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Abstract

1. Efforts to mitigate the climate crisis result in a green-green dilemma: the devel-

opment of renewable energy technology is required worldwide to reduce green-
house gas emissions but can have negative impacts on biodiversity. Impacts are
being documented for wind farms, but effects of solar farms (photovoltaic power

stations) on habitat use of vertebrates remain extremely poorly known.

. Using insectivorous bats as a biological model for high trophic levels, we tested

whether the presence of ground-mounted solar farms affected flight and feed-
ing behaviour. We assessed behaviour using three-dimensional flight path recon-
struction systems from echolocation calls, via standardised paired sampling of 16
control and 16 solar farm (treatment) sites. We quantified bat flight and feeding
behaviour as flight speed, sinuosity of flight trajectories, and the probability of
emission of feeding buzzes (acoustic signatures of prey capture attempts), and
demonstrated that feeding was characterised by slow, sinuous flight with feeding

buzzes.

. We recorded 15,273 three-dimensional bat positions, resulting in 1317 flight tra-

jectories. We found strong behavioural responses to ground-mounted solar farms
in two of three bat guilds and five of seven taxa. Specifically, bats shifted their
flight towards faster (+10 to +44%) and straighter trajectories (+33%) with lower
probability of prey capture attempts (-18 to -39%) at solar farms.

. Since these changes in flight features are explicit indicators of a decrease in bat

feeding behaviour, the implementation of ground-mounted solar farms is likely to

result in reduced feeding habitat quality for bats.

. Synthesis and applications: The negative effects of solar farms on bat flight and

feeding behaviour should be considered when solar energy projects are planned.
Research is needed to understand the mechanisms underlying the effects; for
example, shading underneath solar panels may reduce plant biomass and there-
fore insect prey availability. Until exact mechanisms are identified, efforts should

be made, first to avoid building solar farms on sites with great feeding potential
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1 | INTRODUCTION

The current climate crisis is driving the exponential development of
renewable energy technologies worldwide, aimed at reducing our
reliance on fossil energy and drastically reducing greenhouse gas
emissions (IPCC, 2022). In the European Union, new policy initiatives
have been implemented through the European Green Pact, with an
ambitious aim of climate neutrality by 2050, which should result in
a 40% increase in the share of renewable energy by 2030. In re-
sponse to the current geopolitical context and the increasing need
for energy independence, this pact has been further strengthened
by the REPowerEU plan, which elevates the target to 45%. Although
using renewable energy sources (i.e. solar, wind, geothermal, hydro,
ocean and biomass) can contribute to the reduction in greenhouse
gas emissions, the technology required is not exempt from negative
impacts on biodiversity, thus generating a green-green dilemma
(Gibson et al., 2017). This dilemma is particularly complex as the
climate crisis is also accompanied by a biodiversity crisis; it is now
recognised that these crises are interconnected and should be ad-
dressed together (Portner et al., 2021).

The impact of wind farms on biodiversity, and especially
on flying fauna, is well-evidenced (Katzner et al., 2019; Voigt &
Kingston, 2015), but responses of biodiversity to solar farms (pho-
tovoltaic power stations) remain poorly documented. There is an
urgent need to understand how ground-mounted solar farms affect
biodiversity, as the exponential growth of this renewable energy
source is resulting in large-scale land-use conversion through-
out Europe and elsewhere (IRENA, 2020). Ground-mounted solar
farms could affect biodiversity in several ways, either directly due
to the structures themselves or indirectly through changes induced
by the structures. For instance, indirect effects could result from
shade produced by solar panels inducing a shift in plant communities
(Uldrijan et al., 2021) and a reduction in plant biomass and blooming
(Armstrong et al., 2016; Graham et al., 2021). Solar panels can also
attract diurnal aquatic insects through the polarised light they gen-
erate; thus, they represent an ecological trap (Horvath et al., 2010).
Pollinator abundance, richness and diversity are strongly reduced
underneath solar panel rows (i.e. in full shade conditions), and soil
disturbance and vegetation removal during solar farm develop-
ment displaces insect flower visitors (Graham et al., 2021; Grodsky
et al., 2021). Finally, solar farms can create sensory traps for flying
vertebrates (birds and bats) leading to attempts to drink from the
smooth, horizontal panels or collisions with smooth, vertical panels

for bats, and second to offset residual effects by improving the surrounding land
and/or solar farms to provide better foraging opportunities. In this way, popula-

tions of bats can be supported alongside the generation of renewable energy.

Chiroptera, feeding buzz, foraging behaviour, functionality loss, green-green dilemma,
movement, renewable solar energy, three-dimensional (3D) acoustic tracking

(Greif et al., 2017), potentially generating additional energy costs.
Collisions with panels also pose fatality risks (Smallwood, 2022).

Despite the important synthesis and review work of
Smallwood (2022), effects of the installation of solar farms on habi-
tat use by vertebrates remain poorly documented. There have been
only three studies: one shows that solar farms lead to reduced bird
species richness and density (Visser et al., 2019), and two show that
they lead to reduced activity of several insectivorous bat species
(Szabadi et al., 2023; Tinsley et al., 2023). Perturbations of insectiv-
orous bats, which occupy high trophic levels, are likely to be linked
to reductions in the abundance of their insect prey, which could be
generated by reduced plant biomass in the shady conditions under
solar panels (Armstrong et al., 2016; Graham et al., 2021). Bats rep-
resent a biological model that is very sensitive to local changes in
prey distribution and have the ability to select suitable patches for
foraging at a fine scale (Barré et al., 2017). Following this hypoth-
esis, insectivorous bats at solar farms should exhibit less foraging
behaviour than those in the surrounding semi-natural habitats with-
out solar panels. An explicit way to study bat foraging behaviour is
to quantify the acoustic signatures of bats' prey capture attempts
(hereafter referred to as ‘feeding buzzes') in recordings of their
echolocation calls. Tools have recently been developed to detect
feeding buzzes automatically from the characteristics of the calls
(Roemer et al., 2021), but feeding buzzes can be rare (they usually
make up <2% of acoustic recordings; Barré et al., 2020). Other
behavioural metrics increasingly used in bat research, such as
flight speed and sinuosity (Barré et al., 2020; Gilmour et al., 2021;
Grodzinski et al., 2009; Polak et al., 2011), may be effective proxies
of feeding flight, as has been demonstrated for Pipistrellus kuhlii and
Myotis daubentonii (Grodzinski et al., 2009; Jones & Rayner, 1988).
More specifically, feeding flight is expected to be associated with
lower flight speed and higher flight sinuosity than commuting flight.
Since such changes in flight behaviour could also mirror obstacle
avoidance (Falk et al., 2014), flight speed and sinuosity in bats can
be considered as complementary metrics to feeding buzzes in the
detection and quantification of feeding behaviour.

We aimed to assess the effects of ground-mounted utility-scale
solar farms on bat feeding behaviour by using three-dimensional
flight path reconstruction systems from echolocation calls, through
a paired sampling design. We quantified bat feeding behaviour by
using the probability of feeding buzz emission, flight speed and sin-
uosity of flight trajectories. To check the validity of these three met-
rics as indicators of feeding behaviour in our data, we first assessed
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the extent to which flight speed and sinuosity were related to the
probability of feeding buzz emission. We hypothesised that decreas-
ing flight speed and increasing flight sinuosity would be associated
with an increasing probability of detecting feeding buzzes. Then, we
predicted that feeding buzz emission and flight trajectory sinuosity
would be lower, and flight speed would be higher, at solar farms than
at control sites, as the insect prey resource was expected to be less
abundant at sites in which less light reached the ground due to shad-

ing by solar panels.

2 | MATERIALS AND METHODS
2.1 | Studyarea

With permission from the Compagnie Nationale du Rhéne (CNR,
a solar farm management company), the study was carried out at
nine ground-mounted utility-scale solar farms in the Rhéne Valley
in France (Figure 1a,b), a region supporting high activity of several
bat species, including P. kuhlii, Pipistrellus nathusii and Pipistrellus
pygmaeus (Bas et al., 2022). We selected solar farms for which treat-
ment and control sites could be standardised regarding landscape
composition and distance to foraging habitats (e.g. water bodies
and woodland edges) so that similar sites could be found to form
each pair (see Section 2.2 for more details). We have ensured that
there are no obstacles to bat flight other than the solar panels in
control and treatment sites. The surface areas of the solar farms
varied between 2.5 and 25ha (median=7.4 ha); their capacities var-
ied between 2.5MW and 14 MW (median=4.2 MW). Seven of the
nine solar farms had fixed-angle panels (roughly 25°), the other two
had mobile-angle (mono-axial) panels on the east-west axis (placed
horizontally during surveys). The surface of the panels was rough,
with fine crenelations. Solar panels were on average 2.4+0.4m
high (mean +standard deviation) and 3.4+ 1.1 m wide; the distance
between the solar panel rows was 4.9 +1.3m. Solar panels were
installed on grazed or mown grasslands sown with native plant spe-
cies which were 0.2 to 1.1 m in height and covered 20 to 90% of
the ground surface (Table S1). The sites used for solar farms were
either old industrial sites or embankments resulting from the cana-
lisation of the River Rhéne and were located 233+192m from the
river bank. At the landscape scale (500 m around the study sites), the
land use was dominated by agricultural land (44%), woodland (34%)

and impervious surfaces (16%).

2.2 | Sampling design and three-dimensional
acoustic tracking

To assess the effects of ground-mounted solar farms on bat feed-
ing behaviour, we implemented a paired sampling design, each
pair consisting of one site within a solar farm (treatment) and one
matched control site located outside the farm (control; Figure 1c).
Solar and control sites within a pair were separated by at least 100m
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(to avoid simultaneous double counting of bats) and by no more than
500m and were sampled simultaneously on the same night, in order
to avoid differences in weather conditions and landscape context
between solar and control sites. For each pair, we standardised the
vegetation height and cover at the sampling location using visual es-
timations made by two observers (Alice Baudouin and Kévin Barré),
the distance to the nearest woodland edge and water body and the
proportion of woodland (both coniferous and deciduous) within a
1000 m radius. These parameters were statistically similar in the two
sites of each pair (Table S1). Each night, we sampled one or two pairs
simultaneously, at one solar farm, during the first 3h after sunset. In
total, 16 pairs (16 control and 16 solar sites) were sampled on nine
nights from September 21st to 30th, 2022, during suitable weather
conditions for insects and bats (mean temperature at night: 11.4-
20°C; wind speed: 0-5.5m/s; no rain; Table S1).

We acoustically monitored bat flight trajectories by recording
three-dimensional positions of bats using the Trajecto V1 system
(hereafter called ‘the microphone array’) from Suva-tech (Phnom-
Penh, Cambodia; https://www.suva-tech.com/). This built-in system
contains four microphones (FG 23329, Knowles Acoustics, Itasca, IL
USA), which record bat echolocation calls from 1 to 250kHz. The
microphones in the array were arranged in a horizontal triangle
shape, with one microphone in each corner and one in the middle
(Figure 1d). At solar sites, the microphone array was always placed
in the middle of a gap between two rows of solar panels, at more
than 25m from the edge of the solar farm, with the x axis (Figure 1d)
oriented parallel to the rows of panels. We used the same placement
pattern in term of microphone arrangement and x axis azimuth at
control sites. Within the detection range (roughly 30m radius), bat
positions were continuously assessed by the system using the time
difference of arrival of bat echolocation calls between microphones
(Ing et al., 2016; Koblitz, 2018). From three-dimensional positions,
we reconstructed complete bat flight trajectories following the ap-
proach described by Barré et al. (2020, 2021). In total during the
study, flight trajectories were 3.2+2.9s in duration and contained
11.6 + 8.3 positions (i.e. echolocation calls). Solar panels can prevent
sound propagation, creating ‘acoustic blind spots’ in which echolo-
cation calls cannot be detected if a panel is present between the bat
and the microphone. Hence, on solar sites, the sphere of acoustic
detection was truncated by acoustic blind spots. In order to avoid
differences in detection volumes between control and solar sites,
we filtered out the three-dimensional positions at each control site
where bats could not be detected at its paired solar site because of
the acoustic blind spots. Specifically, locations of bats at a control
site that corresponded to a location behind a panel at the paired

solar site were eliminated.

2.3 | Assigning species and feeding buzz
probability to trajectories

Each bat recording made via the microphone array, in the form of a half-
second sound file, was classified to the closest taxonomic level using
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FIGURE 1 Map of the study area (a) and the 16 pairs of solar farms sampled for bats by using the microphone arrays (b), an example

of two pairs sampled the same night (c), a schematic overview of the set-up used to reconstruct bat trajectories and compute behavioural
metrics from echolocation calls (d), and a spectrogram showing the expected change in flight behaviour within a trajectory from prey search
phase echolocation calls to the feeding buzz emission phase for prey capture: as flight speed decreases during the search and approach

phase before a feeding buzz, sinuosity increases (e).

the Tadarida software (Bas et al., 2017), and assigned a feeding buzz
probability using a sonotype classifier (Roemer et al., 2021). The prob-
ability of feeding buzz emission was calculated by the classifier based
on the prey capture phase (i.e. the feeding buzz itself) following the
prey approach phase, which is characterised by deceleration (Figure 1e;
Jones & Rayner, 1988). Then, we linked each identification and buzz
probability to a trajectory based on the same sound file. When several
bat identifications were proposed for a single trajectory, we associated
each trajectory with the single species that was most represented and
had the highest automated identification confidence score.

Identification of bats to the species level from echolocation calls
is problematic for some species, so we limited the identification level
of species belonging to the Myotis genus to Myotis spp. To increase
the generality of the results and the value of the data, we also pooled
species into three functional guilds based on their echolocation call
structure and foraging strategies: long-range echolocators (LRE,
including open-space species from Eptesicus and Nyctalus genus),
mid-range echolocators (MRE, including edge-space species from
the Pipistrellus genus, Hypsugo savii and Miniopterus schreibersii),
and short-range echolocators (SRE, including narrow-space species
from Myotis and Plecotus genus and Barbastellus barbastella). We re-
stricted the analyses to six species (Pipistrellus pipistrellus, Pipistrellus
kuhlii, Pipistrellus nathusii, Pipistrellus pygmaeus, Nyctalus leisleri and
Plecotus austriacus), one species group (Myotis spp.) and three guilds
(LRE, MRE and SRE), for which the number of trajectories recorded
was higher than the number of sites (Table S2).

2.4 | Computing flight behaviour metrics

Based on the three-dimensional positions of bats in reconstructed
trajectories, we computed (i) mean trajectory flight speed, (ii) mini-
mum trajectory flight speed and (iii) trajectory sinuosity. Flight speed
(V) between two positions was computed as follows (Equation 1):

Vo —xi? + i —yi)? + @ -2)?
Vi= @

ti —tj

where x, y and z represent distances to microphone 1 (Figure 1d) for
each of the three-dimensional axes, and t is the time of call arrival to
the microphone array of a given position i and its previous position j.

The sinuosity of the trajectory (S) was computed as follows
(Equation 2):

. P \/(xi —Xi—1P2 +(yi —yi-1)?+ @i —zi—1)?
t=

VON=X12 + YN —y1)? + (oN—21)? @
y y1)* + (zN-21)

where x, y and z represent distances to microphone 1 for each of the
three-dimensional axes, N is the last position of the trajectory t, while
1 is the first position and i is the number of each individual position
starting from the second position.

When computing average flight speed of the bat in each trajec-
tory, we filtered out positions with flight speed >20m/s, as higher
values are unlikely to be accurate (O'Mara et al., 2021); this resulted
in us removing 25.5% of positions and 2% of trajectories. Similarly,
we filtered out trajectories with sinuosity values higher than the
95% quantile of this metric (i.e. values of >70), to eliminate outliers.

Finally, based on automated classification of feeding buzz prob-
ability, we computed the (iv) mean feeding buzz probability and (v)

maximum feeding buzz probability for each trajectory.

2.5 | Statistical analysis

To test for effects of the presence of photovoltaic panels on bat feeding
behaviour, we conducted statistical analysis following three steps. First,
we assessed the robustness of the feeding buzz probability produced
by the automated classifier as an indicator of the real feeding behav-
iour. Second, we assessed the extent to which the other flight behaviour
metrics (flight speed and trajectory sinuosity) were effective proxies of
feeding behaviour. Finally, we tested whether the feeding buzz probabil-
ity and flight behaviour metrics differed between solar and control sites.

The following sections present these three analysis steps.

2.5.1 | Robustness of the feeding buzz
probability estimation

We first assessed the extent to which feeding buzz probability pro-
duced by the classifier built by Roemer et al. (2021) was a good indi-
cator of feeding behaviour. To do this, we modelled the relationship
between 141 stratified manual checks of buzz presence/absence
made by the authors and the buzz probability provided by the clas-
sifier, using generalised linear models associated with a binomial dis-

tribution (R package Ime4).

2.5.2 | Relationships between feeding buzz
probability and flight behaviour metrics

Since flight behaviour metrics (i.e. trajectory flight speed and sinuos-
ity) have seldom been tested as proxies of feeding behaviour, we first
modelled the relationships between the mean and maximum feeding
buzz probability as response variables, and (i) mean trajectory flight
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speed, (i) minimum trajectory flight speed and (iii) trajectory sinuos-
ity as explanatory variables, using Generalised Linear Mixed Models
(GLMM; R package glmmTMB) associated with Gaussian distributions.
We included the pair identifier as a random effect to account for the
paired sampling design, and the quadratic terms of each explanatory
variable, as we expected nonlinear relationships.

2.5.3 | Effects of solar farms on bat flight and
feeding behaviour

We assessed whether bat feeding behaviour differed between solar
and control sites. To do this, we built GLMMs using either mean or
minimum trajectory flight speed, trajectory sinuosity, or mean or maxi-
mum feeding buzz probability as response variables, and the type of
site (i.e. solar or control) as the explanatory variable. We used Gaussian
distributions for mean and minimum flight speed and sinuosity, and
beta distributions for mean and maximum feeding buzz probability.
We included the pair identifier as a random effect, and, when required,
we adapted the weight of response variables to the associated pre-
cision of positions (i.e. with the inverse of the imprecision squared,
to give more weight to the most precise positions; Barré et al., 2020,
2021) by adding a precision weight term in GLMMs (see Supporting
Information S1 for more details). For Gaussian models, we normalised
response variables using the best transformation method, assessed
using the R package bestNormalize. Finally, we checked that residu-
als of models did not exhibit issues using the R package DHARMa. All
analyses were performed with R v.4.2.0 (R Core Team, 2020).

3 | RESULTS
3.1 | Three-dimensional acoustic tracking

We recorded a total of 15,273 bat positions. Of these, 87% were pro-
duced by mid-range echolocators (MRE): P. nathusii (38%) and P. pyg-
maeus (37%) were the most represented, followed by P. kuhlii (14%)
and P. pipistrellus (11%). Short-range echolocators (SRE) produced 7%
of positions, which were shared between Myotis spp. (57%) and P.
austriacus (35%). Long-range echolocators (LRE) produced 5% of po-
sitions: N. leisleri was dominant (79%), followed by N. noctula (11%).
From the three-dimensional positions we reconstructed a total of
1317 trajectories, mainly of MRE (82%), followed by SRE (9%) and LRE
(9%) (Table S2). On average, trajectories contained 12.5 positions for

MRE, nine positions for SRE, and six positions for LRE.

3.2 | Robustness of feeding buzz probability
estimations and correlations with flight
behaviour metrics

We found that the feeding buzz probability from the automated
classifier reliably estimated the probability of feeding buzz presence

as assessed by manual checks, with a strong positive relationship
(classifier probabilities of O and 1 corresponded to buzz detection
success probabilities of 0.08 and 0.99, respectively; p=2.04e'08,
estimate+ SE=3.96+0.71; Figure 2a). Further analyses confirmed
that the flight behaviour metrics flight speed and trajectory sinuos-
ity were relevant predictors of feeding behaviour. Specifically, we
found that increasing mean or maximum feeding buzz probability
in the trajectory was correlated with decreasing trajectory flight
speed (Figure 2b,c,e,f; Table S3) and increasing trajectory sinuos-
ity (Figure 2d,g; Table S3). Therefore, feeding was characterised by
slow, sinuous flight with feeding buzzes.

3.3 | Effect of solar farms on bat flight and
feeding behaviour

For five bat taxa (P. kuhlii, P. pygmaeus, P. austriacus, and the guilds
MRE and SRE), we found that mean flight speed was significantly
higher at solar sites than at control sites. Mean flight speed was
significantly lower at solar sites than at control sites for P. nathusii
(Figure 3a; Table 1 and Table S4). Minimum flight speed was sig-
nificantly higher at solar sites than at control sites for the SRE
guild, P. kuhlii, P. pygmaeus and P. austriacus (Figure 3b; Table 1 and
Table S4).

We also found that mean feeding buzz probability of the tra-
jectory was significantly lower at solar sites than at control sites
for the MRE guild, P. nathusii and P. pipistrellus, and the same pat-
tern was found for the maximum feeding buzz probability of the
trajectory for P. pipistrellus (Figure 3c,d; Table 1 and Table S4).
Furthermore, the trajectory sinuosity was significantly lower at
solar sites than at control sites for the SRE guild only (Figure 3e;
Table 1 and Table S4).

4 | DISCUSSION

In line with our hypothesis, insectivorous bats of several species
in two functional guilds showed strong behavioural responses to
ground-mounted utility-scale solar farms, by shifting their flight
towards faster and straighter trajectories with lower probability of
feeding buzz emission. Since these changes in flight features are ex-
plicit indicators of a decrease in bat feeding behaviour, it is clear that
the implementation of solar farms results in a reduction of habitat
quality for bats.

A mechanism to explain the reduced feeding flight behaviour
at solar farms could be the reduction of prey biomass by trophic
cascade. This mechanism is consistent with studies showing a re-
duction of global biomass, floral abundance and blooms in plant
communities underneath solar panels (Armstrong et al., 2016;
Graham et al., 2021), which could, in turn, reduce insect prey
availability (Graham et al., 2021). However, this mechanism must
be interpreted with caution, as Graham et al. (2021) only studied
diurnal pollinators, and no researchers, to our knowledge, have

85U8017 SUOLLLIOD 3ATea10 3|edl|dde aup Aq peusenob aJe e YO ‘8sn JO s3I0y AriqiT8uljuO A3|IA UO (SUONIPUCD-PUR-SLLLIBY/WID"AB | 1M AsRIq 1 Ul UO//:SANY) SUORIPUOD pUe SWiB | 8L 88S *[£202/2T/T0] U0 ArlqiaulluO A8]IM ‘80Ul 8UeIyo0D AQ SSSHT #992-GOET/TTTT OT/I0p/L0D" A8 IM ARe.q 1 jBul[UO'S euINosaq)//:Scy oy pepeoiumoq ‘0 ‘v992S9ET



BARRE ET AL Journal of Applied Ecology Egﬁﬂfg?;m ’

(a)
1.004 O @OOUD (R ORI D
> 0754
=
[]
Qo
g
o 0.50
w
[0
(5]
[S)
>
n
0.251
0.00
0.00 0.25 0.50 0.75 1.00
Confidence score of the feeding buzz classifier
(b) (c) (d)
0.05 0.051 0.05-
fa — ) )
g MRE § _ wRe 5 — MRE
2 — Pippyg | g 2 — i
“@’ 0.041 % 0.044 -“Er’- 0.041 Pippyg
[0} [0] (]
£ ES ES
£ 0.03 £ 0034 £ 0034
= z z
3 3 3
3 3 3
o 0.021  0.021 —~ g 0.021
o o o
N N N
N N N
> = >
9 0,014 2 0.014 20014
c c c
© © [
[J) [} [}
= = =
0.00 0.001 0.00-
0 5 10 15 20 0 5 10 15 20 0 20 40 60
Mean flight speed of the trajectory (m/s) Minimum flight speed of the trajectory (m/s) Sinuosity of the trajectory
(e) (f) (9
>0.204 >0.20 >0.20
S — MRE ] — MRE 9 — MRE
S . @ - 8
g — Pippyg T — Pippyg T — Pippyg
> ] — Pipkuh | g ] — Pipnat | 1 ——  Pippip
g 0.15 , g 0.15 g 0.15 '
c — Pipnat < — SRE = — Pipkuh
2 = 2 Pipnat
& 010 ® 0.101 8 0.101
Qo Qo Qo
[} [ <]
a a / a
N N N
N N N
> = >
2 0,05+ Q0051 Q0054
S € € ;
> > >
1S IS S
© [} ©
= 0.001 = 0.001 = 0.00-
0 5 10 15 20 0 5 10 15 20 0 20 40 60
Mean flight speed of the trajectory (m/s) Minimum flight speed of the trajectory (m/s) Sinuosity of the trajectory

FIGURE 2 Feeding by bats is characterised by slow, sinuous flight with feeding buzzes. Test of the robustness of bat feeding buzz
probability estimation, using logistic regression to compare success probability from manual checks with the confidence score of the feeding
buzz classifier from automated identification (Roemer et al., 2021; a). Relationships between the mean (b-d) and maximum (e-g) feeding buzz
probability of the trajectory, and the mean flight speed (b, ), the minimum flight speed (c, f), and the sinuosity of the trajectory (d, g), from
generalised linear mixed models for bat guilds and species (MRE: mid-range echolocators; Pippyg: P. pygmaeus; Pippip: P. pipistrellus; Pipkuh:
P. kuhlii; Pipnat: P. nathusii; SRE: short-range echolocators). Only significant effects (p <0.05) are represented, and 95% confidence intervals
are shown as shaded areas for guilds.

assessed variation in the abundance of the nocturnal insects that light produced by the smooth surface of solar panels (Horvath
are potential prey for bats in response to solar farms. An alter- et al., 2010). Such an attraction could reduce the amount of in-
native hypothesis is that insects are attracted by the polarised sects available in the aerial volume at solar farms by concentrating
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FIGURE 3 Effects of solar farms on the flight and feeding behaviour of bats: predicted mean (a) and minimum (b) flight speed, mean

(c) and maximum (d) feeding buzz probability, and sinuosity (e) of trajectories at paired control and solar sites, from generalised linear

mixed models, for bat guilds and species (MRE: mid-range echolocators; Pippyg: P. pygmaeus; Pippip: P. pipistrellus; Pipkuh: P. kuhlii; Pipnat:
P.nathusii; Pleaus: P. austriacus; SRE: short-range echolocators). Only significant effects (p <0.05) are represented, and vertical bars represent
95% confidence intervals.

them on the surface of the solar panels where aerial hawking bats changes in plant community traits and polarised light induced by
(i.e. non-gleaning bats) are less able to capture them (Schnitzler solar panels on the availability and spatial distribution of noc-
& Kalko, 2001). Further studies could disentangle the effects of turnal insect prey consumed by bats. Finally, as a last potential
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TABLE 1 Effects of solar farms on the flight and feeding behaviour of bats: predicted values and associated 95% confidence intervals (in
square brackets) of each feeding behaviour metric at solar and control sites, for each bat guild and species from generalised linear mixed
models, and associated changes in these values at solar sites compared to control sites (MRE: mid-range echolocators; Pippyg: Pipistrellus
pygmaeus; Pippip: Pipistrellus pipistrellus; Pipkuh: Pipistrellus kuhlii; Pipnat: Pipistrellus nathusii; Pleaus: Plecotus austriacus; SRE: short-range
echolocators). Only significant effects (p <0.05) are represented.

Predicted values [95% CI]

Response variable Taxa Solar sites Control sites % of change at solar versus control sites
Mean flight speed (m/s) Mid-range echolocators 4.61[4.08,5.17] 4.16 [3.67,4.68] 9.7
P. pygmaeus 5.10[4.75, 5.45] 3.85[3.62,4.09] 24.4
P. kuhlii 5.75[4.79, 6.79] 3.73[3.13,4.37] 35.1
P.nathusii 4.41[2.96, 5.86] 5.79 [4.33,7.25] -31.4
Short-range echolocators 4.83[3.87,5.79] 3.98 [3.03, 4.94] 17.5
P. austriacus 5.24 [4.40, 6.08] 3.48[2.69, 4.27] 33.7
Minimum flight speed (m/s)  P. kuhlii 1.64[1.20, 2.24] 0.95[0.73, 1.25] 41.9
P. pygmaeus 5.10 [4.75, 5.45] 3.85[3.62, 4.09] 24.4
Short-range echolocators 1.32[1.12,1.52] 1.06 [0.85, 1.26] 20.1
P. austriacus 1.45[0.97, 2.17] 0.81 [0.55, 1.21] 441
Mean buzz probability Mid-range echolocators 0.024 [0.020, 0.030 [0.025, -17.5
0.028] 0.034]
P. pipistrellus 0.023[0.015, 0.038[0.027, -39.4
0.031] 0.050]
P.nathusii 0.017[0.013, 0.021[0.017, -22.5
0.020] 0.025]
Maximum buzz probability P. pipistrellus 0.095 [0.061, 0.137 [0.010, -30.7
0.129] 0.174]
Sinuosity Short-range echolocators 1.16 [0.91, 1.45] 1.72[1.35, 2.21] -32.7

mechanism, solar panels could add clutter to the foraging envi-
ronment, which could impose structural (more objects) as well as
acoustic (more echoes to interpret and reflections of echolocation
calls) challenges to bats (Greif et al., 2017). However, future stud-
ies on this type of panel could combine three-dimensional acous-
tic tracking with high-resolution imagery methods to assess the
effects of such potential sensory traps and their impact on prey
capture success, and on the risk of collision and confusion with
water surfaces for drinking.

The lower mean flight speed of P. nathusii at solar sites than at
paired control sites is the only result that does not support our orig-
inal hypothesis. Although we have no clear explanation for this re-
sult, the lower average buzz probability we found at solar sites does
support the hypothesis and confirms that feeding habitat quality
was reduced at solar sites for P. nathusii. In addition, the fact we did
not detect differences in buzz probability between solar and control
sites for taxa other than MRE and Pipistrellus spp. is not surprising,
as these less common taxa had very low buzz rates, which decreases
statistical power and prevents any effects from being detected
(Schnitzler & Kalko, 2001).

The magnitude of behavioural change due to solar farms that
we report is strong, which suggests a major loss of habitat feeding
functionality for bats. We believe that this loss of functionality could
contribute to a decrease in the quality of the landscape as perceived
by bats and force them to travel greater distances to feed (Laforge

et al.,, 2021). However, these results do not inform us about the net
consequences that this decreasing habitat quality may have on pop-
ulation dynamics. Indeed, it is difficult to quantify feeding loss ac-
curately, since bats, especially gleaning species, do not always emit
a feeding buzz when capturing an insect, and a feeding buzz does
not always indicate a successful capture (Britton & Jones, 1999;
Stidsholt et al., 2023; Surlykke et al., 2003). We were not able to
carry out aerodynamic modelling, as we did not have morphological
data for bat populations at the time and sites we sampled, so we
were unable to assess whether the flight speeds we recorded at con-
trol sites were energetically optimal speeds. Consequently, we could
not determine whether the increase in flight speed at photovoltaic
sites represented a shift from optimal foraging to commuting flight
(i.e. minimising energy expenditure per time for a given minimal
power speed, or minimising it per distance for a given maximal range
speed), or an intermediate suboptimal shift. In both cases, given the
extent of the increase in flight speeds leading to a greater probabil-
ity of commuting, it is very likely that the presence of solar panels
resulted in additional energy costs for the individuals (Grodzinski
et al., 2009; Norberg & Rayner, 1987). Finally, although the sites
studied covered a large geographical area, sampling only spanned
9 days in September, so future studies should confirm these patterns
in other seasons and bioclimatic areas.

Our results show that even development projects that do not re-
quire total sealing of the soil for building or paving can lead to reduced
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habitat quality. The resulting functionality loss is a form of habitat loss
for bats, which should be addressed in the context of the mitigation
hierarchy, a well-established legal framework to counteract impacts
of development projects on biodiversity, by (i) avoiding impacts (e.g.
avoiding spatial locations where high impact is expected due to the
abundance of food resources, such as wetlands), (i) reducing impacts
(e.g. limiting the land area used for solar farms) and, as a last resort,
(iii) offsetting residual impacts on biodiversity (e.g. creating new hab-
itats; Business and Biodiversity Offsets Programme (BBOP), 2012;
Gardner et al., 2013). As the exact mechanisms triggering the effects
we documented remain unknown, reduction levers seem to be limited,
and efforts should thus be made firstly, to avoid using sites with the
greatest feeding potential for bats as solar farms, and secondly, to off-
set the residual effects by improving the carrying capacity of the food
web within and around solar farms development projects (Tolgyesi
et al., 2023). For example, the composition of plant communities at
solar farms could be improved by sowing native flowering plant spe-
cies (Peter et al., 2021) by creating agroecological infrastructures,
such as hedgerows and flower fields supporting insects (Froidevaux
et al,, 2019; Krings et al.,, 2022), or by livestock grazing providing
dung-feeding insects and avoiding the need to cut and remove the
vegetation (Zaplata, 2023), that are widely known to benefit feeding
bats. In this way, the transition to renewable energy can continue
while negative effects on bats are minimised.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Table S1. Solar farms where acoustic sampling for bats was carried
out: summary of sampling dates. weather during field sessions.
type of solar panel. and information about herbaceous vegetation.
and landscape features for each pair sampled. Values are shown
separately for control (C) and solar (S) sites of each pair. Wilcoxon
signed rank tests show that the landscape composition did not
significantly differ between control and treatment sites.

Table S2. Summary of the number of three-dimensional positions

and trajectories recorded for each bat guild and species.

Table S3. Summary of the relationships (estimates. standard errors
and p-values) between trajectory feeding buzz probability variables
and flight behaviour metrics (mean and minimum flight speed and
sinuosity) for each bat guild and species from generalised linear
mixed models (***p <0.001; **p <0.01; *p <0.05). N=the number of
bat trajectories included in models.

Table S4. Estimates. standard errors and p-values of the effect of the
presence of solar panels on feeding behaviour metrics for each bat
guild and species from generalised linear mixed models (***p <0.001;
**p<0.01; *p<0.05).

Supporting Information S1. Computing imprecision of 3D positions
and accounting for it in the modelling.
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