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Abstract Wind farms are steadily growing across Europe, with potentially detrimental
effects on wildlife. Indeed, cumulative impacts in addition to local effects should be
considered when planning wind farm development at a regional scale, and mapping the
potential risk to bats at this scale would help in the large-scale planning of wind turbines
and focus field surveys on vulnerable areas. Although modelling offers a powerful
approach to tackle this goal, its application has been thus far neglected. We developed a
simple regional-scale analysis in an area of central Italy (Molise region) that is undergoing
considerable wind farm development. We implemented species distribution models
(SDMs) for two bat species vulnerable to wind farm impact, Nyctalus leisleri and Pipi-
strellus pipistrellus. We developed risk maps by overlaying SDMs for the two species with
turbine locations, assessed the alteration of the landscape patterns of foraging habitat
patches determined by the wind turbines, and identified highly vulnerable areas where
wind farm construction would be particularly risky. SDMs were statistically robust
(AUC =>0.8 for both species) and revealed that 41 % of the region offers suitable foraging
habitat for both species. These areas host over 50 % of the existing or planned wind farms,
with 21 % of the turbines located within 150 m of forest edges, suggesting an increase in
fatality risk. The alterations in suitable foraging patches consisted of a 7.7 % increase in
the number of patches, a 10.7 % increase in the shape index, and a 8.1 % decrease in the
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mean patch area. The region’s western portion, which is most suitable to both species,
requires careful consideration with regard to future wind farm planning.

Keywords Chiroptera - Energy - Habitat alteration - Maxent - Risk assessment -
Species distribution models

Abbreviations

Al Aggregation index

AUC Area under the receiver operating characteristic curve
AWMSI  Area weighted mean shape index
CA Class area

CLC Corine land cover

FFT Fast fourier transformation

LPA Landscape pattern analyses

LPI Largest patch index

MPS Mean patch size

NP Number of patches

SDM Species distribution models
Introduction

The wind farm industry is the most important source of renewable energy in Europe
(Harbusch and Bach 2005). Although wind energy represents a valuable alternative to
mitigate the detrimental effects of carbon emission-related global warming on wildlife
(Arnett 2005), wind farms have been found to affect wildlife, particularly flying verte-
brates, indirectly through habitat loss and directly by increasing their mortality rate due to
direct collisions with the turbines (Johnson and Erickson 2003; Telleria 2009).
Evaluating the magnitude of risk prior to wind farm construction appears to be the most
promising strategy to identify sites at which the potential impact of wind turbines on
wildlife would be minimized (Larsen and Madsen 2000). For several years, impact eval-
uations on wildlife have mostly targeted birds (Rodrigues et al. 2008). However, attention
to bats has increased after the publication of two papers by Rahmel et al. (1999) and Bach
et al. (1999). Furthermore, recent studies have described the collision impacts on these
mammals at a local scale (Johnson et al. 2000; Johnson and Erickson 2003; Hotker et al.
2006; Telleria 2009). In Europe, the agreement on the conservation of populations of
European bats (EUROBATS) has issued specific guidelines (Rodrigues et al. 2008), setting
standards for the appropriate consideration of bats in wind farm planning and describing
methods for bat surveys prior to construction and monitoring once the wind turbines are
operating. Although bats are well known to be sensitive to wind farms (Jaberg and Guisan
2001; Arnett 2005; Rodrigues et al. 2008; Telleria 2009; Kunz et al. 2007b), there is little
knowledge of the relative importance of different types of impacts, i.e., collision risk,
habitat loss, and habitat fragmentation, particularly at a large geographical scale. Indeed,
previous studies have focused on local assessments of risk, as based on survey data.
However, because of the massive expansion of the wind farm industry throughout much of
Europe, impact assessment should also carefully consider the cumulative regional impacts

@ Springer



Biodivers Conserv

of wind farms on sensitive wildlife (Jaberg and Guisan 2001; Rodrigues et al. 2008). One
of the expected products of large-scale impact assessments is also the generation of maps
of high-risk areas, which could provide a crucial tool to locate sites where wind farms
cannot be planned or sites where more survey efforts are needed to assess the actual
likelihood of impact (e.g., Cathrine and Spray 2009). Nevertheless, despite its importance,
the assessment of cumulative impacts has been neglected to date. Species distribution
models (SDMs) represent a potentially powerful approach to achieve this goal, though it
has predominantly been applied to address other conservation issues (Ficetola et al. 2007;
Elith et al. 2006; Heikkinen et al. 2007; Rebelo et al. 2009; Zimmermann et al. 2010;
Rebelo and Jones 2010; Bosso et al. 2013). Thus far, SDMs have been applied to predict
mortality risks for bats only in a single case study, covering all of Portugal (Santos et al.
2013); however, that model relied on the precise knowledge of bat mortality based on
previous fatality reports. In many countries, such as Italy, data on bat mortality at existing
wind farms are practically non-existent (Ferri et al. 2011) because the monitoring of such
sites is not obligatory; therefore, generating risk maps using that approach is unfeasible. In
such cases, it is crucial to follow a pragmatic approach to assess the cumulative impact of
regional wind farm planning and to locate critical areas in the absence of mortality data. An
alternative approach to a mortality-based model may be given by assessing the extent to
which turbines are within areas of high habitat suitability for bats. As a first example to
address this issue, we developed a regional-scale analysis based on SDMs and Landscape
pattern analyses (LPAs) in an area in central Italy, the Molise region, which is currently
undergoing large-scale development for wind farms. When land use is profoundly altered
by the presence of wind turbines, e.g., when the farm requires a forest patch to be cleared
(in countries where this is allowed), the bat species associated with the missing habitat type
will be directly affected by its loss (Johnson and Erickson 2003). Furthermore, in the case
of the loss of forest, both the species foraging in this habitat and those roosting in the trees
will be markedly affected. However, habitat alteration may still occur when seemingly less
dramatic changes are instituted. Even if prey availability remains unchanged, we assume
that the presence of wind turbines in a foraging site could affect the quality of that site to a
varying extent by altering the spatial structure and by forcing—or, according to some
studies, even attracting—bats to forage near wind turbines, increasing mortality risk and
turning the site into an ecological trap (Battin 2004; Rodrigues et al. 2008; Weller and
Baldwin 2011; Rydell et al. 2012). In cases in which wind farm development leads to forest
fragmentation, although fragmentation might, in principle, favour species adapted to forage
in an edge habitat, the increased bat activity might expose bats to higher risks of collision
with the nearby wind turbines. We used SDMs to identify areas characterized by a high
habitat suitability for bats and located where these sites overlap with wind turbines.
Although the impact of wind turbines on bats may be variable and site specific, our main
goal is to offer a region-scale planning tool which would not replace, but only assist, pre-
construction bat surveys. Therefore, we adopted a precautionary approach and assumed
that the overlap between suitable habitat and wind turbines poses an additional risk to bats
either by reducing suitable foraging and/or roosting habitat or, in cases in which habitat
suitability is unaltered or even improved, by increasing collision likelihood, as explained
above.

Additionally, wind farm development may increase fragmentation, even if it does not
directly cause a reduction in connectivity: the matrix “hostility”, in this case, is repre-
sented by a potentially higher risk of mortality outside the unaltered habitat patch gen-
erated by the surrounding occurrence of wind turbines. A novel aspect of our model is that
it incorporates the landscape pattern alterations determined by wind farms, which
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potentially represents an important component of cumulative impact. We deliberately
selected a regional rather than a national scale, as this is the geographical (and adminis-
trative) dimension at which wind farm development is planned and mitigation or com-
pensation actions occur. Because all bat species occurring in Italy are included in Annex
IV of Habitat Directive 92/43/EEC and 13 of them are featured in Annex II, the evaluation
of the cumulative impact also represents a tool to pursue the objectives set by the Natura
2000 program in Europe (EEC 1992). We specifically built SDMs for two bat species
already reported in the literature to be highly sensitive to wind farms: Leisler’s bat Nyc-
talus leisleri and the common pipistrelle Pipistrellus pipistrellus. N. leisleri is a migrant
species that usually flies at high altitudes (Waters et al. 1999) and is regarded as one of the
most important bat species to be investigated in areas acutely affected by wind farms
construction (Rodrigues et al. 2008). P. pipistrellus is known to be highly vulnerable to
wind farms, particularly in the southern part of Europe and when foraging in areas where
wind farms occur (Rodrigues et al. 2008; Telleria 2009). Such species are also good
models because they are representative of different guilds, i.e., open space (N. leisleri) and
edge (P. pipistrellus) foragers (Dietz et al. 2007). We combined species presence data with
a set of environmental variables best matching the ecological needs of the species in terms
of their foraging habitat requirements (Anderson and Martinez-Meyer 2004). The specific
objectives of our analysis were as follows: (a) to develop risk maps by overlaying the
foraging habitat maps obtained for the two species with the existing and planned wind
farms locations; (b) to assess changes in the spatial pattern of foraging habitat determined
by the existing and planned wind turbines; and (c) to identify highly vulnerable areas
where wind farm construction would be particularly harmful to bats and should be avoided.

Materials and methods
Study area

The analyses were performed in the Molise region (central Italy), an area of 443,758 ha,
which was selected as a model because it is one of the Italian areas undergoing a rapid
increase in the number of wind turbines. Overall, 256 wind turbines are already operating
in 28 wind farms, and 287 turbines are planned in 11 future wind farms, for a grand total of
39 wind farms and 543 turbines (1.22 turbines/ha) (Fig. 1).

Presence data

To implement SDMs, we used presence data collected in 58 sampling locations. The data
were systematically gathered in 2010 at existing and planned wind farm locations and in
control areas (Fig. 1). The data were obtained by recording echolocation and social calls with
a bat detector in the time expansion mode or by direct ultrasound sampling (D240X and
D1000X Pettersson bat detectors, respectively, Pettersson Elektronik AB, Uppsala, Sweden).
The occurrence of feeding buzzes was regarded as evidence of bat foraging (e.g. Davy et al.
2007). We recorded bat occurrence with bat detectors at point locations for approx. 60 min/
site starting at 30 min after sunset, i.e., when all bat species occurring in Italy are active; the
sampling was as uniform as possible. As both species broadcast intense echolocation calls,
they can be easily recorded with bat detectors. Overall, we identified 36 and 58 foraging
areas for N. leisleri and P. pipistrellus, respectively. The sampling effort we adopted is
appropriate to offer statistical support to the MaxEnt modelling environment (Phillips et al.
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Fig. 1 Locations of the bat presence records and existing or planned wind farms in the Molise region
(central Italy) used for modelling the impact of wind turbines on bats in this study

2006; Elith et al. 2006, 2011). For species recognition, we used the program BatSound 4.1.
(Pettersson Elektronik AB, Uppsala, Sweden) to generate oscillograms, spectrograms, and
power spectra, selecting one to three echolocation calls per sequence. When detected, social
calls were also used for identification (Russo and Jones 2000; Russo et al. 2009). For the time-
expanded recordings, we used a sampling frequency of 44.1 kHz, with 16 bits/sample, and a
512 pt. FFT with a Hamming window for analysis. The D1000X recordings were files
generated with a sampling frequency of 384 kHz. Echolocation calls were identified by
applying the classification functions described by Russo and Jones (2002), and social calls
were identified according to Russo and Jones (2000) and Russ (1999).

Species distribution models

We considered three map layers as proxies of the environmental variables assumed to
represent the relevant ecological requirements of the foraging habitat of the two species
(Russo and Jones 2003; Rodrigues et al. 2008), i.e., the Digital Terrain Model at a 30 m
spatial resolution (proxy for the altitudinal range), the Corine Land Cover map (CLC,
European Commission 1993) 1:100,000 scale (Ciancio 2003) (proxy for vegetation types),
and a hydrographic map with 30 m spatial resolution (proxy for freshwater bodies). The
Molise region maps were obtained from (http://cartografia.regione.molise.it/mapserver.
html). The wind farm locations of both existing and planned wind turbines were supplied
by the environmental department of the Molise region. The models were developed using
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the entropy distribution modelling software MAXENT 3.3.3e, a machine learning method
that estimates the distribution of a species using only presence data (Phillips et al. 2004,
2006). This algorithm generally performs better than other similar techniques in predicting
species distributions (Elith et al. 2006; Heikkinen et al. 2007) and also works with small
datasets (Phillips and Dudik 2008). The algorithm applies the maximum entropy principle
to an ecological context (Jaynes 1957), estimating the species distribution probability in
such a way as to satisfy a set of constraints derived from the environmental conditions at
the species’ presence sites. These constraints ensure that the expected value of each
environmental predictor falls as close as possible to the empirical mean of that predictor
measured over the presence records (Phillips et al. 2004, 2006; Elith et al. 2006). Among
all the possible distributions that satisfy the constraints, the algorithm chooses the one
closest to the uniform, thus maximizing entropy. To allow a good performance of the
maximum entropy algorithm, we converted the categorical layers (CLC and hydrography)
into two continuous layers, according to Ficetola (Ficetola et al. 2010). Initially, the
categorical CLC map was reclassified including, for computational reasons, only those
Corine categories thought to be highly suitable for the studied species i.e., pastures (2.3.1),
complex cultivation patterns (2.4.2), broad-leaved forests (3.1.1.), and inland water (5.1.1)
(Fig. 2). On the resulting map, a focal statistic was performed to specify a circular
neighbourhood of 1 km radius and to calculate the total number of cells (sum) in the
neighbourhoods of each cell in the map. The hydrographic map was transformed in a

all other categories
|: 2.3.1. pasiures
- 2.4.2. complex cultivation pattern
| 5.1.1. inland water
Il :.1 1. broad leaved forest

Fig. 2 The Corine land cover categories used to develop the inferential models for the Molise region
(central Italy)
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continuous layer by replacing the Euclidean distances of each pixel from any water course.
These analyses were performed using ArcGis 10.0 (ESRI, Redlands, CA, USA).

We retained the default MaxEnt settings, with the exception of “number of replicates”
and “default prevalence”. We set the software to split the occurrence data randomly into
two subsets, with 70 % of the records used to train the model and the remaining 30 % used
to evaluate its predictive power. This step was replicated 100 times, each time randomly
selecting different 70-30 % portions of the occurrence data. The predictive power of the
models was evaluated by calculating the area under the receiver operating characteristic
curve (AUC) (Swets 1988), which represents a measure of the capability of the model to
discriminate between presence and background data (Phillips et al. 2006). Because the
species are quite easy to detect in typical presence sites, the value of “default prevalence”
was set to 0.6 instead of 0.5 (default option) (Elith et al. 2011).

Impact assessment at the landscape level

To assess the overall impact of wind farms on the two bat species, the MaxEnt outputs
were converted into binary maps (1 = suitable and 0 = non suitable), choosing the 10th
percentile of the distribution of the probability of occurrences as the threshold (Phillips and
Dudik 2008; Ficetola et al. 2009; Ficetola et al. 2010). We are aware that there is still no
consensus on the “best” threshold to use and that the choice of a suitable threshold may
have a great effect on the resulting probability map (Liu et al. 2005; Jimenez-Valverde and
Lobo 2007). However, the 10th percentile threshold is considered to offer a highly con-
servative estimate of a species’ tolerance to each predictor in complex environments and
for small datasets of species occurrences available for calibration (less than 25) (Pearson
et al. 2007; Ficetola et al. 2009; Raes et al. 2009; Rebelo and Jones 2010; Zhu et al. 2012;
Santos et al. 2013; Bosso et al. 2013; Svenning et al. 2008; Jarnevich and Reynolds 2011).
The binary maps were then combined to identify the foraging areas suitable for both
species. To evaluate the foraging habitat alteration caused by wind farms, the combined
map was overlaid with that containing the location of existing and planned turbines, each
buffered at 150 m. The buffer size was defined by considering the area of risk of collision
and habitat loss around each turbine (Arnett 2005; Rodrigues et al. 2008). Alterations in the
landscape patterns were explored through landscape indices computed on the SDM maps
that included and omitted wind farms using FRAGSTATS version 3.3 (McGarigal and
Marks 1995). The analyses were performed on three types of suitable feeding areas:
suitable only for P. pipistrellus, suitable only for N. leisleri, and suitable for both species.
After recording the coverage of each class in hectares (CA) and the total number of patches
(NP), we focused on four class metrics reported to be ecologically meaningful (Riitters and
O Neill 1995) and useful to describe habitat spatial patterns: largest patch index (LPI),
mean patch size (MPS), area weighted mean shape index (AWMSI), and aggregation index
(AD) (ESM1 see the supplementary material for details and formulae). The NP, MPS, and
LPI metrics were selected because they are strongly related to habitat fragmentation
(Forman 1995; Batistella et al. 2003), that is, the breaking up of one large suitable area into
many smaller patches (Forman and Godron 1986; Shafer 1990; Fahrig 2003). The largest
patch index (LPI) quantifies the percentage of total landscape area comprised by the largest
patch of the suitable class and decreases in fragmented landscapes (Batistella et al. 2003).
MPS is the average of the size in ha of all patches and corresponds to the ratio between the
total area covered by each category and the number of patches in that suitability class; it
decreases with landscape fragmentation. AWMSI measures the complexity of a suitable
patch shape compared to a standard shape, which in raster format attains its minimum
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value (AWMSI = 1) for squares and increases for irregular and elongated shapes. We
computed AWMSI because of its ability to distinguish between the large, round-shaped
patches that are characteristic of well-preserved habitats and small, irregular patches,
which often dominate in disturbed landscapes (for a review, see Haines-Young and
Chopping 1996). Al describes the adjacency of habitat “cells” (He et al. 2000) and ranges
between O (when habitat distribution is maximally disaggregated; no adjacencies between
cells of the same class) to 1 (when the landscape is totally homogenous). Al was used to
describe habitat connectivity (Rutledge 2003). Lastly, considering the important role of
forests as roosting and foraging habitat for bats (Grindal and Brigham 1999; Waters et al.
1999; Morris et al. 2010; Russo et al. 2007; 2010), we analyzed the interference caused by
wind turbines situated close to forest edges. Interference was evaluated by the number of
150 m ranges of influence of wind turbines within 200 m from a forest edge (Rodrigues
et al. 2008). The ranges of influences were created using the buffer distance function of
ArcGis 10.

Results
Species distribution models

The Species Distribution Model for N. leisleri was supported by a 0.83 AUC value; the
probability of presence for this species in the entire region ranged from 0 to 0.86. The
generated SDM showed that 42 % of the regional territory is suitable for N. leisleri and
that suitable areas are concentrated in the western part of the region (Fig. 3b). For
P. pipistrellus, we obtained a 0.80 AUC and a probability of presence of 0-0.86. The
P. pipistrellus foraging habitat covers 50.1 % of the regional territory, whereas it is
concentrated in the western area for N. leisleri (Fig. 3a). Figure 3 shows the maps derived
from the conversion of the MaxEnt outputs into binary maps using the 10th percentile of
the distribution of probability of occurrence as a threshold: 0.26 for P. pipistrellus (Fig. 3a)
and 0.19 for N. leisleri (Fig. 3b). The foraging areas suitable for both species represent
41.1 % of the regional territory (Fig. 3c), whereas only 0.5 % was suitable only for
N. leisleri and 18.2 % for P. pipistrellus (maps not shown).

Impact assessment at the landscape scale

The 150 m radius circular buffer around each turbine overlaid to the combined SDM
(Fig. 4) revealed that 66.7 % of the existing turbines and 51.5 % of the planned turbines
were contained within the suitable feeding areas for both species, affecting 699 and
1,092 ha of foraging areas, respectively. The landscape pattern analyses performed on the
three binary maps showed a change in all indices when wind turbines were added
(Table 1). The NP and AWMSI indices showed that wind farms produced an increase in
the number of habitat patches and in the complexity of patch shapes (Table 1). Although
the mean patch size decreased as a consequence of both the existing and planned wind
farms, the LPI index highlighted that the largest patches continued to represent the main
component of the overall foraging area (Table 1). The degree of interference with forest
edges showed that 13 % of the existing and 21 % of the total (planned + existing) 150 m
turbine buffers overlapped with forest edges, affecting 2,660.67 and 3,141.68 ha of forest,
respectively.
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Fig. 3 Suitable foraging habitats for P. pipistrellus (a), N. leisleri (b), and both species together (c¢) in the
Molise region (central Italy) obtained by converting the MaxEnt outputs into binary map using the 10th
percentile threshold

Discussion
Modelling the impact of wind turbines on bats

Locating areas in which bats are exposed to increased risks of habitat loss and/or extra-
mortality appears to be particularly important to mitigate the negative impact of wind
farms on bats in a cost-effective manner (Santos et al. 2013). We performed a regional-
based risk assessment for two sensitive bat species with an ecology that makes them
representative of wider foraging guilds. The approach we followed may be easily extended
to other bat species and for the exploration of more comprehensive species assemblages. It
is important to emphasize that our approach may provide useful indications for the
regional-scale planning of the spatial settings of wind farms and for orienting field surveys,
thereby moving beyond the production of risk maps based on more subjective criteria or
expert judgment (e.g., Cathrine and Spray 2009). Although our analysis does not incor-
porate mortality data, conservationists should accept that this information is still
unavailable for many geographical areas and that the quality may be seriously flawed by
incorrect or insufficient monitoring, even when available. Excessively long time intervals
between surveys represent a typical factor causing bias in the results (Rodrigues et al.
2008) and may explain the apparently low mortality rates occasionally encountered.
Clearly, approaches are needed that prove to be sufficiently effective, even when insuffi-
cient (or no) mortality data are available, as is the case for Italy (Ferri et al. 2011).
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Fig. 4 Risk map for N. leisleri and P. pipistrellus developed for the Molise region (central Italy). Buffers
(150 m radius) were traced around turbine sites and overlaid to the combined foraging habitat map for the
two species. This map was produced by merging the binary maps obtained by the reclassification of the
MaxEnt output considering the 10th percentile threshold

Moreover, modelling mortality may have its limitations because the mortality may be
particularly high at sites near important roosts, yet such local peaks are unlikely to support
inferences to other areas if detailed knowledge of roost location is unavailable.

Another constraint to modelling may be the limited availability of presence records.
However, MaxEnt may effectively build representative models from limited presence
datasets (e.g., Bosso et al. 2013), a fact that should make our modelling experiment easily
implementable in many geographical areas and for many species for which limited dis-
tribution data are available. The models we developed for N. leisleri and P. pipistrellus
proved to be statistically robust (AUC > 0.80; e.g., Swets 1988; Phillips et al. 2006;
Phillips and Dudik 2008; Bosso et al. 2013) and highlighted that the western part of the
Molise region was the most suitable for the foraging of both species. These species are
known to prefer forest landscapes and traditional farmland (Waters et al. 1999; Russo and
Jones 2003; Ruczynsky and Bogdanowicz 2005; Nicholls and Racey 2006; Sattler et al.
2007), both of which are well represented in that area. According to our model, over 50 %
of the existing or planned wind farms are within areas suitable for both species. Johnson
and Erickson (2003) remarked that the direct loss of habitat associated with the devel-
opment of wind energy is smaller than that due to most other forms of energy development.
Our results are in agreement with this observation because we found that only 1 % of the
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Table 1 Modelled variation of landscape indices on a regional scale determined for the Molise region
(central Italy) for two target bat species, P. pipistrellus and N. leisleri

Index Species No wind farms % Variation % Variation
existing existing +
wind farm planned wind farms

CA (ha) P. pipistrellus 22,8007.04 —0.70 —1.00

CA (ha) N. leisleri 18,8803.84 —0.65 —1.00

CA (ha) Both species 17,6754.40 —0.69 —1.06

NP P. pipistrellus 103 +7.76 +12.62

NP N. leisleri 174 +4.02 +7.47

NP Both 169 +4.14 +7.69

LPI (%) P. pipistrellus 44.85 —0.67 —1.00

LPI (%) N. leisleri 34.69 —0.55 —0.94

LPI (%) Both species 32.17 —0.59 —1.02

MPS (ha) P. pipistrellus 2,213.6 —7.86 —12.09

MPS (ha) N. leisleri 1,085.0 —4.49 —7.88

MPS (ha) Both species 1,045.88 —4.49 —8.12

AWMSI P. pipistrellus 8.75 +8.50 +12.11

AWMSI N. leisleri 6.41 +7.29 +11.89

AWMSI Both species 7.30 +6.59 +10.73

Al (%) P. pipistrellus 99.11 —0.08 —0.12

Al (%) N. leisleri 99.11 —0.07 —0.11

Al (%) Both species 98.91 -0.08 —-0.12

Variations were calculated separately for existing wind farms as well as for both existing and planned ones

CA class area, NP number of patches, LPI largest patch index, MPS mean patch size, AWMSI area weighted
mean shape index, Al aggregation index. See text for definitions

foraging habitat for P. pipistrellus and N. leisleri available at a regional scale was actually
lost. It is important to note that bats continue to forage at wind farm locations (e.g., Rydell
et al. 2012), therefore feeding habitats are “altered” in terms of mortality risk being
disproportionately increased at these sites. Wind farm facilities could act as ecological
traps for bats because, by concentrating insect food sources, a turbine mast and rotor may
represent a new, albeit deadly, attractive foraging opportunity (Ahlén et al. 2007, 2009;
Horn et al. 2008; Rydell et al. 2010). Our study clearly showed the existence of significant
landscape effects that are likely to affect bats, which have thus far been overlooked when
bats are considered with regard to wind farm projects: a fine-grained analysis of the spatial
pattern effects of turbines revealed that other factors in addition to the mere loss of habitat
may have negative effects at a regional scale. The landscape indices showed that almost
half of the suitable foraging area was included in a few large continuous patches that are
slightly modified by the current wind turbines. This finding highlighted the relevance of
these areas for the bat species we studied and the need to carefully consider these areas in
wind farm planning. Although we did not note any macro-fragmentation effect caused by
the wind turbines, we detected other alterations of the foraging habitat spatial patterns. The
wind farms caused a change in habitat structure that acutely affected the suitable patches of
limited size, leading to the formation of even smaller, discontinuous and isolated patches
(as estimated by the increase in the number of patches and of the shape index and variation
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in the LPI and Al indices). This process includes habitat incision, dissection, and perfo-
ration effects, all typical of the initial phase of habitat fragmentation (Forman 1995). The
layers used in our study to develop SDMs showed the landscape spatial patterns observed
prior to the development of wind farms, such that the changes highlighted by our analysis
can be safely attributed to farm development. Of course, based on our dataset, we could not
incorporate other human-related causes of fragmentation, such as expanding urbanization
or farmland and forest management. We found that wind turbine development leads to an
increase in the complexity of habitat patch edges, a process that deserves further attention.
Indeed, many bat species forage along edges (Limpens and Kapteyn 1991; Grindal and
Brigham 1999; Morris et al. 2010; Ethier and Fahrig 2011; Miiller et al. 2012). Bats may
also benefit from such linear elements as woodland edges for both foraging and com-
muting: such structures provide important insect habitat and may also serve as navigation
landmarks (Grindal and Brigham 1999; Morris et al. 2010). Moreover, edges may provide
shelter from predators or wind while reducing the energy expenditure associated with
crossing more cluttered habitats (Verboom and Huitema 1997). According to our model,
we estimated that 13 % of the existing turbines already interfere with forest edges and that
this condition will also hold for another 8 % of the newly planned wind turbines. Given the
importance of forests as habitats for bats, several other bat species in addition to those we
targeted are likely to be jeopardized by this situation.

Implication for conservation

Overall, our study and that of Santos et al. (2013) showed that distribution models may
offer a significant contribution to the prediction of a range of impacts at multiple spatial
scales, from local habitat alteration to landscape fragmentation. These efforts can meet
some of the research priorities highlighted in national or international documents regarding
the consideration of bats in wind turbine development, including the EUROBATS
guidelines (Rodrigues et al. 2008) and the bat conservation trust report for Britain (Jones
et al. 2009). Our results also highlighted the value of a cumulative approach to identify the
most important areas for bats, a crucial piece of information to sustainably locate wind
farms or other widespread environmental stressors. We view our efforts as a first step
toward the production of more comprehensive risk maps, which may be easily imple-
mented using our approach, e.g., by adding more sensitive species to the model or by
including other locally available information, such as the location of major roosts,
occurrence of migration corridors, wind speed layers, or mortality statistics. However
sophisticated, developing such models must not represent merely an academic exercise but
rather offer a robust yet flexible and cost-effective tool that is applicable to a range of
geographical and political situations. That is, a tool that is useful for assisting land man-
agers in pre-construction planning, even when data and financial resources are limited or
where environmental laws are ineffective in requiring comprehensive field surveys. In our
example, even limiting the assessment to two representative species has made it possible to
highlight the critical situation of the entire western sector of our study region and to detect
a high risk of interference with forest edges, aspects thus far completely ignored by the
local authorities responsible for wind farm development. This modelling approach may
also be used to improve investigation on the impacts of wind farms, i.e., in comparing the
cumulative impact on habitats or landscapes of different wind turbine locations at a
regional scale and selecting the option that minimizes the negative effects on bat
populations.
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