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Abstract Besides direct mortality, wind farms also
affect aerial fauna by modifying their communities,
reducing species diversity and richness through dis-
turbance. During three consecutive years, we used
mist nets and acoustic recorders, and conducted car-
cass searches, to characterize the assemblage of bat
species and to estimate bat mortality at two nearby
wind farms sited <5 km apart in a highly biodiverse
region. We asked whether the diversity, richness and
evenness of the assemblages varied yearly, predicting
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it would decrease through time. Richness and even-
ness did not change, but the diversity of species
recorded acoustically, 96% being aerial insectivores,
was significantly lower the third year. We estimate
4 — 15.7 fatalities/MW/year by wind farm, with 63%
of species found as carcasses being aerial insecti-
vores. We found >40% of dissimilarity in the spe-
cies composition of bat assemblages between wind
farms despite the short distance between them, with
species turnover accounting for more than half of the
dissimilarity every year. Similarly, species turnover
accounted for >15% of the dissimilarity in the com-
position of the assemblage of live bats (captured and
recorded acoustically) and the assemblage obtained
through carcass searches. Our findings suggest that
nearby wind farms impact bat communities differen-
tially and aerial insectivores disproportionally. Long
term, multi-method surveys are needed to character-
ize bat communities in highly diverse regions and to
evaluate the post-construction effects that wind farms
have on them.

Keywords Bat mortality - Community structure -
Diversity - Isthmus of Tehuantepec - Mexico - Wind
energy

Introduction

Wind farms are currently one of the most impor-
tant renewable energy sources globally, with fewer

@ Springer


https://orcid.org/0000-0001-8742-4719
https://orcid.org/0000-0002-1784-9524
https://orcid.org/0000-0002-9275-4322
https://orcid.org/0000-0002-0619-3558
https://orcid.org/0000-0003-3047-6133
https://orcid.org/0000-0003-4403-2613
http://crossmark.crossref.org/dialog/?doi=10.1007/s10661-023-12090-z&domain=pdf
https://doi.org/10.1007/s10661-023-12090-z
https://doi.org/10.1007/s10661-023-12090-z

1480 Page2of 17

Environ Monit Assess (2023) 195:1480

negative effects on the health of the planet than fos-
sil fuels due to their nil emission of greenhouse gases
and low consumption of water (Saidur et al. 2011). A
growing number of countries are adopting this form
of energy production, and the number of installed
wind turbines is estimated to increase (Veers et al.
2019). Wind energy developments, however, do have
environmental impacts (Katzner et al. 2019), particu-
larly notorious on aerial vertebrates given their direct
mortality by collision or barotrauma (Baerwald et al.
2008; Marques et al. 2014).

Beyond mortality, wind farms impact fauna in
ways that are more subtle and harder to detect and
that relate to the disturbance caused by wind turbine
operation, such as changes in the attributes of their
communities (Santos et al. 2010). For example, bird
and mammal communities are less rich, even and
diverse within than outside wind farms, and these
differences may exacerbate through time (Keehn and
Feldman 2018; Kumara et al. 2022).

Of the two extant groups of aerial vertebrates,
impacts on bats have raised serious concerns given
their high fatality rates, which may threaten the via-
bility of entire populations (Frick et al. 2017). The
high mortality of bats at wind farms relates in part to
their attraction to wind turbines (Guest et al. 2022),
which is evidenced by the higher activity of some spe-
cies within than outside wind farms (e.g., Richardson
et al. 2021). Indeed, before wind turbines, bat mor-
tality in relation to tall anthropogenic structures was
rare (Cryan and Barclay 2009). Some other species,
however, reduce their activity within (Millon et al.
2018) or in proximity to wind farms and small wind
turbines (Barré et al. 2018; Minderman et al. 2012,
2017), suggesting avoidance rather than attraction.

Attraction and avoidance of bats to wind turbines,
as well as the differential activity levels of some spe-
cies within and outside wind farms, suggests that
these facilities affect the communities of this bio-
logical group too. For example, bat species richness
decreased after a wind farm was retrofitted from
one- to three-blade turbines, presumably increasing
the negative effects of the turbines (Ferri et al. 2016).
Similarly, species richness as well as functional and
phylogenetic diversity of understory bats decreased
between the pre- and early post-construction periods
of a wind farm, with those parameters later returning
to pre-construction levels, suggesting a recovery of
the community attributes (Briones-Salas et al. 2017).
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In this work, we aimed to characterize the assem-
blage of bat species at wind farms and to evaluate if
their diversity, richness and evenness varied through
time. To do this, we surveyed bat activity and mor-
tality through mist netting, ground-based acoustic
recordings, and carcass searches. These surveys were
part of the post-construction monitoring of two wind
farms located in the Isthmus of Tehuantepec, a region
in tropical Mexico where at least 63 bat species occur
(Garcia-Grajales and Buenrostro-Silva 2012), 21 of
which have been recorded as carcasses (Bolivar-Cimé
et al. 2016; Cabrera-Cruz et al. 2020). Bat diversity
and richness are good indicators of disturbance in the
Neotropics (Medellin et al. 2000), so we expected
that diversity, richness and evenness of the assem-
blages would decrease through time. In highly diverse
regions, the species composition of bat assemblages
can vary at local scales (500 m — 1000 m; Avila-Cab-
adilla et al. 2012), and bat species found during car-
cass searches may not be detected through mist net-
ting or acoustic recordings (e.g. Torres-Morales et al.
2014). Hence, we compared in detail the composition
of the bat assemblages recorded between wind farms,
as well as between the assemblages of bats recorded
live and as carcasses. We found that the assemblage
of species in this and maybe other highly diverse
regions may differ even between close-by locations,
and that mist-nets and ground-based acoustic record-
ers may not register all of the species that have fatal
interactions with wind turbines. We also provide new
mortality estimates at wind farms in the Neotropics, a
region with fast-paced growth in wind energy devel-
opments but few accounts of aerial fauna mortality at
such facilities (Agudelo et al. 2021).

Materials and methods

Each month from April to November 2016 — 2018,
we surveyed bat communities at two wind farms in
southern Mexico (Fig. 1) using mist nets, acoustic
surveys, and conducting carcass searches. We iden-
tified bats to species as described below for each
method, and then we updated and standardized all
scientific names following the taxonomy in Simmons
and Cirranello (2022). We assigned each species to
a feeding or foraging guild following Denzinger and
Schnitzler (2013), Kalko and Handley (2001), and
Meyer and Kalko (2008).
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Fig.1 Wind turbines (black dots) and footprints (dark gray
polygons) of the Northern (NWF) and Southern (SWF) wind
farms in southern Mexico showing nearby wind farms (light-
gray polygons) and bat roosts (white circles). Inset shows Mex-

Study area

The Northern and Southern wind farms (hereafter
NWF and SWF) are located in the coastal plains of
the Isthmus of Tehuantepec, southeast of the state of
Oaxaca, Mexico (Fig. 1). This region harbors Mexi-
co’s highest wind energy potential (Aleman-Nava
et al. 2014), and the first large wind farm of the coun-
try, built in 2006 with a capacity of 83.3 MW (Juarez-
Hernandez and Le6n 2014). Up to 2020, the region

Table 1 Wind turbine attributes by wind farm.

ico in white, the state of Oaxaca in dark gray, the Isthmus of
Tehuantepec within a black rectangle, and the location of the
wind farms as a black dot.

had an installed capacity of ~3200 MW (Alonso and
Beltran 2021). NWF and SWF started operations in
2012 and 2014 with a capacity of 102.85 MW/year
and 160 MW/year respectively (CRE 2022). Both
wind farms have turbines on monopole towers, but
with different turbine height and capacity, as well as
distance between turbines (Table 1).

SWF is <5 km to the southwest of NWF (Fig. 1),
and NWF is located directly east of a commu-
nity where we have identified three small bat roosts

Wind farm  Turbines (n)  Height to Maximum Service area Turbines per Distance between Capacity (MW)
nacelle (m)  height (m) dimensions (m) access road (n) turbines (m)

SWF 80 80 125 60 x 30 6-23 240 2

NWF 121 43 69 40 x 15 9-29 160 - 1115 0.85
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of different species in roofs of private residences
(Tadarida brasiliensis, ~110 individuals; Molossus
molossus, ~60 individuals; M. rufus, undetermined
number of individuals; see Acknowledgments).
Approximately 10 km from SWF and NWF there is a
bat colony within a communal protected area home to
at least 32 bat species belonging to 6 taxonomic fami-
lies (Briones-Salas et al. 2013).

Diversity, richness, and evenness
Mist netting

Between April and November 2016 — 2018 and at
each wind farm, we operated 4 — 8 mist nets (12 m
long X 2.5 m high, 33 mm mesh, Avinet Inc., Dryden,
New York) during 1 — 4 nights each month, placing
them at least five meters apart. We located mist nets
near areas with vegetation within the wind farms.
Each net was installed a few centimeters above the
ground and was active for 5 hours starting at sun-
set. All nets were checked every 15 or 20 minutes.
We identified each captured individual following
Medellin et al. (2008) and Alvarez-Castafieda et al.
(2015). We calculated sampling effort as the area
netted during the sampling hours (m’net/h; Costa
Straube and Vigiano Bianconi 2002), and the annual
Relative Abundance (RA) of each species by wind
farm, by dividing the number of individuals of each
species by the sampling effort at each wind farm and
year (Garcia-Luis and Briones-Salas 2017).

Acoustic detection

We recorded bat vocalizations using one ultrasonic
bat detector (Wildlife Acoustics Echo Meter EM3+)
operating at a 384-kHz sampling rate, during 1 — 6
night/month at each site using two modes of sampling
that we termed active and semiactive. During active
sampling, we walked along rows of wind turbines
(~1.2 = ~5.3 km-long), taking 90 minutes to walk the
entirety of each road regardless of their length, during
which time we recorded continuously. Semi-active
sampling, on the other hand, consisted of 5 minutes
of continuous recording from wind turbine service
areas (i.e., 5-min recording near wind turbines).

We analyzed all recordings using BatSound Pro
v.3.3 (Peterson Elektronik AB, Uppsala, Sweden)
with a 1-s tracking unit (i.e., obtaining 60 screens/
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minute of recording). We generated spectrograms,
selected call sequences with at least five consecutive
pulses (attributable to one bat passing), and manually
measured the initial and final frequency of one pulse
per sequence, the interval between pulses, call dura-
tion, and peak frequency while checking for feeding
buzzes (i.e., sequential echolocation calls that indi-
cate the pursuit of prey by insectivorous bats). We
visually identified phonic types to species following
Arita and Fenton (1997), Torres-Morales (2007),
and Rizo-Aguilar (2008), as well as the advice of an
expert in bioacoustics of Mexican bat species (see
Acknowledgments).

Analysis

During preliminary analysis, we detected differ-
ences in species composition of the bat assemblages
at each wind farm; thus, we tested our predictions
separately on each of them. For each wind farm and
year, we estimated the first three Hill numbers (g0,
gl and g2; Chao et al. 2014) from mist netting and
acoustic recordings data. Each Hill number provides
a different measure of diversity, namely: species rich-
ness, Shannon entropy, and inverse Simpson entropy
respectively. We compared the diversity of the bat
assemblage at each wind farm between years by
estimating 84% CI for each Hill number from 1000
bootstrap iterations of our data; for this we resam-
pled from our mist-net data the number of individu-
als captured, and from our acoustic data the number
of sampling nights. Non-overlapping CI represent
statistically significant differences between samples
with a = 0.05 (MacGregor-Fors and Payton 2013).
Before estimating Hill numbers, however, we evalu-
ated the sample coverage for each wind farm and year
with the Chao non-parametric estimator (Chao et al.
2014) using species abundance data from mist nets
and presence-absence data from acoustic recordings.
In case the coverage did not reach 100% even after
extrapolating samples to double their size, we used
standardized sample coverages (Chao et al. 2020).
These analyses were done in R (R Development Core
Team 2022) with the ‘INEXT’ package (Hsieh et al.
2020).

Whittaker plots, also known as rank-abundance
curves, illustrate species richness as the number of
data points that make up the curve (i.e., how many
species are ranked), and community evenness as the



Environ Monit Assess (2023) 195:1480

Page 50f 17 1480

steepness of the curve. Steep curves indicate low
evenness, as one or a few species have much higher
abundances than the rest; shallow curves, on the other
hand, indicate similar abundances among species and
hence high community evenness. We built, for each
wind farm and year, separate Whittaker plots for
species captured with mist nets and recorded acous-
tically. We inspected those plots to assess whether
species richness of bats captured and recorded acous-
tically, as well as the community evenness, changed
through time. Whittaker plots for acoustic data were
based on the number of vocalizations, hence they
do not represent an actual measure of species abun-
dances but a proxy of their activity levels.

Besides the difference in species composition
between wind farms, we also observed differences
between the assemblage of live bats (i.e., species
recorded through mist nets and acoustic recordings)
and the assemblage obtained through -carcass
searches. We explored differences in species com-
position between wind farms and between the ‘live’
and ‘dead’ assemblages through pair-wise dissimi-
larity analysis. Beta diversity, the extent of change
in community composition, or degree of community
differentiation (Koleff et al. 2003), can be driven by
two different mechanisms: species turnover and spe-
cies nestedness. Turnover refers to the replacement of
species from site to site while nestedness refers to a
subset of species from the richest site being present
on the poorest site, and these processes describe all
situations in which communities are not identical
(Almeida-Neto et al. 2008; Baselga 2012).

We estimated the pair-wise dissimilarity between
species compositions using the ‘beta.pair’ func-
tion from the R package ‘betapart’ (Baselga et al.

Table 2 Carcass search effort by year and wind farm. Dates
= date of first and last search. Days = total number of days
between first and last carcass search. Searches = Total num-
ber of searches in the year. Interval = average number of days

2022), estimating the total dissimilarity with the
Jaccard index (Bj,.) as well as its two components,
species turnover (Bj,) and species nestedness (Bj,e),
thus revealing the mechanisms driving the estimated
dissimilarity. The total dissimilarity (f;,.) ranges
between 0 — 1, with zero indicating identical species
composition and a value of 1 indicating completely
dissimilar sites or samples. When sites or samples
are not identical or completely dissimilar, f;,. and f;,
indicate the proportion of dissimilarity explained by
nestedness or turnover respectively.

Mortality

The number of carcasses found at wind farms reflect
only a portion of the actual number of fatalities. The
difference is affected by the efficiency of searchers at
finding carcasses, the frequency of the searches, the
carcass persistence probability (i.e., the probability
of carcasses not being removed by scavengers), and
because not all killed animals fall or remain in the
areas searched (Bernardino et al. 2013; Gauthreaux
1996). We searched for bat carcasses at SWF and
NWEF between 2016 and 2018, visiting wind farms
with different frequencies and during periods of dif-
ferent length each year (Table 2). In order to incor-
porate the different carcass-searching efforts, we esti-
mated bat mortality separately by year and wind farm.

For each wind farm and year, we estimated bat
mortality using the function ‘estimateN’ from the
package ‘carcass’ (Korner-Nievergelt et al. 2015) in
R (R Development Core Team, 2022), in which we
specified the following (italics denoting the name
of the function’s arguments in R): the number of
carcasses found (count); an estimate for carcass

between two searches. Italicized codes in parenthesis corre-
spond with argument names used in the function ‘estimateN’
from the R package ‘carcass’ (Korner-Nievergelt et al., 2015).

NWF SWF
Year Dates Days Searches (n) Interval (d) Dates Days Searches (n) Interval (d)
2016° - - - - 05 Apr — 08 Dec 247 75 33
2017° May 1 — Nov 14 197 18 11.6 - - - -
2018 Jan 25 — Nov 02 281 29 10 04 Jun — 27 Nov 176 46 39

At NWF in 2016 and SWF in 2017, searchers only recorded days when carcasses were found. Consequently, for those wind farms in
those specific years, we do not have reliable measures of the parameters reported in this table and we were unable to estimate mortal-

ity.

@ Springer
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persistence probability (s); an estimate for searcher
efficiency (f); the proportion of carcasses in the search
area (a); the search interval (i.e. the number of days
between two searches; d); the number of searches (n);
and the maximal possible number of animals killed
for which a posterior probability is estimated (maxn).

‘estimateN’ first uses s, f, d, and n to estimate the
probability (p) of finding a carcass. We specified
“korner” as the method (pform) to estimate p. By also
specifying the lower and upper limits of the 95% con-
fidence intervals (CI) of parameters s, a, and f, ‘esti-
mateN’ returns the median and 95% CI of p, thus also
estimating uncertainty around each mortality esti-
mate. We detail below the values used for arguments
s, a, f, and maxn, but for search interval (d) and num-
ber of searches (n) see Table 2.

Carcass searches (count)

Land tenure in the Isthmus of Tehuantepec and in
most of southern Mexico is characterized by small
properties typically fenced and managed by different
owners, some of which denied access to their prop-
erties due to conflicts with wind energy companies
(e.g., Huesca-Pérez et al. 2016). Given the compli-
cations to access land surrounding wind turbines,
we limited our searches to service roads (roads con-
necting wind turbines) and service areas (rectangu-
lar areas surrounding wind turbines, including pads).
Under these conditions, we searched for carcasses on
ground surfaces approximately 2017 m? and 3138 m?
around each wind turbine of NWF and SWF respec-
tively (Fig. S1). Service roads facilitate the transit
of vehicles within wind farms and are permanently
devoid of vegetation. Only the area immediately
adjacent to the turbine tower (the pad, a subset of the
service area) is covered with gravel, while the rest of
the service area is covered either by grass, weed, bare
ground, or a combination of these elements. Thus,
the major proportion of the area searched was bare
ground (service roads and some service areas), fol-
lowed by grassy/weedy surfaces (most of the service
areas), and a small proportion of gravel.

Every search started on the first turbine of a service
road, from where 2 — 3 searchers walked along the
road spacing themselves so that they could “sweep”
the ground visually. When searchers arrived at a ser-
vice area, they entered it in front of the turbine, posi-
tioned themselves parallel to each other facing the far
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end of the service area, and walked in that direction
searching for carcasses. In order to effectively cover
the whole area, searchers had to repeat this opera-
tion twice. After completing the search within the
service area, searchers returned to the service road
and continued searching on the road while walking
to the next wind turbine and service area, where the
procedure was repeated. Once reached the end of
the service road (i.e., the row of turbines), searchers
moved to another row and proceeded in the same way
as described above. The starting point of the searches
(end side of the service road), the position of search-
ers, and which road was searched changed every
searching session.

When searchers found a carcass, they collected
the specimen and identified it to species or genus
either in situ or later with the aid of field guides and
measuring instruments. For each carcass, searchers
recorded: the wind farm where it was collected, GPS
coordinates, date, ID number of closest turbine, name
of the searcher, and a unique identifier to the carcass.

Proportion of carcasses in the search area (a)

The area searched for carcasses was limited (see Car-
cass searches (count) above), representing ~6.5% and
~10% of the areas defined by circular buffers with a
100 m radius around NWF and SWF wind turbines
respectively, but most of each searched area was con-
centrated around turbines (Fig. S1). Carcass distribu-
tion is typically denser close to turbine towers (e.g.,
Choi et al. 2020), and when estimating mortality from
carcass searches it is recommended to use an estimate
of the proportion of carcasses that fall in the searched
area rather than the searched area itself (Maurer et al.
2020). Dimensions of service areas searched for this
work are similar (NWF) or exactly the same (SWF)
as those of the ‘western’ and ‘eastern’ wind farms in
Cabrera-Cruz et al. (2020) respectively; thus, we used
their estimates of a (0.52 and 0.35 for SWF and NWF
respectively).

Persistence probability (s)

The average time for the removal of bat carcasses
at another nearby wind farm (second to the west of
NWF in Fig. 1) is 2 days, with vegetation type around
carcasses not affecting the time it takes to be removed
by a scavenger (Villegas-Patraca et al. 2012). Then,
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for each year and wind farm, we estimated annual
mortality using a persistence probability of 0.5. For
details on the estimation of scavenger removal rates
and carcass persistence see Villegas-Patraca et al.
(2012).

Searcher efficiency (f)

One of the wind farms in this work (SWF) is the same
as in Cabrera-Cruz et al. 2020 (code-named there as
the “eastern” wind farm). Since some of our searchers
were evaluated for that study (see Acknowledgments),
and the search areas in this and that other study had
similar characteristics, we used data from that study
to estimate an efficiency at finding bat carcasses lying
on bare ground of 0.55 (95% CI = 0.32 - 0.76).

Maximal possible number of animals killed (maxn)

Previous studies of annual bat mortality at nearby
wind farms report upper 95% CI of 779 and 3576
individuals (Bolivar-Cimé et al., 2016) and of 2819
and 3464 individuals (Cabrera-Cruz et al., 2020).
Thus, we set a maxn = 3520, the average of the two
highest 95% CI in the literature.

Bat mortality estimates

After estimating bat mortality with ‘estimateN’, we
calculated the expected number of fatalitiessMW by
dividing the mortality estimate of each year and wind
farm by their respective nominal production capacity.
We further extrapolated this to 365 days, to estimate
a broad approximation of bat fatalities/MW/year. We
did not estimate mortality for SWF in 2017 and for
NWEF in 2016 because searchers only recorded days
when carcasses were found, and hence we could not
estimate parameters n and d.

Results

In total, considering both wind farms and all meth-
ods (mist netting, acoustic recordings, and carcass
searches), we recorded 41 bat species belonging to 23
genera and five families (Table S1).

On average, we mist-netted 10 nights/year at
each wind farm, capturing 517 bats of 16 species.
The most abundant species captured was Artibeus

jamaicensis (Phyllostomidae; n = 247 individuals,
48% of captures). Almost half of the species cap-
tured were represented by <10 individuals (Fig. 2a).
Annual sampling effort in m’net/h ranged between
12,000 — 14,400 at SWF and 3,200 — 9,600 at NWF
(Table S2).

We collected >12,000 minutes of acoustic record-
ings (5,400 min at SWF and 6,885 at NWF), with bat
detections in 18.64% of this time (1,789 minutes at
NWF and 1,205 minutes at SWF) containing a total
of 129,147 bat passes (pulse sequences of the same
phonic type) emitted by 29 species. Pteronotus ful-
vus (Mormoopidae) had the highest number of total
vocalizations recorded in all years, being present in
9.61% of all minutes recorded (n = 1,180). The total
number of minutes recorded, bat detections, vocaliza-
tions, and species recorded at SWF and NWF varied
by year (Table S2).

All species recorded acoustically were either aerial
insectivores or trawlers (n = 28 and 1 respectively)
and 11 out of 15 species captured in mist nets were
frugivorous or nectarivorous gleaners (Table S1).

Diversity, richness, and evenness

According to the Chao estimator, the level of inven-
tory completeness derived from mist netting at both
wind farms reached >99% during all years, allowing
inter-annual comparisons. We did not find significant
differences in bat diversity between 2016 and 2018 at
either wind farm from mist net data (Fig. 3a and b).
However, all Hill numbers at NWF were significantly
lower in the second year compared to the first, and
showed a general tendency to decrease from the first
to the third year (Fig. 3a) suggesting a decrease in
diversity of bats captured with mist nets through time.

Inventory completeness derived from acoustic
recordings did not reach 100% even after extrapolat-
ing with twice as much data. Consequently, we imple-
mented a standardized sample coverage of 86% of bat
assemblages at both wind farms in all three years. All
Hill numbers at both wind farms decreased annually
and were significantly lower in the last year compared
to the first (Figs. 3c and d), showing a decrease in
diversity of bats recorded acoustically.

There was little variation in the identity of the most
abundant species captured with mist nets every year
at both wind farms, with Artibeus lituratus and A.
Jjamaicensis being consistently the two most abundant
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Fig. 2 Whittaker plots a) 100 Aj
showing the structure
of the bat assemblages ) Al
sampled with a) mist nets
and b) acoustic record-

ers each year. Black and
gray lines: SWF and NWF
respectively. Data points
are linked to species codes
available in Table S1.
Red-colored species codes
represent species also found
as carcasses in the cor-
responding wind farm and
year. Color version of this
figure available online

Abundance (Ln10)

No. records (Ln10)

Aj

species at SWF, and among the top three most abun-
dant at NWF (Fig. 2a). Similarly, two species (Pter-
onotus fulvus and Molossus molossus) consistently
had the highest number of vocalizations recorded at
both wind farms in all years (Fig. 2b). The shape of
the Whittaker plots from each wind farm, and the
number of points in each plot, did not vary visibly
with year, indicating that community evenness and
species richness did not change through time at either
site (Fig 2a and b).

Mortality
At both wind farms, all years included, we found a

total of 123 carcasses belonging to 19 species, 12
genera and five families (Table S1). We identified 74
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carcasses to species, 13 to genus, and 36 could not be
identified due to advanced decomposition. Most of
the species (63%) were aerial insectivores while the
rest were frugivorous or nectarivorous gleaners. The
three genera with the highest number of carcasses
were Lasiurus (22), Molossus (15), and Centurio
(10); accordingly, the taxonomic families with most
carcasses were Phyllostomidae, Molossidae (26 each)
and Vespertilionidae (22). Identified species with the
highest numbers of carcasses were Lasiurus interme-
dius (Vespertilionidae, n = 17) and Centurio senex
(Phyllostomidae, n = 10).

We identified 15 and 13 species from 70 and 54
carcasses found at SWF and NWF respectively. In
2018, the only year when we searched for carcasses
at both wind farms, we found carcasses of two species
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Fig. 3 Average (mid points) and 84% confidence intervals
(whiskers) of Hill numbers (X-axis: qO = species richness, ql
= Shannon entropy, q2 = inverse Simpson entropy) derived

at each wind farm that did not occur in the other.
Specifically, we found at SWF carcasses of Artibeus
lituratus and Molossus molossus but not at NWF,
while Lasiurus ega and Molossus nigricans occurred
as carcasses at NWF but not at SWF. Similarly, two
species and their genera (Balantiopteryx plicata and
Enchistenes hartii) occurred as carcasses in SWF but
not in NWF. However, we were not able to identify to
species or genus 13 and 8 carcasses from NWF and
SWE. Nevertheless, the only member of the Embal-
lonuridae family found as carcass occurred at NWF.
Overall, these results suggest that bat communities
might be impacted differentially by these wind farms
despite the short distance between them (<5 km
between their closest wind turbines). We estimate a
median annual bat mortality ranging between 15.41
— 15.72 bats/MW/year at NWF, and between 3.97 and
4.32 bats/MW/year at SWF (Table 3).

1000 bootstrap iterations of our mist netting (top) and acous-
tic recordings (bottom) data at the NWF (left) and SWF (right)
wind farms in southern Mexico between 2016 — 2018

Pair-wise dissimilarity

We found >40% of dissimilarity in the species com-
position of the bat assemblages recorded at each wind
farm, with species turnover consistently account-
ing for more than half of the dissimilarity each year
(Fig. 4a). When comparing assemblages recorded
at each wind farm by method, we found >50% and
>40% of dissimilarity in the composition of species
captured with mist nets and recorded acoustically
respectively, with species turnover also accounting
for an important proportion of the dissimilarity (Fig.
S2).

Except for NWF in 2017, the composition of
species identified from carcasses was not a proper
subset of the bat assemblage. We found that species
turnover accounts for 10% — 30% of the dissimilar-
ity in species composition between live bats and
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carcasses, both wind farms and all years considered
(Fig. 4b), but for up to 60% of the dissimilarity at
SWEF in 2017 (Fig. S3). Furthermore, we recorded
two species (Enchisthenes hartii and Phyllostomus
discolor) as carcasses only but not in mist nets or
acoustic recordings. Similarly, 3, 3, and 1 species
found as carcasses at SWF in 2016, 2017 and 2018
respectively were not recorded in live bats, while
at NWF in 2016 and 2018 we found one species as
carcass that was not detected by neither monitor-
ing method. Overall, between 19% and 36% of the

species recorded live each year were represented as
carcasses (Table 4).

Discussion

In both wind farms, the diversity of bats recorded
acoustically was significantly lower at year three
compared to year one, and the diversity of bats cap-
tured with mist nets tended to decrease at one of
the wind farms. Surprisingly, despite being <5 km

Table 3. Number of carcasses found (n) and estimated median mortality at NWF and SWF (Estimate). We were unable to estimate
mortality at NWF in 2016 and SWF in 2017 (see Methods and Table 2).

NWF SWF
n Estimate Estimate / MW Estimate / MW / n Estimate Estimate / MW Estimate
(95% CI) Year (95% CI) /MW /
Year
2016 17 - - - 34 430 2.69 397
(244—-832)
2017 14 874 8.49 15.72 12 - - -
(411 -1901)
2018 23 1222 11.86 15.41 23 333 2.08 4.32
(626 — 2506) (178 - 671)
Total 54 69
a) NWF vs SWF b) ‘Dead’ vs ‘Live’
2016 2016
2017 2017
2018 2018
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Fig. 4 Annual difference in species composition (f;,, full bar)
between a) wind farms, with species detected by mist netting
and acoustic recordings pooled together by wind farm; and b)
between species recorded as carcasses and those recorded live

(captured and recorded acoustically), with species from both
wind farms pooled together. Black: proportion of difference
due to species turnover (), gray: proportion due to species
nestedness (f;,.). Also see Figures S1 and S2

Table 4. Number of

. . NWF SWF
species identified as
carcasses (‘Dead’), and Dead Live Proportion Dead Live Proportion
through mist nets and
acoustic recordings (‘Live’), 2016 7 32 21.9 9 25 36.0
and their proportion of 2017 6 19 31.6 4 21 19.0
Dead/ Live. 2018 5 2 2.7 5 16 312

@ Springer
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apart, we detected 25% — 45% of species turnover in
the composition of bat assemblages between the two
wind farms, and not all species documented as car-
casses were captured or detected acoustically. These
results have several implications for evaluations of
the effect that wind farms in highly diverse regions
have on bats.

First, that the operation of wind farms might
affect bat guilds differentially. The diversity of bats
detected acoustically decreased consistently through
time at both wind farms, most of which were aerial
insectivores and nearly 65% of the species found as
carcasses belonged to this guild. Hence, mortality
might play a role in decreasing the diversity of aerial
insectivores. On the contrary, the diversity of bats
captured with mist nets (mostly gleaners) remained
similar through the years except for NWF where it
was significantly lower at year 2 but bounced back
the following year. When we started our surveys, the
SWF and NWF had been operating for 2 and 4 years
respectively, hence the community of low-flying spe-
cies might have recovered and stabilized after the first
years of operation (Briones-Salas et al. 2017). Further
work is needed to assess whether mortality affects bat
guilds differentially in this region, since differential
impacts could alter the structure and function of local
bat communities.

It should be noted that by having surveyed bat
assemblages a few years after the wind farms became
operational, we may have missed the period when
the greatest changes in diversity might be expected
(e.g. Briones-Salas et al. 2017). Furthermore, the
composition of bat assemblages can vary through
time (e.g. Aguirre et al. 2003) and three-year-long
surveys may be insufficient to detect long-term, con-
tinuing trends in diversity changes. Moreover, since
our surveys only included years when the wind farms
were already operational and from within their area
of influence, we can’t unequivocally conclude that the
observed changes in guild diversity are directly attrib-
utable to wind farm operation. Hence, our results
should be interpreted as just an indication of a poten-
tial decline of aerial insectivore bats, probably attrib-
utable to wind farm operations. Future similar sur-
veys at wind farms in highly diverse regions should
ideally encompass the pre-construction period and
the very first years of operation, longer term efforts,
and consider surveying multiple sites including con-
trols outside wind farms. Alternatively, analyses

should incorporate longer-term data, including those
from early periods; in order to facilitate this, wind
energy companies should make all their data derived
from environmental surveys publicly accessible (e.g.
Salguero et al. 2023).

A second implication is that species that tend to
fly at low altitudes may be at higher risk than one
would expect. The susceptibility of 28 European bat
species to collide with wind turbines is higher for
high-altitude flying species that includes open space
aerial foragers, and lower for low-altitude flying spe-
cies including gleaning foragers (Roemer et al. 2017).
Gleaner bats forage in the vegetation, which in our
study area has mean heights ranging from 4.1m to
6.8 m — 7.9 m (Gallardo et al. 2005; Silva-Aparicio
et al. 2018), well below the minimum altitude of the
rotor-swept area (16 and 35 meters at NWF and SWF
respectively). Hence, one could expect that gleaner
bats at our study sites would have a low vulnerability
of mortality. However, over a third of the species that
we identified in carcasses belong to this guild. Land
cover at the coastal plains of the Isthmus and at both
wind farms is a mosaic of cattle pastures, cropland,
secondary vegetation, and patches of tropical decidu-
ous and sub-deciduous forest (Mufioz-Jiménez et al.
2019). Gleaner bats may get exposed to collisions
when moving between patches of vegetation, as other
species in North America seem to get exposed during
their migratory movements (Arnett et al. 2008).

Since bat assemblages differed between wind
farms, a third implication of our results is that every
single wind energy project proposed at highly diverse
regions should be surveyed intensively to character-
ize the bat community. Five bat species reported at
another wind farm <5km away from SWF and NWF
(Bolivar-Cimé et al. 2016) were not recorded here,
while we report 16 species missing in that study even
though the same survey methods were used in both
studies during a similar amount of time. We acknowl-
edge, however, that differences in the species compo-
sition of bat assemblages may relate to seasonal fluc-
tuations as recorded in dry forests in the Neotropics
(Aguirre et al. 2003; Avila-Cabadilla et al. 2014), or
to differences in land cover (Avila-Cabadilla et al.
2012), or to nearby bat roosts (Fig. 1). Future stud-
ies should look into the phenology of bat species and
assemblages in the region.

Implementing minimum distances between pro-
posed wind turbine sites and potential roosts or

@ Springer
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maternity colonies could be an important manage-
ment tool (Lehnert et al. 2014). Where wind tur-
bines have already been erected, such as in NWF
and SWF, it remains to be investigated whether and
to what extent nearby roosts (Fig. 1) contribute to the
bat assemblages recorded at each wind farm. Most
importantly, it should be evaluated whether mortal-
ity at wind farms affects the viability of local roosts;
this would be of particular relevance for wind farms
sited within distribution ranges of endemic bat spe-
cies (e.g. Bennett et al. 2022).

The potentially transient presence of some spe-
cies in the region may also affect both the differences
between wind farms and the detectability of the spe-
cies. We documented the presence of Tadarida brasil-
iensis only once, acoustically and with no carcasses.
This species occurs in North, Central, and South
America (Wilkins 1989) and is commonly killed
at wind farms in southern US (Weaver et al. 2020)
where it is migratory. Tadarida brasiliensis migrates
during the boreal winter mostly to northern and cen-
tral Mexico, but some populations from southeast-
ern US and northeastern Mexico go as far south as
Chiapas (Wiederholt et al. 2013), the Mexican state
east of Oaxaca. Chiapas harbors a colony with ~2500
individuals of this species nearly 300 km from our
study sites, but it is not clear whether those individu-
als perform migratory movements (Llaven-Macias
et al. 2021). Similarly, Artibeus lituratus, one of the
most abundant species in our mist nets, is known to
perform long-distance movements in other tropical
regions (Arnone et al. 2016). However, migratory
movements of bats in the Neotropics remain poorly
understood (Fraser et al. 2010).

Another implication of our results is that even
three years of mist netting and ground-based acous-
tic recordings are not enough to get a full picture of
the bat species that might have fatal interactions with
turbines at highly diverse regions. The combined use
of mist nets and ground-based acoustic recorders
for monitoring Neotropical bat communities identi-
fies more species than using a single method (Mac-
Swiney et al. 2008; Pech-Canche et al. 2010). Thus,
we expected that our surveys would capture most of
the species present in the area. In fact, the 41 bat spe-
cies that we recorded represent up to 73% of those
documented in the Isthmus (Garcia-Grajales and
Buenrostro-Silva 2012). However, ground-based
recordings may fail at detecting species that move at
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high-altitudes (Voigt et al. 2021). This might explain,
for example, why we recorded a single individual of
Nyctinomops laticaudatus acoustically, since some
Nyctinomops species commute and forage up to 200
m above the ground (Griffin and Thompson 1982, cit.
by MacSwiney et al. 2020). Nevertheless, not all of
the low abundances recorded here can be attributed to
methodological limitations. Respectively, Enchistenes
hartii and Phyllostomus discolor are herbivorous and
gleaning insectivorous species (Jones et al. 2009;
Kwiecinski 2006) that can be considered low-altitude
fliers (e.g., Pereira et al. 2010) and are typically cap-
tured in mist nets (Arroyo-Cabrales and Owen 1997;
Kwiecinski 2006). However, we only registered them
as carcasses.

The species and genera with the highest number of
carcasses differed between wind farms, and two spe-
cies found as carcasses at SWF were not identified at
NWE. Hence, in the future it should not be assumed
that the impacts documented at a wind farm in a
highly diverse region will be the same as for another
nearby site. We acknowledge, however, that not all
carcasses found were identified to genus or species.
It would be desirable the use molecular methods to
identify bat carcasses (Chipps et al. 2020). This
would allow to unequivocally assess what species get
killed at wind farms and would be particularly use-
ful in tropical areas where decomposition is fast due
to high temperatures. Nevertheless, we did not find
carcasses of species of the Emballonuridae family in
NWF but, after pooling data from both wind farms,
that family was among the top five in numbers of car-
casses found; hence we suggest to assume that dif-
ferences exist, and that careful evaluations should be
made at all wind energy facilities. This is especially
relevant considering that up to 36% of the species
in the assemblage had fatalities at these wind farms
(average = 27%, all years and both wind farms con-
sidered), and that up to 56% of the species recorded in
other tropical area were killed at a single wind farm
(Barros et al. 2015).

Our estimated fatality/MW/year for SWF is much
lower than previous estimates for the same wind farm
in 2015 (Cabrera-Cruz et al., 2020). In that study,
authors set the argument ‘maxn’ = 10000 in the R
function ‘estimateN’, while we set ‘maxn’ = 3520. As
an exercise, we re-ran our estimates setting ‘maxn’
= 10000 and the result did not change, hence this
might not be the reason for the difference. This opens
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the question of whether the difference relates to our
observed reduction in diversity of aerial insectivores
through time and to the higher mortality of bats in
that guild. On the other hand, our estimated mortal-
ity/MW/year is higher at NWF even though we found
fewer carcasses there, placing it among the high-
est when compared to other wind farms in the USA
(Strickland et al. 2011).

Mortality estimates are as good as the values of the
parameters fed to the R function ‘estimateN’. In this
work, the parameters a (proportion of carcasses in
the search area), f (searcher efficiency), and s (persis-
tence probability) are based on previously published
work rather than on estimates made during the sur-
veys reported here. Consequently, our median mortal-
ity estimates would have been different had we used
other values of q, f, and s. For example, a lower per-
sistence of carcasses on the ground, a lower efficiency
of our searchers, or a smaller area searched, would
have resulted in higher mortality estimates. On the
contrary, a higher carcass persistence, higher searcher
efficiency, or a larger area searched would have con-
tributed towards lower mortality estimates.

As an additional exercise, we re-ran our mortality
estimates with different parameter values, finding that
decreasing a, f, or s by just 10% of the values used
for the analysis reported in Table 3, increased mor-
tality estimates to up to 23.82 bat fatalities/MW/year
in NWF and to up to 6.39 fatalities/MW/year in SWF
(Table S3). On the contrary, increasing the value of
those parameters by 10% lowered our mortality esti-
mates to up to 10.34 fatalities/MW/year in NWF and
to up to 2.81 fatalities/MW/year in SWF (Table S4).
In both cases, the modification of parameter s resulted
in mortality estimates with the greatest difference
when compared to our results.

The parameter values we used for our mortality
estimates were calculated for sites near NWF and
SWE. Consequently, we consider that our estimates
represent a fair approximation of the true bat mortal-
ity occurring at NFW and SWF. We also acknowl-
edge, however, that our mortality estimates at both
sites might be biased low given the limited area
searched; this might be especially true for NWF given
the long intervals between carcass searches (Small-
wood 2017).

The installed capacity of wind energy in the coastal
plains of the Isthmus of Tehuantepec has increased
>30 fold since the construction of the first large wind

farm in the region and is expected to continue grow-
ing throughout the country (SENER 2018). Similarly,
the installed capacity of wind-energy production in
Latin America is poised to continue growing (IEA
2021). The results presented here indicate the neces-
sity for long-term, multi-method and intensive sur-
veys for evaluating the post-construction effects that
wind farms have on bats in highly diverse regions.

Conclusions

We found a significant decrease in the diversity of
bats recorded acoustically, most of which were aerial
insectivores, but not of bats captured with mist nets,
the majority of which were gleaners. Furthermore,
most of the species identified from carcasses were
aerial insectivores. Hence, wind farms in this region
might affect bat guilds differentially. However, over
a third of species found as carcasses were gleaners,
hence even species that tend to fly at low altitudes
have a non-negligible risk of mortality. Turnover
consistently explained an important proportion of the
dissimilarity in species compositions between wind
farms and between the ‘live’ and ‘dead’ communities,
hence nearby wind farms at highly diverse regions
impact different sets of species. Long-term, intensive
surveys are necessary to identify all bat species that
can have fatal interactions with turbines in highly
diverse regions.
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