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Abstract: A better understanding of the ultimate mechanisms driving bat fatalities at wind turbines
(i.e., the reason why bats are coming in close proximity to wind turbines) could inform more
effective impact reduction strategies. One hypothesis is that bats come into close proximity to
turbines due to existing resources (e.g., roosting sites) in the immediate area. Thus, if resource
hotspots for bats could be identified in areas proposed for wind energy development, then fatalities
could be reduced by siting turbines away from such hotspots. To explore this, we conducted a
resource mapping exercise at a 48 km2 wind energy facility in north-central Texas. We mapped
known resources (such as water sources, roosting sites, foraging sites, and commuting routes) for the
6 bat species present and compared resource availability with observed fatalities and acoustic activity.
Although resource mapping identified concentrations of known resources for all species, it did not
predict bat activity or fatalities. For example, Lasiurus cinereus and Lasiurus borealis comprised >90% of
the fatalities, yet we found no positive relationship between resource availability and fatalities or
acoustic activity for either species. Furthermore, up to 33% of these fatalities occurred at turbines
without known resources within 200 m of the turbines, demonstrating that the fine-scale distribution
of resources may not effectively inform turbine siting for these two migratory species. The challenge,
therefore, remains to determine why bats during the migratory season are coming in close proximity
with wind turbines.
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1. Introduction

It is widely recognized that large numbers of bats are killed at wind energy facilities globally [1,2];
and while this phenomenon is still not fully understood, efforts are being made to reduce such fatalities,
reviewed in [3]. Yet, without knowing the ultimate mechanisms bringing bats in close proximity to
wind turbines, we are currently constrained to implementing broad impact minimization strategies,
such as curtailing operations during times when bats are thought to be at greatest risk of collision,
e.g., [4,5]. Although there are obvious benefits to applying such strategies, mitigation aimed to offset
the ultimate mechanisms leading to bat fatalities would likely be more effective [6]. One of the
proposed hypotheses for bat fatalities at wind turbines is that wind energy facilities, or perhaps even
individual turbines, are sited in areas that provide resources for bats [7–9]. Thus, if bats are in proximity
to turbines because of existing resources in the wind energy facility, then pre-construction surveys
that aim to identify areas suitable for bats could be used to effectively reduce bat fatalities simply by
informing wind turbine siting to avoid such resource-rich areas [9,10].
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Bats have five fundamental resource requirements that are commonly recognized and used to
characterize suitable bat habitat: (1) water [11]; (2) food (i.e., foraging habitat) [12]; (3) shelter (i.e.,
roost sites) [13,14]; (4) mating opportunities, a seasonally-dependent resource [14,15]; and (5) a way
to access the other four resources via commuting [16,17] and migratory routes [18]. Thus, if resource
distribution is contributing to wind-turbine-associated bat mortality, then turbines sited near areas
with higher concentrations of these resources (i.e., resource hotspots) should have higher numbers of
bat fatalities in comparison to wind turbines situated in areas with few or no available resources.

One technique that can be used to determine whether resource hotspots are correlated with
patterns of bat fatality at wind energy facilities is GIS-based resource mapping. It allows users to
assess whether the distribution and abundance of a species in an area is associated with the fine-scale
spatial distribution and abundance of resources and has successfully been used to inform wildlife
harvesting, risk management, and conservation planning [19–21]. Thus, one objective of our study
was to use this method to map the available resources for each bat species known to be present at an
existing wind energy facility and then compare resource availability with bat fatality data gathered
from long-term monitoring at the site. A second objective of the study was to compare available
resources with acoustic bat activity across the site, as some studies have shown that activity levels are
useful for predicting wildlife fatalities and vice versa [22–24]. However, emerging studies at wind
energy facilities indicate that bat activity monitoring using acoustic detectors in particular is not as
effective at predicting bat fatalities as originally anticipated [9,25,26]. Thus, there is a real need to
further investigate this uncertainty and determine whether there is a positive correlation between
resource availability, bat acoustic activity, and bat fatalities at operational wind farms.

If bats are in close proximity to turbines because of existing resources in the wind energy facility,
we predict that areas with higher concentrations of resources should be able to support a greater
abundance of bats, and therefore experience higher levels of bat fatality and activity at nearby turbines.
Furthermore, as different species are known to vary their resource selection [27], we predicted that the
locations of resource hotspots would be species-specific, as would the patterns of activity and fatality
observed across the wind energy facility. We discuss whether our findings support the hypothesis that
bats, or perhaps only some species of bat, are at risk from wind turbine collisions when the turbines are
sited in areas that provide abundant resources. We also assessed whether fine-scale resource mapping,
as a currently recommended pre-construction survey technique to reduce bat mortality, can effectively
be used to guide wind turbine siting.

2. Methods and Materials

2.1. Study Site

We conducted our resource mapping exercise at an existing wind energy facility in north-central
Texas where bat mortality and behavior have been previously studied, e.g., [28,29]. Wolf Ridge Wind,
LLC (hereafter Wolf Ridge) is a utility-scale wind energy facility owned and operated by NextEra
Energy Resources in north-central Texas, USA (33◦43′53.538′ ′ N 97◦24′18.186′ ′ W, Figure 1). The 48 km2

facility consists of 75 1.5-megawatt (MW) General Electric wind turbines spaced at a minimum of
1 ha and arrayed in a general east-west direction across two main habitat classifications: (1) open
agricultural land, including cattle pastures, hay pastures, and cultivated winter wheat in the southern
half of the site; and (2) encroaching shrub-woodland in the northern half of the site. The latter
comprises a succession of aged trees with more mature trees (up to 6 m diameter at breast height) found
predominately in a series of riverine valleys stretching from the Red River escarpment paralleling the
northern boundary of the wind resource facility. The tree species in the area comprised predominately
Texas oak (Quercus buckleyi), post oak (Quercus stellate), white shin oak (Quercus sinuate var. breviloba),
sugar hackberry (Celtis laevigata), persimmon (Diospyros virginiana), ashe juniper (Juniperus ashei),
and eastern red cedar (Juniperus virginiana). The turbines also vary in elevation from 324 to 365 m
above sea level (mean = 345 m), with turbines at higher elevations located to the west of the site
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along the shrub-woodland and those at lower elevations on the eastern side of the site in open
agricultural land.Diversity 2018, 10, x FOR PEER REVIEW  3 of 19 

 

 
Figure 1. Map of study site at Wolf Ridge Wind, LLC in north-central Texas. White dots 
indicate the locations of turbines and white lines show existing gravel roads. The location 
of mobile acoustic transects conducted from 2011 to 2013 are shown in red, transects in 
orange were conducted in 2011 and 2012 only, and transects conducted in 2013 only are 
shown in light blue.  

2.2. Resource Hotspot Mapping 

We built a species-specific resource map for each of the six bat species known to be present at 
Wolf Ridge: Lasiurus borealis, Lasiurus cinereus, Lasionycteris noctivagans, Perimyotis subflavus, 
Nycticeius humeralis, and Tadarida brasiliensis. To do this, we first mapped in ArcGIS version 10 (ESRI, 
Redlands, CA, USA) four of the known resources required by each species (i.e., water, foraging sites, 
roosting sites, and commuting routes). These represent resources that have been and are commonly 
used to identify important features and/or suitable habitat for bats in pre-construction surveys to 
inform proposed developments such as roads, housing, wind energy facilities, and other types of 
land-use change [1]. We did not, however, consider mating opportunities in this mapping exercise as 
little is currently known about this life history stage in the bats at our study site [27,30]. In the 
following sub-sections, we describe the construction of each resource map layer and finally the 
development of a resource hotspot map for each species. 

2.3. Water Sources 

As all six focal species appeared to drink from still- and slow-flowing water sources [27], we 
created a single map layer for this resource. In this polygon-based layer, we mapped all potential 
water sources available to bats in a ~106 km2 area, which included a 1 km buffer area from all the 
wind turbines. We selected this distance to ensure we had adequately encompassed the entire wind 
resource area. Water bodies across the site comprised 178 artificial stock ponds ranging from 410 to 
13,436 m2 in surface area (mean ± SD = 2057 ± 1598 m2) and a concentration of streams within the 
riverines to the north of the site [11,31,32]. From behavioral surveys at stock ponds at the site and 

Figure 1. Map of study site at Wolf Ridge Wind, LLC in north-central Texas. White dots indicate
the locations of turbines and white lines show existing gravel roads. The location of mobile acoustic
transects conducted from 2011 to 2013 are shown in red, transects in orange were conducted in 2011
and 2012 only, and transects conducted in 2013 only are shown in light blue.

2.2. Resource Hotspot Mapping

We built a species-specific resource map for each of the six bat species known to be present
at Wolf Ridge: Lasiurus borealis, Lasiurus cinereus, Lasionycteris noctivagans, Perimyotis subflavus,
Nycticeius humeralis, and Tadarida brasiliensis. To do this, we first mapped in ArcGIS version 10 (ESRI,
Redlands, CA, USA) four of the known resources required by each species (i.e., water, foraging sites,
roosting sites, and commuting routes). These represent resources that have been and are commonly
used to identify important features and/or suitable habitat for bats in pre-construction surveys to
inform proposed developments such as roads, housing, wind energy facilities, and other types of
land-use change [1]. We did not, however, consider mating opportunities in this mapping exercise as
little is currently known about this life history stage in the bats at our study site [27,30]. In the following
sub-sections, we describe the construction of each resource map layer and finally the development of a
resource hotspot map for each species.

2.3. Water Sources

As all six focal species appeared to drink from still- and slow-flowing water sources [27],
we created a single map layer for this resource. In this polygon-based layer, we mapped all potential
water sources available to bats in a ~106 km2 area, which included a 1 km buffer area from all the wind
turbines. We selected this distance to ensure we had adequately encompassed the entire wind resource
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area. Water bodies across the site comprised 178 artificial stock ponds ranging from 410 to 13,436 m2 in
surface area (mean ± SD = 2057 ± 1598 m2) and a concentration of streams within the riverines to the
north of the site [11,31,32]. From behavioral surveys at stock ponds at the site and drinking surveys in
a controlled bat flight facility (unpublished data), we know that all six species can drink from ponds
with uncluttered surfaces >15 m2 in area), so we did not include ponds smaller than this in the layer
(see also [11]). We used aerial photographs to determine the location of individual stock ponds and
available GIS maps delineating water drainages (available on nationalatlas.gov) to identify potential
streams. As all water sources tended to be ephemeral in nature at our site, particularly during the
summer months, we ground-truthed each water source to confirm its presence and location between
July and September in 2011 and 2012. For this exercise, we used a handheld Trimble GeoExplorer
5 Series (Trimble Navigation Limited, Sunnyvale, CA, USA) with ArcPad v.10.

2.4. Roosting Sites

From the available literature, each of the focal species appeared to have different roost site
preferences (see Table 1, includes citations). We therefore created a point-based map layer for this
resource for each species separately. To build the six roost map layers, we conducted a survey
on-foot across the aforementioned ~106 km2 area in which we recorded the locations of all features
in the landscape that provided a potential roost site for bats. Features included trees, dead standing
wood, buildings, log piles, brush piles, other human-made structures, rock piles, and rock crevices.
No caves or mines were known to be at the site. We used a handheld Trimble GPS to record the
location of each feature and listed the characteristics that made that feature suitable for roosting bats.
For example, for trees and dead standing wood, we recorded the presence of broken branches, cavities
in branches, cracks in branches, loose bark, cracks in the trunk, cavities in the trunk, woodpecker holes,
and thick-stemmed creeping vegetation. For buildings and other human-made structures, we recorded
characteristics such as gaps in wood panels, stone work, and architrave, as well as an accessible roof
cavity, chimney, loose roof tiles, and basement. Furthermore, we recorded any evidence of roost-use by
bats such as urine staining, feces, and the presence of roosting bats. We conducted these field surveys
from July to September in 2011 and 2012.

Once all potential roost sites were collated in a single GIS point-based shape file, we created
species-specific roost map layers by selecting only features and characteristics that were suitable
for each species as listed in Table 1. As we used known roosting preferences, it is possible that not
all potential roosting sites were identified. However, as these preferences represent the majority of
potential roosts for each species, we anticipated that any unknown sites would not substantially
alter the resource availability maps, including the position of resource hotspots. We assumed that
the more characteristics a feature had, the more roosting opportunities would be available for a
particular species. Each feature was therefore given a species-specific score based on the number of
characteristics available for a specific species (i.e., one point was given for each characteristic present
on a feature). For example, a tree with woodpecker holes and a cavity in the trunk was given a score of
2 for Lasionycteris noctivagans, and for species known to only roost among the foliage of trees, such as
Lasiurus borealis and Lasiurus cinereus, a generic score of 1 was given for each tree present.

nationalatlas.gov
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Table 1. Potential roost sites commonly selected by each of the six bat species known to be present at
Wolf Ridge Wind, LLC, in north central Texas, USA. Data sources for roost sites [27,33,34].

Potential Roost Sites Lasiurus
borealis

Lasiurus
cinereus

Lasionycteris
noctivagans

Perimyotis
subflavus

Nycticeius
humeralis

Tadarida
brasiliensis

On branches X
In foliage X X X X

Cavities in trunk X X X
Cracks in trunk X

Cavities in branches X X X
Cracks in branches X
Broken branches X

Woodpecker holes X X
Loose bark X X

Thick stemmed creepers X
Rock crevices X X

Buildings X X X X

2.5. Foraging Sites

From the available literature, each of the focal species appeared to have different foraging
preferences [27]. Using ground-truthed high-resolution aerial photographs of the site, we created one
polygon-based map layer for this resource for each species. As Lasiurus borealis are generally found
foraging along forest edges and in woodland clearings beneath the tree canopy [27,35,36], we created a
representative foraging buffer around all available edge woodland habitat, inside woodland clearings,
along trails, stream corridors and roads through the interior of the woodland habitat, and along intact
tree lines branching from woodland habitat [37]. For Lasiurus cinereus, which tend to forage above the
forest canopy and along the woodland edge, we included all woodland habitat and a buffer around
the edge of this habitat type [27,38]. Similarly, as Lasionycteris noctivagans typically forage in and near
wooded habitat and around water sources, we created a foraging map layer that included all woodland
habitat and water sources and a buffer around the edge of the woodland habitat and accessible water
sources (see commuting routes below) [27,36,38]. For Perimyotis subflavus, which are known to forage
along woodland edges and near solitary mature trees, we included small patches of trees and tree
lines in addition to the buffer around woodland habitat as Perimyotis subflavus are thought to venture
into more open habitat if large mature trees are nearby [27,33,39]. As Nycticeius humeralis are known to
forage above the tree canopy and from edges of woodland habitat, as well as into remnant agricultural
fields near woodland edges, we created a foraging map layer that included all woodland habitat
and a buffer around the edge of that habitat type [27,40,41]. Finally, as Tadarida brasiliensis forage on
swarms of high-flying invertebrates that are not associated with a particular habitat type, we created a
foraging map layer for this species that encompassed the entire study site [27]. With the exception
of Tadarida brasiliensis, none of the other focal species were known to readily forage in open habitats.
Although the exact distance is not yet known and will vary by species and with local environmental
conditions, studies indicate that edge species, such as those found at our site, tend to venture no further
than 40 m into open habitat [38,42]. The buffers included in our foraging map layers were, therefore,
set to extend 40 m from suitable habitat edges to encompass the majority of potential foraging areas.

2.6. Commuting Routes

In order for bats to get to and from foraging sites, roosts, and water sources, they commonly use
commuting routes [43]. These routes tend to follow linear features in the landscape, which not only
allow the bats to reach known resources quickly and efficiently, but also offer some level of protection
from predators [44]. Using a handheld Trimble GPS and available aerial photographs, we conducted a
survey on-foot across the entire wind resource area to record the locations of all potential commuting
routes available to bats. These included intact tree lines, woodland edges, canopy-covered dirt and
gravel trails, stream corridors, and roads through the interior of the woodland habitat [17,37,44]. As the



Diversity 2018, 10, 44 6 of 19

use of such features has been observed among a wide range of bat species, including many of our
focal species [17], we created a single polygon map layer for all species at our study site, with the
exception of Tadarida brasiliensis. For this species, a commuting resource map was not created because it
is unlikely that commuting corridors would be used to reach the heights at which this species forages.

2.7. Species-Specific All-Encompassing Resource Map

All polygon-based map layers (the water sources, foraging sites, and commuting route layers)
were converted to point-based map layers using the ‘fishnet’ tool in ArcGIS (i.e., a single point
was created in each 1 m by 1 m cell making up each polygon). For each species, we combined the
applicable resource point-based map layers (4 resource layers for all species with the exception of
Tadarida brasiliensis which had 3 layers only) to produce a single composite shape file (i.e., if there were
two potential roost sites, a water source, and a foraging site in a 1 m2 cell, there would be 4 points
in that cell). Note that a 1 m2 cell is likely to only include a section or portion of a commuting route,
foraging site or water source, and not, for example, encompass a water source in its entirety. We then
used an ArcGIS tool known as ‘point statistics analysis’ to sum the number of point locations within all
the 1 m2 cells across the entire wind resource area. We used these summed values to build raster maps
for each focal species, delineating where available resources were concentrated. These species-specific
resource hotspot maps ranged in color from white, representing the highest density of points recorded
in a 1 m2 cell as a result of our mapping exercise, to black, in which no resources were present. Lastly,
to compare resource availability for each species with fatality and acoustic activity (see below), we used
the highest density of points recorded in a cell within successive 25 m radius annuli extending from
each wind turbine out to 200 m. Thus for each species, we had 8 distance-related resource variables.
For this, we ranked the point densities within each species-specific resource hotspot map from 0 (black)
to 150 (white). Hotspots were also defined as areas ranked in 100 to 150 range.

2.8. Fatality Searches

In this analysis, we included data collected during standardized fatality searches from
July-September 2009 to 2013 at a subset of the wind turbines at Wolf Ridge that were operated
using the manufacturer’s cut-in speed of 3.0 m/s. We selected this period as it coincides with the
fall migration of bats through the area [45] and 95% of bat carcasses have been recovered during this
3-month period [28]. Using a team of 2 to 3 field technicians, we searched for bat carcasses using a
1–2 day search interval at 10 to 16 of the 75 wind turbines in each of the five years (n = 28 turbines in
total). These 28 turbines were selected because they were broadly distributed across the wind farm
and had a high proportion of searched area that consisted of gravel, bare ground, and low vegetation
(<15 cm) within 60 m of the turbine tower and were free of trees, shrubs, or other large obstructions
within 60 m of the turbine. In 2009 and 2010, search plot was 1.13 ha (ca. 60 m radius). Based on the
observed carcass fall distribution from wind turbines in 2009 and 2010 (data not shown), we reduced
the search plot to 0.38 ha (ca. 35 m radius) in 2011 to allow us to search for bats at a larger number of
turbines as part of an operational curtailment study conducted from 2011 to 2013 (unpublished data).
The fatality data from 2011 to 2013 are from the control turbines only (i.e., those that were operated at
the manufacturer’s cut-in speed of 3.0 m/s) and, therefore, comparable to the turbines searched in
2009 and 2010. In all years, the search order of turbines was rotated between searches.

During each plot search, we attached and then fully extended either a 60 m (2009 and 2010),
35 m (2011 and 2012), or 45 m (2013) rope from the base of the wind turbine tower. In all searches,
the technicians would position themselves at the distal end of the rope, and holding the rope taut,
they would then walk slowly while scanning the ground for carcasses. During the search, the rope
would wind around the tower and the search ended when the most distal technician reached the
turbine tower base. The search direction (clockwise vs. counter-clockwise) and attachment point of the
rope to the wind turbine tower (0–89◦, 90–179◦, 180–269◦, and 270–359◦) were rotated between searches.
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Upon discovery, the location of each bat carcass was marked with a 12 inch pin flag. After the
search was completed, we then processed the bat carcasses that were found and recorded the date,
turbine number, time of day, carcass location (distance and azimuth from the tower), estimated time
since death, species (confirmed by DNA barcoding) [46], and sex (confirmed by PCR) [47]. We also
conducted searcher efficiency and carcass persistence trials throughout the fatality monitoring periods,
as the data collected from these trials are commonly used to estimate fatality rates at the level of the
entire wind farm by adjusting carcass counts for the proportion of carcasses that remain undetected,
e.g., [48,49]. As these correction factors are not estimated on an individual turbine basis, we do not
include these data in this study because we used unadjusted carcass counts per turbine as the response
variable in our analyses (see below).

For each species at each turbine, we calculated a fatality index (FI) by dividing the total number of
carcasses found during standardized fatality searches by the total number of searches conducted over
this five-year period. We excluded turbines with fewer than 12 standardized searches per year from
the analysis. In total, 3562 turbine searches were included in this analysis. The mean ± SD number
of searches per turbine per year was 54.6 ± 15.3 (Range: 23 to 81 searches). Most turbines (n = 16
of 28) were searched in 2 of the 5 years (Range: 1 to 5 years). Note that the FI values we calculated
do not attempt to provide an estimate of the total bat fatality at this site; rather, the FI values allow
us to compare relative levels of observed fatality among the surveyed turbines. Therefore, we do not
provide estimates of fatality that are adjusted for biases such as searcher efficiency and scavenger
removal rates.

2.9. Acoustic Activity Monitoring

From July to September 2011, 2012, and 2013, we undertook acoustic transect walks (i.e., mobile
transects) along the gravel roads adjacent to wind turbines at Wolf Ridge Wind. In 2011 and 2012,
we surveyed 10 1-km transects that encompassed approximately 60% of gravel roads within the wind
energy facility (Figure 1). In 2013, we modified three of the 10 transect routes to allow us to survey an
additional 20% of the gravel roads adjacent to more wind turbines (Figure 1). Thus, 50 of the 75 wind
turbines present at the site were included in these surveys. During the survey season, we walked
each transect once every two weeks and surveyed two separate transects simultaneously in a night.
Transects started at dusk and continued for three hours in order to capture the primary foraging
period of the bat species known to be at the site [50]. The full length of each transect was walked six
times in this 3 h period with two field surveyors keeping to a relaxed steady pace. One surveyor was
equipped with a D240x Pettersson acoustic bat detector (Pettersson, Sundsvall, Sweden), headphones,
and a TASCAM DR-40 handheld recorder, while the other surveyor carried a handheld eXplorist
Pro 10 Magellan GPS. We set the bat detector at a frequency of 40 kHz for bat echolocation calls to
be audible from 10 kHz to 80 kHz (i.e., within the frequency range of species known to be at the
site). We also set the detector to store a loop buffer of 3.4 s, equating to a 34 s recording in time
expansion (.wav format). When an echolocating bat was heard on the detector, the first surveyor
would record the call. During the 34 s recording time, the surveyor would continue to walk at a slow
steady pace. We adopted this strategy to ensure that bat activity was surveyed evenly across the entire
transect. The second surveyor would record the location of the bat detected, time, surveyors present,
and date using a custom-built automated form created in ArcPad 10 on the GPS unit. The recorded
calls were then manually identified to species where possible using Sonobat version 3.03. A GPS map
layer was then created in ArcGIS with the locations of recorded calls (hereafter referred to as bat
passes) along each transect. Note that the bat detectors only effectively recorded bat echolocation
calls within a ~20 m radius of the surveyor, essentially at or near ground level. While this detection
range does not encompass all bat activity in the wind farm, and it certainly does not capture activity at
heights within the rotor-swept zone, it did allow us to determine whether the distribution of known
resources influenced bat activity in proximity to wind turbines (i.e., with the exception of foraging in
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the Tadarida brasiliensis, all of the water sources, foraging areas, roosting sites, and commuting routes
identified in the mapping exercise were within 20 m of the ground).

For each species at each turbine included in the mobile transects (n = 50 turbines), we calculated
an activity index (AI) by dividing the total number of bat passes by a measure of “surveyed turbine
area” and the number of times the turbine was surveyed over the three-year period. To calculate the
“surveyed turbine area” for each turbine, we first used ArcGIS to create a circle 5542 m2 centered on
the turbine that reflected the size of the rotor-swept zone (blade length = 42 m). Second, we calculated
the area of the mobile transect that was effectively surveyed during the acoustic survey at each turbine
by multiplying the length of the gravel road within the above described turbine area by 2 times the
detection range of the acoustic equipment (i.e., 20 m on either side of the surveyor as they walked the
transect). Third, we divided the mobile transect area by the turbine area (i.e., 5542 m2) to estimate the
proportion of area around each turbine that was surveyed for acoustic bat activity, i.e., the “surveyed
turbine area”. For the 50 turbines included in these surveys, the mean ± SD proportion of surveyed
turbine area was 20 ± 5 (Range: 10 to 25).

To calculate the total number of bat passes for each species for each turbine, we first used ArcGIS to
create a 20 m buffer around each bat pass to represent the effective detection range of the bat detectors.
We then summed the total number of bat pass buffers that intersected the mobile transect area for each
turbine. In this manner, we were therefore able to assign individual bat passes representing relative
abundance of activity to individual turbines. Finally, to calculate the AI values, we then divided
the total number of bat passes by the proportion of area surveyed and the total number of transect
walks. For example, if 5 bat passes from species A were recorded at turbine Y (with a proportion
of area surveyed equal to 0.10) in 12 transect walks, then AI would equal 4.2. In contrast, if 5 bat
passes from species A were recorded at turbine X (with a proportion of area surveyed equal to 0.60) in
12 transect walks, then AI would equal 0.7. Larger AI values indicate more species-specific acoustic
activity compared to smaller AI values. Thus, the resulting AI provided a measure of bat activity for
each species at each turbine weighted by search effort over the 3 survey years.

2.10. Analysis

In our analysis, we explored three potential relationships for each of the six bat species separately:
resources versus fatalities, fatalities versus activity, and activity versus resources. As the activity and
fatality indices calculated for each species separately were not normally distributed, we use Spearman’s
rank correlation coefficients to estimate the strength and direction of each relationship using Minitab
Statistical Software (v. 18.1 Minitab, Inc., State College, PA, USA) with α = 0.05.

3. Results

Resource mapping revealed that Wolf Ridge has concentrations of suitable resources for each of the
six species known to be in the area, as well as areas with little or no available resources for each species
(Figure 2). For example, resource hotspots (i.e., cells depicted in white) for Lasionycteris noctivagans
(Figure 2c) were located to the north of the turbines extending from the western boundary of the wind
resource area toward the north-central boundary, with few to no resources in the southernmost and
southeastern part of the study area. In contrast, resources were more evenly distributed across the
wind farm for Tadarida brasiliensis, with the exception of a few resource hotspots located at some of
the larger stock ponds (Figure 2f). At the 58 turbines that were included within the acoustic transects
walks and/or searched for bat carcasses in this analysis, resource availability within 200 m of the
turbines ranged from 0 to 150 (where 150 was the maximum possible value) for Lasiurus borealis
(mean ± SD = 102 ± 48), Lasiurus cinereus (mean ± SD = 87 ± 45), Lasionycteris noctivagans
(mean ± SD = 88 ± 53), and Nycticeius humeralis (mean ± SD = 118 ± 32). For Perimyotis subflavus
resource availability ranged from 40 to 140 (mean ± SD = 103 ± 32), and for Tadarida brasiliensis
resource availability ranged from 80 to 140 (mean ± SD = 92 ± 16).
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Figure 2. Composite raster maps delineating the availability and distribution of 4 resources (water
sources, roosting sites, foraging sites, and commuting routes) for 5 bat species (panels (a–e)) at Wolf
Ridge Wind, LLC in north-central Texas. For the bat species in panel (f), commuting routes were not
included in the composite raster map (see methods for additional details). Any black within the wind
resource facility depicts areas with no known available resources and areas in white show resource
hotspots. Wind turbine locations are shown in blue and gravel roads are shown as white lines.

We recovered 712 bat carcasses during the standardized carcass searches at these turbines from July
to September in 2009 to 2013. Carcasses from all six species known to be in the area were found, including
Lasiurus borealis (n = 406 bats), Lasiurus cinereus (n = 230 bats), Lasionycteris noctivagans (n = 3 bats),
Nycticeius humeralis (n = 29 bats), Perimyotis subflavus (n = 22 bats), and Tadarida brasiliensis (n = 20 bats).
Due to DNA degradation, an additional 2 bat carcasses were unidentifiable to species. At the 28 turbines,
bat fatality rates varied with observed FI ranging from 0 to 0.39 (mean ± SD = 0.18 ± 0.11 bats per
turbine per search) over the five-year period (Figure 3). Two migratory tree bats, Lasiurus borealis and
Lasiurus cinereus, had the highest observed FI values at this site (Figure 3a,b).
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We conducted 282 mobile acoustic transects from 2011 to 2013 with an average of 4.5 bat passes
(SD = 2.25) recorded per transect (range: 0 to 29 bat passes). A total of 1195 bat passes were recorded,
and 201 of these occurred within an area equivalent to the extent of the rotor-swept zone extent of the
wind turbines (hereafter referred to as the turbine area). We were able to identify 1098 bat passes to
species: 580 bat passes from Lasiurus borealis (18.3% within the turbine area), 4 bat passes from Lasiurus
cinereus (0% within the turbine area), 133 bat passes from Lasionycteris noctivagans (13.5% within the
turbine area), 252 bat passes from Nycticeius humeralis (17.8% within the turbine area), 88 bat passes
from Perimyotis subflavus (8.0% within the turbine area), and 40 bat passes from Tadarida brasiliensis
(10% within the turbine area). At the 49 turbines encompassed by the acoustic transect walks, bat
activity rates varied with observed AI ranging from 0 to 2.12 (mean ± SD = 0.60 ± 0.46 bat passes
per turbine per search) over the three year period (Figure 4). Acoustic activity levels were highest for
Lasiurus borealis (Figure 4a) and Nycticeius humeralis (Figure 4e).
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Figure 3. Fatality index (FI) rates for 6 bat species at a select number of wind turbines at Wolf Ridge
Wind, LLC in north-central Texas that were searched from July–September 2009–2013. The FI for each
species at each turbine is the number of carcasses found during standardized fatality searches divided
by the total number of searches conducted over this three-year period (see methods text for additional
details). The larger the white circle at each turbine location, the higher the FI was for that species.
Base maps comprise the resource maps created for each species.
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Figure 4. Activity index (AI) rates for 6 bat species detected during mobile transect walks near wind
turbines at Wolf Ridge Wind, LLC in north-central Texas from July–September 2011–2013. The AI for
each species at each turbine is the number of bat passes recorded in mobile transects surveys within
20 m of the turbine divided by the total number of transects over this three-year period (see methods
text for additional details). The larger the white circle at each turbine location, the higher the AI was
for that species. Base maps comprise the resource maps created for each species.

3.1. Resources versus Fatalities

The results of the correlation analyses showed that fatalities were not positively associated
with resources for any of the six species at Wolf Ridge (Table 2). In fact, Perimyotis subflavus
showed a significant negative relationship between fatalities and resource availability <25 m
from the turbines. When we examined the composite resource availability raster maps, fatalities
of Lasionycteris noctivagans, Perimyotis subflavus, Nycticeius humeralis, and Tadarida brasiliensis
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predominantly occurred in areas with species-specific resources (Figure 3). Even for Tadarida brasiliensis,
which appeared to have available resources distributed consistently across the wind resource facility,
all 12 fatalities occurred within 100 m of a building or structure identified as a suitable roost site for the
species. In contrast, the two species of migratory tree bats comprising the highest numbers of fatalities
at our site had numerous fatalities at wind turbines in which the surrounding area had no resources
(see black areas in Figures 2 and 3). Among Lasiurus borealis and Lasiurus cinereus, 33% and 27% of
the fatalities, respectively, occurred at turbines with few or no resources (i.e., with resource values
between 0 and 50) within 200 m.

Table 2. Statistical analysis of the relationship between species-specific bat fatalities at wind turbines
and resource availability within 4 of the 8 25 m radius annuli extending from wind turbines at Wolf
Ridge Wind, LLC in north-central Texas.

Distance Annuli from Wind Turbine (m)

25 75 125 175

Lasiurus borealis
rS −0.250 −0.271 −0.336 −0.301
P 0.199 0.163 0.080 0.119

Lasiurus cinereus
rS −0.061 −0.038 −0.062 0.028
P 0.758 0.850 0.754 0.887

Lasionycteris noctivagans rS 0.259 0.276 0.180 0.237
P 0.183 0.155 0.360 0.224

Perimyotis subflavus rS −0.375 −0.308 −0.344 −0.323
P 0.049 * 0.110 0.073 0.094

Nycticeius humeralis rS −0.076 −0.037 0.044 0.103
P 0.702 0.853 0.822 0.604

Tadarida brasiliensis
rS −0.067 0.107 −0.117
P 0.736 0.587 0.555

* Indicates significance at α = 0.05, n = 28, and rS = Spearman’s rank correlation coefficient.

3.2. Fatalities versus Activity

Comparing fatalities with acoustic activity recorded in the turbine areas, we found no significant
relationship for all 6 species (Table 3). Note that as no Lasiurus cinereus acoustic calls were
recorded in the turbine area, we were not able to include this high-fatality species in the correlation
analysis. When we looked at these data for the wind energy facility as a whole, Lasiurus borealis,
Perimyotis subflavus, and Tadarida brasiliensis had proportionally similar levels of activity and fatalities
(Figure 5). The opposite pattern was observed for Lasionycteris noctivagans and Nycticeius humeralis
with proportionally more bat passes recorded in the turbine areas than fatalities.

Table 3. Statistical analysis of the relationship between species-specific bat fatalities and acoustic
activity recorded near wind turbine towers at Wolf Ridge Wind, LLC in north-central Texas.
Note rS = Spearman’s rank correlation coefficient and n = 28.

rS P

All species 0.269 0.266
Lasiurus borealis 0.357 0.133
Lasiurus cinereus No acoustic bat passes recorded

Lasionycteris noctivagans 0.051 0.835
Perimyotis subflavus 0.386 0.103
Nycticeius humeralis −0.099 0.686
Tadarida brasiliensis 0.163 0.505

n = 49, and rS = Spearman’s rank correlation coefficient.
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activity recorded within the RSZ buffers (white bars) at wind turbines at Wolf Ridge Wind, LLC
in north-central Texas.

3.3. Activity versus Resources

Both the correlation analyses (Table 4) and an examination of the raster maps (Figure 4) showed
no relationship between acoustic activity and resource availability for any of the six bat species at
Wolf Ridge. Moreover, 20% of Lasiurus borealis acoustic activity was recorded at wind turbines with
no known available resources within 200 m of those turbines. Finally, as no Lasiurus cinereus calls
were recorded during our mobile transect surveys, we were not able to include the species in the
correlation analysis.

Table 4. Statistical analysis of the relationship between species-specific bat acoustic activity at wind
turbines and resource availability within 4 of the 8 25 m radius annuli extending from each wind
turbine at Wolf Ridge Wind, LLC in north-central Texas.

Distance Annuli from Wind Turbine (m)

25 75 125 175

Lasiurus borealis
rS −0.192 −0.111 −0.036 0.048
P 0.187 0.447 0.809 0.743

Lasiurus cinereus
rS
P

No acoustic bat passes recorded

Lasionycteris noctivagans
rS 0.073 0.021 0.007 −0.043
P 0.616 0.886 0.962 0.767

Perimyotis subflavus rS −0.123 0.000 0.118 0.169
P 0.401 0.998 0.421 0.292

Nycticeius humeralis rS 0.003 0.010 −0.028 0.017
P 0.981 0.948 0.848 0.907

Tadarida brasiliensis
rS −0.041 −0.095 −0.104 −0.114
P 0.781 0.516 0.476 0.437

n = 49, and rS = Spearman’s rank correlation coefficient.
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4. Discussion

From this study, we determined that among the two species (Lasiurus cinereus and Lasiurus borealis)
that make up >90% of the fatalities recorded at Wolf Ridge, there was no significant positive
relationship between known resource availability (including resource hotspots) and bat fatalities.
Furthermore, ~30% of these fatalities were observed at wind turbines that appeared to have little to no
known resources for bats in the immediate vicinity; these turbines were located in open, short-grass,
cattle-grazed fields with no trees or shrubs within 200 m. These findings strongly suggest that mapping
known resources, as a pre-construction survey technique, is unlikely to be effectively used to inform
wind turbine siting intended to minimize fatalities of these two migratory species.

We also determined that among the 6 species at our site, there was no significant relationship
between fatalities and acoustic activity. Lasiurus borealis had both the highest numbers of fatalities
and acoustic bat passes recorded at the wind turbines; the high amount of acoustic activity recorded
at the wind turbines suggests that Lasiurus borealis was active at or near turbines, including those
situated away from resources. In comparison, low levels of Perimyotis subflavus acoustic activity within
the turbine area suggest that this species could be avoiding wind turbines or is not common at our
site. Similarly, the low levels of observed fatality and acoustic activity in Tadarida brasiliensis with no
correlation between the two variables, indicates that either this species was not common at our site
and/or they may be avoiding areas within ~50 m of wind turbines. The mobile transect data suggests
that the latter interpretation may be more likely for Tadarida brasiliensis as 90% of the acoustic activity
was recorded outside the RSZ buffers.

In comparison, we observed an opposite trend among Lasionycteris noctivagans and
Nycticeius humeralis, with proportionally more acoustic activity being recorded in the turbine areas
compared to fatalities. Thus, it would be interesting to determine whether both these species are coming
into close proximity with wind turbines, but they are not at risk of encountering wind turbine blades.
Studies have shown that within their home range, bats navigate relatively direct routes from their
roosts to quality foraging habitat patches, avoiding areas deemed risky [17,51]. Through such habitat
recognition, some species may avoid areas with risky features completely, while others, potentially
Lasionycteris noctivagans and Nycticeius humeralis, may be able to assess risk on a smaller scale and
simply avoid the immediate threat [52].

Finally, Lasiurus cinereus, which comprised the second highest number of observed fatalities, were
rarely detected acoustically during our mobile transects and not one bat pass was recorded within
~50 m of the turbines. However, in another survey at Wolf Ridge, acoustic data collected from bat
detectors placed on the nacelles of the wind turbine at our site not only confirmed that Lasiurus cinereus
were acoustically active at heights between 45 and 115 m, but that they were also the most commonly
recorded species from nacelle-height [53]. These contradictory results suggest that Lasiurus cinereus
are in proximity to wind turbines, essentially in the rotor swept zone, for reasons other than to utilize
the resources we measured in this resource mapping exercise. This idea is not a new one, as it is
supported by a number of studies that propose that migratory bats, such as Lasiurus cinereus, are
potentially attracted to the wind turbines themselves because they are perceived as providing one
or more resources for the bats [14,29].

Finally, our study revealed no relationship between known resource availability and acoustic
activity in the turbine area, suggesting that resources cannot be used to predict activity, or vice
versa, and, therefore, risk of fatality, particularly for our migratory species (Lasiurus cinereus and
Lasiurus borealis). This result may further indicate that certain species or even individuals avoid wind
turbines, while others are active near them despite the lack of resources in the immediate area. It may
also be a consequence of acoustic survey design and effectiveness. As previously mentioned, acoustic
bat detectors can be limited in their detection range and the timing of surveys, placement of detectors,
and species-specific detectability also influence data collection, thereby leading to highly variable
survey results [53,54]. Nevertheless, as these limitations were considered in our acoustic survey design
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to investigate whether bat activity in proximity to wind turbines was influenced by the presence
known resources, we believe that such factors did not influence the overall findings of the study.

Emerging guidelines for pre-construction surveys currently recommend that resource mapping
surveys focus on identifying significant wildlife habitat for bats, such as the area encompassing
hibernacula, maternity colonies, and migratory stopover areas [55]. The former two are effective
recommendations for those species that hibernate in known winter roosts, have colonial maternity
roosts, or both. Certainly, our study supports these recommendations, as suitable roost sites for
Tadarida brasiliensis were identified in close proximity to all the wind turbines where fatalities were
recorded. Furthermore, even though no statistical significance was found between resource availability
and fatality for Lasionycteris noctivagans, Perimyotis subflavus, or Nycticeius humeralis, all fatalities
of the species occurred in areas with resources. In fact, >60% of Perimyotis subflavus and >70% of
Nycticeius humeralis fatalities occurred at wind turbines near resource hotspots, and despite the small
sample size, all 3 Lasionycteris noctivagans fatalities were found in areas with a high concentration
of resources for this species. These results suggest that resource mapping, as a currently practiced
pre-construction survey technique, could be used effectively to guide wind energy facility siting for
the aforementioned species as it is for bird and other wildlife species of conservation concern [10].

It is important to note, however, that Lasionycteris noctivagans, is one of three migratory
tree-dwelling species consistently reported in the majority of bat fatalities at wind energy facilities in
North America along with Lasiurus cinereus and Lasiurus borealis, reviewed in [56,57]. Although there
is currently a need to gain a better understanding of migration routes, their summer and winter
destinations, and the environmental cues that trigger migration, we do know these species make
relatively long distance seasonal movements across North America during the spring (March to
April) and fall (July to September) [4,58,59]. Yet at our site, while the latter two species make up
the majority of fatalities during these periods, Lasionycteris noctivagans represents the least recorded
species in the fatality-monitoring surveys we have conducted to date. These results suggest that either
Lasionycteris noctivagans does not migrate through our site in north-central Texas, or it was not migrating
through our site when we were conducting fatality monitoring surveys (beginning of July to the end
of September). In contrast, as Lasionycteris noctivagans was consistently recorded in weekly acoustic
surveys throughout our site, these results suggest that there is a population of individuals that remain
in the area during the entire summer activity period (i.e., residents, not migrants passing through).
Moreover, we consistently recorded all 6 of the species known to be at the site in acoustic monitoring
during this summer activity period (March to October) and observed additional peaks in acoustic
activity during this time among Lasiurus cinereus and Lasiurus borealis corresponding to spring and
fall migration periods (unpublished data).

Nevertheless, our study demonstrated that bats during migratory season are not necessarily
coming into close proximity to wind turbines as a result of nearby resources, such as trees and water
sources. These results alone indicate that migrating bats are either flying at heights within the RSZ as
they migrate through the area or these bats are specifically coming into close proximity to the wind
turbines. Increasing evidence suggests that bats, migrating bats in particular, may be active at wind
turbines because they perceive the turbines to provide a resource, such as a roost or mating site [14].
If this is the case, then current pre-construction surveys would not be able to predict potential activity
or inform wind turbine siting effectively.

5. Conclusions

The challenge is to identify resources that are necessary for migrating individuals, particularly
as we are currently unable to predict with certainty where migratory routes or stopover areas may
be [4,22,53]. For our study, we focused primarily on mapping resources, such as foraging, commuting,
and roosting sites that were all commonly associated with resident individuals. It is, therefore, perhaps
not surprising that bats during the migratory season did not require these types of resources. Based on
these results, resource mapping could potentially be effective for resident individuals, which may
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explain why about half of the Lasiurus cinereus and Lasiurus borealis fatalities were found in areas with
resources, and the remainder were found in areas with little to no known resources; these may represent
resident and migrating individuals, respectively. To explore this idea further, it may be possible to
use stable isotope techniques to identify fatalities as either resident or migratory individuals [60].
Thus, future studies could focus on determining the resources that migratory bats need, whether they
are in close proximity to wind turbines, provided or perceived to be provided by the wind turbines
themselves, or some combination of these factors [29]. Also, we potentially need to consider that other
factors or events at a scale larger than the wind resource area are channeling or guiding migratory
bats to wind turbines, such as landscape topography and the presence or absence of large trees on the
landscape [14,58]. Then once identified, minimization strategies aiming to reduce bat fatalities could
be designed more effectively to target these factors (i.e., the ultimate causes of bat fatalities).
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