercourse, using the regional vector dataset

from Arpa Piemonte based on the European Water Framework Directive (WFD)
2000/60/EC (https://www.geoportale.piemonte.it/geonetwork/srv/api/records/
arlpa_to:01.01.04-D_2011-06-14-16:09; accessed on 10 December 2023);

• Total built-up surface area within a 500 m radius, from the 2015 Imperviousness
Density dataset by the European Copernicus Land Monitoring Service (CLMS; https:
//land.copernicus.eu/en/dataset-catalog; accessed on 10 December 2023);

• Total forest area within 500 m, from the 2015 Tree Cover Density dataset by CLMS;
• Total area occupied by meadows and pastures within 500 m, from the 2015 Grassland

dataset by CLMS;
• Overall length of ecotonal strips within 500 m, based on the third-level classification of

the 2010 Land Cover Piemonte vector dataset (www.regione.piemonte.it/sit; accessed
on 10 December 2023).

Covariates were calculated in ArcGIS version 10.3 [23] and R version 4.3.2 [24], using
rgdal and rgeos packages [25,26]. Potential intercorrelation between covariates was assessed
using the Pearson correlation coefficient (correlation coefficient ≥ 0.7), retaining those
believed to best describe habitat composition and structure while minimising redundancy.
The final covariates used in the models were: maximum light intensity, elevation, linear
distance from the construction site, total built-up area, total forest area, and total area of
meadows and pastures. In addition to these, two temporal factors were introduced: the
Julian day and hours after sunset (the latter depending on the species considered, see later).
Considering that bat detectors recorded the ambient temperature every minute, the average
temperature per hour or per night was also incorporated as a covariate in the analysis.

Data were analysed using generalized linear mixed models (GLMMs), incorporat-
ing the identity of the sampling site as a random factor to consider the potential non-
independence of the observations within each site. Based on the sufficiency of the data
available for analysis, four common and four rare species (or species groups) were se-
lected. Among common species, we chose Hypsugo savii, N. leisleri, P. pipistrellus, and the P.
kuhlii/P. nathusii species pair (including all records attributed to P. kuhlii, those attributed
to P. nathusii, and those where there was uncertainty between the two species). Among
rare species, we selected Barbastella barbastellus, the small Myotis bats, Plecotus genus, and
Tadarida teniotis.

For common species, each hour of monitoring was regarded as an observation, and
activity (expressed in bat passes/hour) was used as the dependent variable in the models.
Consequently, the number of hours after sunset was included as one of the explanatory
variables. We also explored the inclusion of a quadratic term for this variable to account

https://www.geoportale.piemonte.it/geonetwork/srv/api/records/arlpa_to:01.01.04-D_2011-06-14-16:09
https://www.geoportale.piemonte.it/geonetwork/srv/api/records/arlpa_to:01.01.04-D_2011-06-14-16:09
https://land.copernicus.eu/en/dataset-catalog
https://land.copernicus.eu/en/dataset-catalog
www.regione.piemonte.it/sit
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for the typical variation in bat activity throughout the night, which often shows a peak
whose timing and duration vary among species. These species were analysed using
negative binomial GLMMs to better handle overdispersion, a common issue which the
Poisson or quasi-Poisson distributions may not adequately address. Since rare species
were characterised by a few passes per night, their presence or absence over each mon-
itoring night was considered as the dependent variable instead of the activity, and bi-
nomial GLMMs were used. In addition to these models, a negative binomial GLMM
was used to analyse species richness, with the number of bat species per night as the
dependent variable.

A series of models for each species were produced, encompassing all possible combi-
nations of explanatory variables. The analysis began with simpler models that considered
each variable independently, gradually building up to more complex models that included
multiple variables. Model selection was based on the Akaike information criterion (AIC).
Specifically, the model with the lowest AIC value was selected. When several models
had similar AIC values (∆AIC ≤ 2), the selection process favoured models with fewer
variables to prevent overfitting. Secondarily, the explained variance and overdispersion
were considered. The same procedure was applied for the analysis of species richness.
Statistical analysis was conducted using lme4 and MuMIn packages in R [27,28].

3. Results
3.1. Comparative Analysis across Areas at Different Lighting Levels

During 113 monitoring nights, a total of 144,490 bat recordings were collected. P. kuhlii
was the most common species (66,241 recordings, 45.8% of the total), with the highest
activity among all species in three of the four monitored areas (Figure 1). Its highest activity
was recorded within the construction site (108.81 ± 19.06 bat passes/hour), which was
nearly eightfold higher than in dark areas (13.80 ± 6.66 bat passes/hour). Similarly, N.
leisleri (n = 22,311, 15.4%) showed a significant selection for the construction site. Its activity
there (50.63 ± 9.84 bat passes/hour) was between 2 and almost 20 times greater than in
less illuminated areas. H. savii (n = 10,959, 7.6%) was also more active in illuminated
areas, but predominantly selected urban environments. In stark contrast, P. pipistrellus, the
second most active species in the study area (n = 26,489, 18.3%), showed a clear selection
for dark and poorly lit areas, where the average activity was three times higher than in
intensely illuminated areas. Another group of species—including B. barbastellus, Eptesicus
serotinus, large and small Myotis bats, Pipistrellus pygmaeus, Plecotus species, Rhinolophus
ferrumequinum, and T. teniotis—were notably rare within the study area (Figure 2). Most
of them were never recorded in the construction site and were either rare or not detected
as well in high-lit urban areas. Instead, their activity was concentrated in dark areas or
low-lit urban areas. Activity of small Myotis bats (n = 1.004) and Plecotus species (n = 182)
was significantly lower in the construction site compared to all the other areas, while B.
barbastellus (n = 262) was never recorded in the construction site. Large Myotis bats and R.
ferrumequinum were recorded exclusively in dark areas.

Overall, species richness was comparable between dark and low-lit urban areas, with
both environments recording an average species richness of 7.4 ± 1.4 (mean ± SD) and
7.4 ± 1.6, respectively, throughout the monitoring period. High-lit urban areas exhibited
slightly lower average species richness (6.4 ± 1.2), while the lowest values were found
in the construction site area (5.3 ± 1.4). Notably, species richness at the construction site
was significantly lower compared to the other three areas with lower levels of illumination
(Figure 3).
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= H. savii; Nlei = N. leisleri; Pkuh = P. kuhlii; Pnat = P. nathusii; Pkuh/Pnat = P. kuhlii/P. nathusii (only 
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Figure 1. Average activity (+SD) of common bat species or species groups (i.e., detected in at least
30% of the monitoring hours) across areas with increasing lighting levels, Upper Susa Valley, Italy.
For species showing significant activity differences across different areas, significance levels from the
pairwise post hoc Wilcoxon tests are indicated to the right of the error bars. Pairwise comparisons
were made between the construction site and each of the other areas. Significance codes are as follows:
* for 0.01 < p < 0.05; ** for 0.001 < p < 0.01; *** for p < 0.001. Species codes are as follows: Hsav = H.
savii; Nlei = N. leisleri; Pkuh = P. kuhlii; Pnat = P. nathusii; Pkuh/Pnat = P. kuhlii/P. nathusii (only records
with uncertainty between species); Ppip = P. pipistrellus.
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Figure 2. Average activity (+SD) of rare bat species or species groups (i.e., detected in less than 30% of
the monitoring hours) across areas with increasing lighting levels, Upper Susa Valley, Italy. For species
showing significant activity differences across different areas, significance levels from the pairwise
post hoc Wilcoxon tests are indicated to the right of the error bars. Pairwise comparisons were made
between the construction site and each of the other areas. Significance codes are as follows: ** for
0.001 < p < 0.01; *** for p < 0.001. Species codes are as follows: Bbar = B. barbastellus; Eser = E. serotinus;
L-Myo = large Myotis bats (M. myotis/M. blythii); S-Myo = small Myotis bats (all other Myotis
species); Nnoc = N. noctula; Ppyg = P. pygmaeus; Plespp = Plecotus spp.; Rfer = R. ferrumequinum;
Tten = T. teniotis.



Sustainability 2024, 16, 2337 7 of 13
Sustainability 2024, 16, x FOR PEER REVIEW 7 of 13 
 

 
Figure 3. Average bat species richness across areas with increasing lighting levels, Upper Susa Val-
ley, Italy. Levels of ALAN increase moving from dark areas towards the Turin–Lyon high-speed 
railway construction site. Each point denotes a monitoring site, and the average species richness 
(±SD) was computed from all monitoring nights at each site. The significance levels indicated above 
the first three site groups denote significant differences in species richness in these areas compared 
to the construction site, as determined by a pairwise post hoc Wilcoxon test. The grey shaded area 
represents the 95% confidence interval of the linear trend, estimated using a linear regression model. 
Significance codes are as follows: * for 0.01 < p < 0.05; *** for p < 0.001. 

3.2. Statistical Models 
Model results for common species (H. savii, N. leisleri, P. kuhlii/P. nathusii, and P. pip-

istrellus), rare species (B. barbastellus, small Myotis bats, Plecotus species, and T. teniotis) and 
species richness are summarised in Table 1. Models selected for common species consisted 
of 5-8 environmental explanatory variables. The distance from the construction site and 
the time after sunset were always included in the models, with the latter always signifi-
cant. Three of the four taxa showed a significant positive correlation between their activity 
and the maximum light intensity. Additionally, both H. savii and the P. kuhlii/P. nathusii 
species pair showed a significant increase in their activity as the distance from the con-
struction site increased. However, correlations between species activity and variables re-
lated to built-up, forest, and open areas did not reach significance. 

Models selected for rare species consisted of 1–6 environmental variables. The only 
variable always included in the models was the Julian day, which showed a positive cor-
relation with the presence of three of the four species considered. B. barbastellus and small 
Myotis bats showed a significant negative correlation between their presence and the max-
imum light intensity. For Plecotus species, significant correlations were found for all six 
variables, showing strong positive correlations with built-up, forest, and open areas. The 

Figure 3. Average bat species richness across areas with increasing lighting levels, Upper Susa Valley,
Italy. Levels of ALAN increase moving from dark areas towards the Turin–Lyon high-speed railway
construction site. Each point denotes a monitoring site, and the average species richness (±SD)
was computed from all monitoring nights at each site. The significance levels indicated above the
first three site groups denote significant differences in species richness in these areas compared to
the construction site, as determined by a pairwise post hoc Wilcoxon test. The grey shaded area
represents the 95% confidence interval of the linear trend, estimated using a linear regression model.
Significance codes are as follows: * for 0.01 < p < 0.05; *** for p < 0.001.

3.2. Statistical Models

Model results for common species (H. savii, N. leisleri, P. kuhlii/P. nathusii, and P.
pipistrellus), rare species (B. barbastellus, small Myotis bats, Plecotus species, and T. teniotis)
and species richness are summarised in Table 1. Models selected for common species
consisted of 5-8 environmental explanatory variables. The distance from the construction
site and the time after sunset were always included in the models, with the latter always
significant. Three of the four taxa showed a significant positive correlation between their
activity and the maximum light intensity. Additionally, both H. savii and the P. kuhlii/P.
nathusii species pair showed a significant increase in their activity as the distance from the
construction site increased. However, correlations between species activity and variables
related to built-up, forest, and open areas did not reach significance.
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Table 1. Model results for the activity of the eight selected species of bats, categorised based on their
frequency of detection during monitoring hours. Species detected in at least 30% of monitoring hours
were classified as common, while those detected in less than 30% were classified as rare. For common
species, negative binomial GLMMs were used, with bat activity (expressed in bat passes/hour) as the
dependent variable. For rare species, binomial GLMMs were used, with bat occurrence (presence or
absence per night) as the dependent variable. Additionally, model results for species richness are
included, employing a negative binomial GLMM with the total number of bat species recorded each
night as the dependent variable. In all models, sampling site identity was incorporated as a random
factor. If an independent variable was not included in the model, the corresponding cell is left blank.
Significant positive correlations are identified by a “+” sign, negative correlations by a “−” sign, and
non-significant correlations by “NS”. For quadratic relationships, the shape of the prediction curve is
provided. Significance codes are as follows: * for 0.01 < p < 0.05; ** for 0.001 < p < 0.01; *** for p < 0.001.
For quadratic relationships, the code refers to the quadratic term. The last two columns report
the percentage of variance explained by the model: the first value (R2m, marginal R2) represents
the variance explained by the fixed effects, the second value (R2c, conditional R2) represents the
variance explained by the entire model, including both fixed and random effects. Species codes are as
follows: Hsav = H. savii; Nlei = N. leisleri; Pkuh and Pnat = P. kuhlii and P. nathusii (all records, including
those with uncertainty between species); Ppip = P. pipistrellus; Bbar = B. barbastellus; S-Myo = small
Myotis bats (all Myotis species except M. myotis/M. blythii); Plespp = Plecotus spp.; Tten = T. teniotis;
SR = species richness.
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Models selected for rare species consisted of 1–6 environmental variables. The only
variable always included in the models was the Julian day, which showed a positive
correlation with the presence of three of the four species considered. B. barbastellus and
small Myotis bats showed a significant negative correlation between their presence and the
maximum light intensity. For Plecotus species, significant correlations were found for all
six variables, showing strong positive correlations with built-up, forest, and open areas.
The model selected for T. teniotis only included the Julian day and explained the lowest
variance (15%) compared to the other seven taxa (47–73% of the variance explained). The
model selected for species richness only included the maximum light intensity and the
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Julian day among environmental explanatory variables, showing a significant negative and
a significant positive correlation, respectively.

4. Discussion

To the best of our knowledge, this is the first study assessing how nighttime lighting
from a new LTI construction site affected bat activity. Several years after its construction,
important differences were found in the bat community composition and activity near the
construction site compared to the surrounding high- and low-lit urban areas, and even
more compared to dark natural areas.

The construction site area was largely selected by P. kuhlii and N. leisleri. These species
are known to be attracted to light sources in urban environments and along illuminated
roads, benefitting from insect congregations around the lights [29–31]. The high activity
levels recorded at the construction site suggest these species likely use the site’s lighting in-
stallations as foraging grounds [32,33]. The construction site’s lighting system has therefore
altered their habitat selection, with potential dramatic consequences on nocturnal insect
populations [34]. P. kuhlii showed a secondary selection for urban areas. This is probably the
most urban-linked bat species in Europe, extensively using urban areas for both roosting
and foraging [35,36]. In contrast, N. leisleri is a typical forest species, selecting tree cavities
for roosting and mainly hunting near the tree canopy or along ponds or streams, even if
open areas and streetlights can be used [37]. Alongside these two, other species (P. nathusii,
P. pipistrellus, H. savii) also used the construction site for foraging, though to a lesser extent.
In accordance with this, a recent study showed an increase in the activity of P. nathusii and
H. savii with increasing light radiance only when the proportion of forests became high [38].
In the study area, the construction site is surrounded by forest on three sides.

The statistical model results for P. kuhlii/P. nathusii and H. savii confirm the positive
correlation between their activity and light intensity, yet also show an increase in their
activity with distance from the construction site. This apparent contradiction can likely
be explained by their large use of urban areas [35,39], which are situated away from the
construction site. N. leisleri did not follow this trend, in line with its selection for forest
habitats [37], thus suggesting that its habitat selection might be more profoundly altered by
ALAN at construction sites.

P. pipistrellus was the second most active species in the study, yet it showed a clear
selection for dark and poorly lit areas over more illuminated ones. Although frequently
defined as a generalist [40], this species is known to be more linked to wooded habitats and
water bodies [41,42]. In the study area, dark areas were primarily natural spaces dominated
by forest, whereas the poorly lit areas were located along the urban periphery, also in
proximity to forest. This likely accounts for the high activity levels of P. pipistrellus in these
settings, highlighting the species’ affinity for more natural, less disturbed environments.
Insect activity in natural environments may also influence the activity patterns of this
species [43].

ALAN has detrimental effects on many insects, particularly moths, which use artificial
light instead of the moon for navigation and die from exhaustion flying around lamps or
colliding with their incandescent surface [44]. Furthermore, many insects get dazzled and
freeze when they approach a light source, settling on the ground or nearby vegetation,
becoming easy prey [45]. These phenomena, coupled with the so-called “vacuum cleaner
effect”, where light-sensitive species are attracted from a distance to lamps, remove many
insects from the ecosystem [46]. Thus, bat predation around light sources only exacerbates
the negative effects of light pollution on nocturnal entomofauna. For example, ALAN alters
the evasive behaviour of tympanate moths, which would normally detect echolocation
signals emitted by bats and avoid predation [9]. This allows bats to easily capture these
moths, leading to harmful repercussions on their populations.

While ALAN has led to significant shifts in bat activity patterns, favouring species like
P. kuhlii and N. leisleri, it has also contributed to habitat loss and fragmentation for more
sensitive species. Myotis and Plecotus species, as well as B. barbastellus, P. pygmaeus and
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R. ferrumequinum, tended to avoid brightly lit areas, and many taxa were never recorded
at the construction site. Activity patterns of small Myotis bats (i.e., all Myotis species
except M. myotis/M. blythii) and B. barbastellus are underscored by the model analyses
showing a significant negative correlation with the maximum light intensity. Moreover,
for these species, model selection favoured those incorporating light intensity as the sole
environmental descriptor. This indicates that light intensity alone significantly influences
bat activity, a conclusion further supported by the high values of explained variance [47].
Consequently, ALAN not only exacerbates the negative effects caused by the direct loss of
natural habitat from the construction site’s establishment but also emerges as the primary
factor driving changes in the activity patterns of these species within the study area.

The area surrounding the construction site and the village of Chiomonte features a
relatively uniform habitat, predominantly composed of deciduous forests interspersed
with small clearings. The absence of trees within both the construction site and the village
may restrict the occurrence of forest specialist species [18]. However, small Myotis bats and
Plecotus species, along with occasional visits by B. barbastellus, used the village area to some
extent. In contrast, the construction site, with its high levels of illumination, remained very
difficult to exploit. Activity of more sensitive species in the village area still differed from
that in dark natural areas, proving that even minor variation in lighting levels can result in
bat activity changes [48,49].

Analysis of species richness confirmed ALAN’s detrimental effects on bat diversity.
While dark and low-lit urban areas maintained comparable species richness, indicating
some degree of resilience, the construction site’s intense lighting significantly reduced
species diversity. This pattern is particularly concerning for rare species, which avoided
the construction site, contributing to the observed decrease in species richness in highly
illuminated areas. The significant negative correlation between species richness and the
maximum light intensity highlights a barrier effect of ALAN, hindering access to suitable
habitats for species that rely on dark, forested environments adjacent to the study area [18].

Rare species considered in this study face an unfavourable conservation status [50].
All of them are, to some extent, connected to forest environments [18], and the considerable
extent of forest around the study area has likely played a crucial role in sustaining their
populations after the site construction [38,51]. However, for many species, high levels of
ALAN generated by the construction site have resulted in a barrier effect that can alter
bat movements and potentially reduce landscape connectivity, threatening slow fliers and
forest-dependent species, such as small Myotis bats [52].

Effective mitigation strategies are essential to minimise the ecological impacts of ALAN
in highly illuminated construction sites, particularly for sensitive wildlife like bats. One key
approach is the implementation of adaptive lighting systems that reduce intensity or switch
off lights during periods of low human activity, thus diminishing light pollution without
compromising safety [53]. When lighting systems are primarily installed for surveillance
and security purposes, the use of thermal infrared cameras offers an innovative, bat-friendly
solution [54]. Where some degree of illumination is necessary, using downward-directed,
shielded lighting can significantly reduce light spill into surrounding habitats, concentrating
illumination where it’s needed while protecting dark areas [53]. Employing lights with
emission spectra to which bats are less sensitive, such as red lights, as well as using low
light intensity lamps, can further diminish disturbances [55,56]. Additionally, creating
buffer zones around construction sites where lighting is either greatly reduced or entirely
absent provides safe corridors and foraging areas for bats and other nocturnal fauna [55].
These measures, combined with community engagement and awareness programs about
the importance of dark skies, can form a comprehensive approach to mitigate the adverse
effects of ALAN [57], ensuring both operational efficiency and ecological stewardship at
construction sites. In the context of impact assessments for the implementation of highly
illuminated construction sites, it is crucial to include bat acoustic monitoring protocols.
These protocols should be based on the BACI (Before, After, Control, Impact) approach,
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which allows for the comparison of bat presence and activity before and after the site
construction while also considering trends in control areas.

In this study, variations in bat activity and species richness in relation to ALAN at a
large construction site were explored. Eight years after the site construction, significant
changes in habitat use among both common and rare species were found. Hypsugo, Nyctalus,
and Pipistrellus species are likely drawn to the construction site for foraging, exploiting
the abundance of insects attracted by its strong lighting system. For some of these species,
selection of this environment was stronger than for any other environment in the study. An
exception among common species was P. pipistrellus, which selected dark and low-lit areas.
Rare bat species from the genera Barbastella, Myotis, and Plecotus avoid the construction
site area, which poses a significant barrier effect impacting their movements and available
habitats. This trend is further evidenced by the decrease in species richness moving from
dark and poorly lit areas towards highly lit areas, culminating in the minimum species
richness observed at the construction site. The results of the study underscore the significant
ecological consequences of introducing ALAN to previously unlit natural environments,
stressing the importance of implementing effective mitigation strategies to minimise these
impacts. These may include the implementation of adaptive lighting systems, correct light
positioning and shielding, and the preservation of dark corridors. Our study highlights the
crucial role of bat acoustic monitoring in impact assessments for construction sites, offering
valuable information for the conservation and management of bat populations amid rising
challenges from light pollution.
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