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a b s t r a c t

Although the activity patterns of bats are recognized to vary widely, both, temporally and
spatially, the underlying drivers for those patterns remain poorly understood. Presently,
studies focusing on foraging bat ecology have only generalized activity and influence of the
environment (across sampling periods, sampling nights, or seasons). The influence of
environmental features on foraging bat activity on a finer temporal scale (e.g., throughout
a single sampling night) is markedly less studied. The recent emergence of Pseudo-
gymnoascus destructans, a cold-adapted fungus and the causative agent of white-nose
syndrome (WNS), has led to the precipitous declines in North American bat populations
since its arrival in 2006. P. destructans has been recently documented in 10 Texas counties
and, although WNS primarily affects hibernation cycles, it is recognized to have significant
detrimental impacts on summer bat activity. It is imperative we understand and provide a
baseline of summer bat activity patterns prior to the arrival of WNS to better manage and
protect these, relatively understudied, populations of bat species in south Texas. We used a
mixed model approach and acoustic monitoring to quantify how shrub density, canopy
height, distance to water, roads, and bare ground coverage influenced nightly foraging
activities of four summer resident bat species in south Texas: Eastern Red Bat (Lasirius
borealis), Cave Myotis (Myotis velifer), Evening Bat (Nycticeius humeralis), and Brazilian
Free-tailed Bat (Tadarida brasiliensis). Total bat activity peaked at 2:00-a for all species
included in our study. A secondary, smaller peak was notable between 5:00-a and 6:00-a
and activity decreased sharply immediately following 6:00-a. However, the trend for total
bat activity differed substantially from trends exhibited by the individual species. Eastern
red-bats and Evening bats exhibited bimodal nightly activity patterns and showed variable
associations with water proximity whereas Cave bats and Brazilian free-tailed bats
exhibited unimodal activity patterns and strong associations with canopy height and
roads. Our results support the concept that insectivorous bats partition resources,
temporally and spatially, in the presence of other sympatric species.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Effective, science-based management requires a sound understanding of activity patterns and the factors that drive those
patterns (Bender and Hartman, 2015). Foraging activities of North American insectivorous bats are documented to differ
seasonally, among species, age classes, and reproductive status (Barclay, 1991; Clare et al., 2011; Hamilton and Barclay, 1998).
Although the activity patterns of bats are recognized to vary widely, both, temporally and spatially, the underlying drivers for
those patterns remain poorly understood (Bender and Hartman, 2015). For example, certain environmental features, such as
illuminated buildings, roads, and stream channelization, are known to depress bat activity possibly due to the decrease or
dispersion of prey available to insectivorous bats (Berthinussen and Altringham, 2012; Boldogh et al., 2007; Conlin, 1976).
Presently, studies focusing on foraging bat ecology have provided insight on large-scale patterns of activity and influence of
the environment (across sampling periods, sampling nights, or seasons). The influence of environmental features on foraging
bat activity on a finer temporal scale (e.g., throughout a single sampling night) is markedly less studied. Furthermore, studies
are conflicted in defining the unimodal or bimodal nature of bat activity patterns because they vary substantially across
geographic regions even among the same species, environmental conditions, and season (Brown, 1968; Davis and Dixon,
1976; Erkert, 1974; Kunz, 1974; Fenton et al., 1977; Gehrt and Chelsvig, 2004). These studies have suggested temporal
resource partitioning among insectivorous bats as an underlying mechanism to describe such variable foraging activity
patterns among species, particularly in temperate and tropical latitudes where bat biodiversity is high (Adams and Thiabault,
2006; Emrich et al., 2014).

Because of its size and geographic location, Texas has the greatest number of bat species than any other US state (Schmidly,
1994). However, of the 9522 scholarly contributions made to the growing body of scientific literature regarding North
American bats since 1950, only 324 of those have discussed Texas bats, specifically. The recent emergence of Pseudo-
gymnoascus destructans, a cold-adapted fungus and the causative agent of white-nose syndrome (WNS), has led to the
precipitous declines in North American bat populations since its arrival in 2006 (Foley et al., 2011; Lorch et al., 2011; U.S. Fish
andWildlife Service, 2012). P. destructans has been recently documented in 10 counties across the state of Texas (unpublished
data) and, although WNS primarily affects hibernation cycles, it is recognized to have significant detrimental impacts on
summer bat activity (Brooks, 2011; Dzal et al., 2011; Ford et al., 2011). Changes in activity levels and patterns of bats have been
used to identify impacts of disease (primarilyWNS) and other anthropogenic factors (e.g., installation of wind turbines; Cryan
et al., 2014; Grider et al., 2016). It is imperative we understand and provide a baseline of summer bat activity patterns prior to
the arrival of WNS to better manage and protect these, relatively understudied, populations of bat species in south Texas.

Our objective was to quantify how shrub density, canopy height, distance to water, roads, and bare ground coverage
influenced nightly foraging activities of four summer resident bat species in south Texas: Eastern Red Bat (Lasirius borealis),
Cave Myotis (Myotis velifer), Evening Bat (Nycticeius humeralis), and Brazilian Free-tailed Bat (Tadarida brasiliensis). We sought
to understandwhat impact, if any, these environmental features have on the presence of these bat species, particularly during
crucial foraging hours.

2. Material and methods

2.1. Study site

We conducted our study on the East Foundation's 61,000-ha San Antonio Viejo Ranch (SAV), located approximately 25 km
south of Hebbronville, Texas in Jim Hogg and Starr counties (Fig. 1). SAV is locatedwithin the South Texas Plains ecoregion and
is managed predominantly as a cow-calf operation. Vegetation composition and structure within our study area is charac-
teristic of this ecoregion and consists of a mosaic of grassland and thornscrub. Mean annual temperaturewithin our study site
is 22.6 C� and mean annual precipitation is 502.5mm (PRISM Climate Group, 2018). Mean monthly temperature during our
study period (JuneeSeptember 2017) was 29.6 C� with a maximum daily high of 42.2 C� (PRISM Climate Group, 2018). Mean
monthly precipitation during our study period was 29.2mmwith a maximum daily high of 27.7mm (PRISM Climate Group,
2018).

2.2. Field collection and sampling methods

We randomly generated 43 sampling sites, stratified by vegetation type, across SAV (Fig. 1). We spaced all sampling lo-
cations a minimum of 400m from ranch or pasture boundaries and a minimum of 1 km from other sampling locations and
assumed this resulted in samples independent from each other. We were primarily interested in the foraging habits of
summer resident bats; thus, we sampled June through September in 2017.

We quantified bat activity by summing passes per hour using acoustic detectors and classifying those calls by species. We
defined “pass” according to the standard terms proposed by Kunz and Gustafson (1983), in which one pass by one individual
through air space constitutes a bat pass. In this study, we infer bat activity from the number of passesWe recorded ultrasonic
bat calls using Pettersson D500X Mk II real-time full spectrum detectors (Pettersson Elektronik, Uppsala, Sweden). We used
external microphones connected by 7.62m (25 ft) long microphone cables and extended to approximately 0.5m above the
canopy of the surrounding vegetation using a telescoping extension pole. We directed the microphones approximately 30�

above horizontal and in a northwesterly direction because prevailing winds from the southeast can trigger the detector to



Fig. 1. Locality and representation of study site, East Foundation's San Antonio Viejo Ranch, in south Texas. Acoustic bat detector locations for 2017 sampling are
also represented.
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record and interferewith the recording of actual bat calls.We surveyed each site for aminimumof 5 consecutive nights before
moving detectors (Law et al., 2015; Skalak et al., 2012). If a detector did not successfully record, we assessed the number of
successful recording nights and continued sampling until five nights were recorded. We defined a successful night as a night
without rain and when equipment did not fail due to dead batteries, corrupt data cards, or unknown reasons. Once all sites
were visited, we conducted a second visit to each site for 5 additional successful nights within 3 weeks of the initial sampling
period.

Detector settings: On each sampling night, we ran detectors from 15min before sunset to 15min after sunrise using the
relative timer function on the detector. The relative timer function estimates approximate times of sunrise and sunset based
on geographic location. We adjusted detector input volume (gain) on a case by case basis because wind and other envi-
ronmental factors could trigger unwanted recordings and deplete detector battery life. We set the volume at which a sound
would be recorded (trigger level) to 80 dB because a typical bat calls at ~110 dB (Surlykke and Kalko, 2008) and wewanted to
detect bats that may call more quietly or indirectly to our microphones. We also programmed detectors to pause for 5 s
between recordings (interval) to discourage recording multiple sounds files during a single bat pass. We used a sampling
frequency of 500 Hz and turned off the low-frequency attenuation setting (high-pass) to sample the spectrum of frequency
ranges utilized by potential bat species on the ranches. Lastly, we adjusted the requirements for the duration of a bat call to
trigger a recording (trigger sensitivity) on a case by case basis due to wind and other environmental factors that may trigger
the detector. We predominantly used a “low” trigger sensitivity setting, because lower settings generally discriminate against
non-bat recordings.

Call classification:We attributed sounds files with meta-data that included site, detector, date, and time-stamp to organize
bat recordings prior to processing. We then filtered attributed sound files using the SonoBat 4.2 high-grade batch scrubber.
This ensured the clearest bat calls were isolated for species identification and reduced the number of ‘noise’ files that
generally included insect, wind, or feedback sound. We processed the filtered sound files using the SonoBat 4.2 regional
classifier. The SonoBat classifiers did not assign a species to recordings that contained more than one bat call. For sound files
containing more than one bat call, we manually vetted to assign a species classification based on candidate species suggested
by the software. Additionally, we manually vetted all automatic classifications made by the software to ensure identification
accuracy. We then summarized classified recordings by site, sampling night, and species.
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Vegetative data collection:We used vegetative height and density, distance towater, bareground coverage or clearings, and
roads as environmental correlates as these features are documented to be utilized by foraging insectivorous bats (Best and
Geluso, 2003; Menzel et al., 2005; Rosenstock et al., 1999). To address vegetative influence, we randomly generated 87
sampling locations, stratified by vegetation type, and each within 3 km of a bat detector deployment location, across the SAV
ranch in 2017. As part of a long-term grazing study, the 10 northern pastures of the SAV ranch (hereafter referred to as the
Coloraditas Grazing Research and Demonstration Area, or CGRDA) were treated with varying cattle grazing regimes resulting
in substantially different vegetative communities among pastures during and before out study period. In order to capture the
effects of this vegetative variability at the appropriate scale, each pasture was considered a separate vegetation type in the
random stratification of sampling locations (Fig. 1). We sampled vegetation using 0.25-m2 quadrat frames (for herbaceous
coverage) and two 5-mwide belt transects (for woody coverage) along two 25-m transects laid due north from a given point,
with the second laid 50m east of the primary transect. Along each transect, we used 0.25-m2 quadrat frames at each 5-m
interval to visually estimate percent coverage by litter, woody debris, rock, bare ground, and herbaceous species. We then
used the belt transects to sample larger, woody vegetation by identifying all woody species rooted inside the belt extending
either side of the transect line. For each woody plant detected, we identified to species, measured canopy height, and
collected two, perpendicular canopy diameter measurements.

2.3. Data preparation and analysis

Environmental predictors: We calculated canopy height using data collected in the field as woody vegetation height along
belt transects. We imported these values into ArcMap in the ArcGIS® 10.5 suite and used Kriging interpolation to minimize
spatial sampling bias and create a continuous surface layer of environmental predictor values. Kriging, or Gaussian process
regression, is a geostatistical method through which interpolated values are modeled by a Gaussian process governed by
covariances (Van Beers and Kleijnen, 2004). This method of spatial interpolation estimates a continuous surface of values
directly based on values at surrounding points weighted according to spatial covariance (Van Beers and Kleijnen, 2004). The
Kriging interpolation algorithm is optimal for most eco-spatial modeling because it produces an unbiased prediction and
calculates the spatial distribution of uncertainty allowing for an accurate estimate of error at any particular point
(Mahmoudabadi and Briggs, 2016). We exported the resulting GeoTIFF and read into R as a raster (R Core Team, 2013).
Similarly, we calculated shrub density using the frequency and the two perpendicular canopy diameter measurements and
height measurement for woody species <1.8-m in height. We used these values to calculate canopy volume (CV) using the
derived canopy volume formula:

CV ¼ 2 =3p HðA=2� B=2Þ (Eq. 1)

where H is the plant height, and A and B are the two perpendicular canopy measurements. We used this derived, and more
sophisticated calculation of canopy volume because it provides a more accurate and reliable representation of plant canopy
closure and coverage than the basic ellipsoid equation in which the plant is represented as a cone in 3-dimensional space
(Thorne et al., 2002). We multiplied the frequency of each shrub species within each belt transect by each canopy volume
value and imported into ArcMap 10.5. We used a Kriging interpolation, similar to canopy height, tominimize spatial sampling
bias and to create a continuous surface layer of predictor values and the resulting GeoTIFF was exported and read into R as a
raster.

We included bareground coverage by averaging the visual percent cover from the quadrat frames at each transect and each
vegetative sampling site. We imported these values into ArcMap used Kriging interpolation tominimize spatial sampling bias
and create a continuous surface layer of environmental predictor values. We exported the resulting GeoTIFF and read into R as
a raster. We placed a 20-m buffer on both sides of each road located within SAV ranch in ArcMap to represent a biologically
significant ‘road reach’ (i.e., a reasonable distance inwhich insects that concentrate on roads could likely be found) (Snelgrove
et al., 2013). We exported the resulting GeoTIFF and read into R as a raster. To calculate distance to water, we gridded the
spatial extent of the SAV ranch into a fishnet (30-m2 resolution). We performed a proximity analysis on each pixel centroid
using the Near tool in ArcMap to determine distance of each centroid to location of nearest water source, usually a livestock
well and holding tank as no natural surface water exists within our study site, and very little exists on the Coastal Sand Plain
region of Texas as a whole (Snelgrove et al., 2013). We made considerations for seasonality as not all groundwater pumps are
operational year-round on large south Texas cattle ranches and we ensured only those wells known to be active during the
summer of 2017 were used in the analysis. We then used Kriging interpolation to create a continuous surface layer of pre-
dictor values and the resulting GeoTIFF was exported and read into R as a raster.

Bat recordings and models: We subset our analyses by nightly hour (2000e0600; 8:00-p to 6:00-a) and species. Within
each recording hour subset, we performed boosted regression tree analysis (BRT) in R for each species to determine relative
influence of environmental factors on occurrence. The Boosted Regression Tree (BRT) is an ensemble, regression-based
method that combines the strengths of two commonly used algorithms: regression trees (models that define the response
to predictors using binary splits) and boosting (amethod for combiningmultiple simplemodels to improve performance). We
chose to use this approach due to the unique advantage of the BRT to handle collinearity among predictors as well as to
simplify and generate candidate models following initial model creation. An initial regression tree is fitted and iteratively
improved upon in a forward stagewise manner (boosting) by minimizing the variation in the response not explained by the
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model at each iteration. BRT interpretations can be easily summarized to provide powerful ecological insight (Franklin, 2009).
Here, we use BRT to examine the relative influence of each predictor variable on bat presence per hour pooled for each
successful sampling night in 2017.

In addition to the relative influence of each predictor, we also sought to understand the direction of that influence on the
nightly movements of each bat species. For example, if water proximity is a significant correlate, we also define whether it
was positively associated or negatively associated with flight activity of bats. To address this, we simplified each BRT model in
R by dropping the maximum number of predictors stepwise until candidate models remained containing only explanatory
factors. We then used these factors to build simple linear models for each hour per species (number of passes as response
variable) to obtain significance (p) and coefficient values. In some instances, night hours did not contain enough records of a
species to build any models and so we omitted those hours.

In addition to the subset analyses, we grouped recordings by species and totaled passes per hour across the entire
sampling period per successful sampling night in 2017. From these analyses, we were able to quantify the impact, if any, of
each environmental feature on the presence (inferred from detection) of each species during crucial foraging hours. While we
cannot infer mechanisms for these effects, we can identify important correlates for bat activity throughout the night hours.

3. Results

We surveyed a total of 43 sites across the SAV ranch for a total of 419 successful sampling nights in 2017.11 sampling nights
were unsuccessful due tomechanical failure or weather andwere not included in the analyses.We documented a total of 1145
bat passes (Eastern red bat [206], Evening bat [248], Cave bat [460], and Brazilian free-tailed bat [231]). Total bat activity,
inferred by recorded bat passes, peaked at 0600 (6:00-a) for all species included in our study (Fig. 2). A secondary peak was
notable between 0200 (2:00-a) and 0300 (3:00-a) and activity decreased sharply immediately following 0400 (4:00-a).
Activity steadily increased prior to the first peak from 69 passes per hour at 1800 (6:00-p) to 153 passes per hour at 0200
(2:00-a). However, the trend for totaled bat passes per hour differed substantially from trends exhibited by the individual
species (Fig. 2).

3.1. Eastern red bat

We observed sporadic peaks in activity that reached a maximum at 0600 (6:00-a; Table 1). Although sporadic, Eastern red
bats were most active before 2100 (9:00-p) or after 0200 (2:00-a). Nightly activity of Eastern red bats was significantly,
positively associated with canopy height in the early evening (2000; 8:00-p) and just before sunrise (0500; 5:00-a). However,
canopy height had a significant negative influence on Eastern red bat activity during the late-night peak (0200; 2:00-a) and
the beginning of the sunrise hour (0600; 6:00-a). Water proximity had a significant negative influence on Eastern red bats
activity throughout the night as did roads (Table 1). Eastern red bat activity was also significantly associatedwith areas of high
shrub density in the sunrise hour (0600; 6:00-a).

3.2. Evening bat

Evening bats exhibited a bimodal distribution of nightly flight activity throughout the nightly hours with the most pro-
nounced peak at dusk (2000; 8:00-p) and a secondary, more prolonged peak after 0200 (2:00-a) (Table 2). Early evening flight
activity by Evening bats was positively influenced by canopy height andwater proximity. During the second increase in passes
per hour, shrub density and roads had a significant negative influence on Evening bat activity. Although canopy height was a
Fig. 2. Number of recorded bat passes per hour pooled for each successful sampling night in 2017 on the East Foundation's San Antonio Viejo Ranch for LABO
(Eastern red bat, Lasirius borealis), MYVE (Cave bat, Myotis velifer), NYHU (Evening bat, Nycticeius humeralis), TABR (Brazilian free-tailed bat, Tadarida brasiliensis),
and Total (Total number of passes for all species). Hours are displayed from 8:00-p (Hour 20) through 6:00-a (Hour 6).



Table 1
Relative influence, as calculated by boosted regression tree analysis (BRT), of several environmental features on nightlymovements of Eastern red bat Lasirius
borealis on the East Foundation's San Antonio Viejo Ranch by hour in 2017. Hours are displayed from 2000 (8:00-p) through 0600 (6:00-a). *p < 0.05;
**p < 0.01; ***p < 0.001; ‘-‘ insufficient number of records (n) to build models. (þ) denotes positive direction of influence (þcoefficient in linear model); (�)
denotes negative direction of influence (- coefficient in linear model).

2000 2100 2200 2300 2400 0100 0200 0300 0400 0500 0600

Shrub density 6.8 e e e e e 17.9 e e 5.1 (þ) 17.5***
Canopy height (þ) 26.7* e e e e e (�) 44.9* e e (þ) 42.9*** (�) 22.9***
Water proximity (�) 42.4* e e e e e 25.2 e e (�) 32.5** 38.7
Bareground coverage 1.3 e e e e e 3.8 e e 6.86 5.5
Roads 22.8 e e e e e 8.2 e e (�) 12.6* 15.3
n 15 8 8 5 6 8 15 9 6 25 101

Table 2
Relative influence, as calculated by boosted regression tree analysis (BRT), of several environmental features on nightly movements of Evening bat Nycticeius
humeralis on the East Foundation's San Antonio Viejo Ranch by hour in 2017. Hours are displayed from 2000 (8:00-p) through 0600 (6:00-a). *p < 0.05;
**p < 0.01; ***p< 0.001; ‘-‘ insufficient number of records (n) to build models. (þ) denotes positive direction of influence (þcoefficient in linear model); (�)
denotes negative direction of influence (- coefficient in linear model).

2000 2100 2200 2300 2400 0100 0200 0300 0400 0500 0600

Shrub density 10.2 22.3 e e 21.4 e (�) 54.1*** (�) 32.2* 1.9 5.9 (þ)21.3***
Canopy height (þ) 18.5* (þ) 35.4** e e 3.7 e 5.5 (þ) 23.5* 44.8 54.0 (�) 28.9***
Water proximity (þ) 31.9*** 23.5 e e (�) 47.8** e 5.0 22.6 51.3 (þ) 16.6** 33.1
Bareground coverage 19.9 7.4 e e 22.9 e 7.8 9.5 0.98 7.9 8.2
Roads 19.4 11.3 e e 4.2 e (�) 27.5* 12.2 0.89 15.5 8.5
n 46 22 8 6 11 9 21 24 11 23 67
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significant positive feature for foraging Evening bats through most of the nightly hours, it became a significant negative
correlate in the sunrise hour (0600; 6:00-a) (Table 2). In hours leading up to sunrise, water proximity and shrub density
became significant positive correlates for Evening bat activity.
3.3. Cave bat

Unlike Eastern red bat and Evening bat, Cave bat activity was relatively unimodal in distribution and steadily increased,
reaching a maximum of 94 passes per hour at 0300 (3:00-a), before decreasing rapidly to 7 bat passes per hour by sunrise
(Table 3). Shrub density had a consistent, significantly negative influence on Cave bat activity throughout the night. Water
proximity was a significant negative correlate for Cave bat activity during the 0200 (2:00-a) hour but a significant positive
correlate in the 0400 (4:00-a) hour. This species’ nightly foraging activity was also negatively influenced by bareground
coverage just before sunrise in the 0500 (5:00-a) hour. However, we observed a significant association in Cave bat activity and
roads at 2400 (12:00-a). Canopy height remained a significant positive environmental feature for foraging Cave bats
throughout the night (Table 3).
3.4. Brazilian free-tailed bat

Similar to the Cave bat, the Brazilian free-tailed bat exhibited a unimodal distribution of nightly foraging activity, steadily
increasing activity throughout the night with a maximum in the 0200 (2:00-a) hour (Table 4). Canopy height and roads
remained significant positive features for Free-tailed bat foraging activity through most of the nightly hours, whereas shrub
density had a significant negative influence (Table 4).
Table 3
Relative influence, as calculated by boosted regression tree analysis (BRT), of several environmental features on nightly movements of Cave batMyotis velifer
on the East Foundation's San Antonio Viejo Ranch by hour in 2017. Hours are displayed from 2000 (8:00-p) through 0600 (6:00-a). *p < 0.05; **p < 0.01;
***p< 0.001; ‘-‘ insufficient number of records (n) to build models. (þ) denotes positive direction of influence (þcoefficient in linear model); (�) denotes
negative direction of influence (- coefficient in linear model).

2000 2100 2200 2300 2400 0100 0200 0300 0400 0500 0600

Shrub density e (�) 57.1*** (�) 33.2*** (�) 30.7*** (�) 62.9*** (�) 65.9*** (�) 41.9*** (�) 34.9*** (�) 25.3*** 7.7 e

Canopy height e 21.5 17.9 (þ) 25.4*** (þ) 19.7*** (þ) 10.7*** (þ) 44.5*** (þ) 26.5*** (þ) 52.6*** (þ) 52.6*** e

Water proximity e 4.0 8.5 23.5 10.5 10.4 (�) 7.5* 10.9 (þ) 8.7** 5.4 e

Bareground coverage e 11.5 19.5 11.6 3.0 7.9 2.7 17.7 11.2 (�) 30.0** e

Roads e 5.8 20.8 8.8 (þ) 3.9** 5.0 3.4 9.8 2.2 4.3 e

n 2 31 35 45 39 50 62 94 54 41 7



Table 4
Relative influence, as calculated by boosted regression tree analysis (BRT), of several environmental features on nightly movements of Brazilian free-tailed
bat Tadarida brasiliensis on the East Foundation's San Antonio Viejo Ranch by hour in 2017. Hours are displayed from 2000 (8:00-p) through 0600 (6:00-a).
*p < 0.05; **p < 0.01; ***p< 0.001; ‘-‘ insufficient number of records (n) to build models. (þ) denotes positive direction of influence (þcoefficient in linear
model); (�) denotes negative direction of influence (- coefficient in linear model).

2000 2100 2200 2300 2400 0100 0200 0300 0400 0500 0600

Shrub density e e (�) 51.5** 22.9 (�) 41.0* (�) 32.3*** (�) 29.7* 3.7 (�) 55.9** 32.6 e

Canopy height e e 22.7 (þ) 42.7** 16.4 28.6 (þ) 29.8** (þ) 64.6** 15.9 6.8 e

Water proximity e e 7.0 8.9 4.8 10.8 15.2 7.8 5.3 46.4 e

Bareground coverage e e 14.6 10.9 (�) 19.7* 9.6 6.7 1.5 10.1 6.9 e

Roads e e 4.2 14.5 (þ) 18.0* 18.6 (þ) 18.5** (þ) 22.5* 12.8 7.2 e

n 6 2 12 26 33 37 55 22 24 11 3
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4. Discussion

Our results demonstrate the importance of separating species when investigating nightly activity patterns of bats. Bats in
our study exhibited species-specific responses to vegetative characteristics throughout the night that we would not have
observed if we lumped species together. We suspect that these individual species responses are a result of resource parti-
tioning. As suggested by several studies (Arlettaz, 1999; Brown, 1968; Hooper and Brown, 1968; Kunz, 1973; Laval, 1970). Our
results add support to this concept as all four species (Eastern red bat, Cave bat, Evening bat, and Brazilian free-tailed bat)
exhibited temporally variable activity patterns among species (Fig. 2). Crepuscular and nocturnal insects also exhibit varying
nightly activity patterns which could influence the timing of bat emergence and foraging intensity (Corbet, 1961; Rydell et al.,
1996). For example, moths (Lepidoptera) tend to reach maximum flight activity near midnight, whereas aquatic insects
exhibit two peaks in activity e one between sunset and midnight and another in the few hours before sunrise (Rydell et al.,
1996; Williams, 1935). However, temperate, and tropical insectivorous bats are documented to be opportunistic feeders and
select from a wide variety of prey including Diptera, Hymenoptera, Homoptera, Coleoptera, and Lepidoptera (Ross, 1961;
Whitaker, 1972; Whitaker et al., 1977). We acknowledge that the probability of detection for each species varies according to
the species biology, time, and surrounding environment. For example, species that produce loud, mid-to low-range pulses are
more likely to be detected a certain distance from a recorder than an individual of similar distance but different species that
produces quieter, high-range, or fewer pulses (Adams et al., 2012; Lawrence and Simmons, 1982). Additionally, the sur-
rounding vegetation matrix (e.g., dense canopy) or presence of standing water (concentrating bats) can substantially influ-
ence the probability of call detection (Kuenzi and Morrison, 1998; O'Keefe et al., 2014). While we did not adjust for this error,
an adjacent study implemented in the CGRDA using the same sampling sites and detectors determined similar detection
probabilities for these four species during our study period (ranging from 0.39 to 0.51; unpublished data).

In our study, bats exhibited temporal activity patterns in two distinct groupings: bimodal (Eastern red bat and Evening
bat) and unimodal (Cave bat and Brazilian free-tailed bat). Carter et al. (2004) suggested that Eastern red bats and Evening
bats alter their prey selection during summer, with red bats consuming more Lepidoptera (taken in greater proportion than
their relative availability) and Evening bats consuming more Hemiptera. However, this study consolidated vegetation types
and differences in stomach content may have been due to temporal differences in nocturnal foraging activity (Carter et al.,
2004). Eastern red bats are recognized to be generalists in terms of prey selection so the nightly activity patterns they
exhibit in our study are associatedwith peaks in total nocturnal flight activity of insects of various orders, both temporally and
spatially (Carter et al., 2004; Clare et al., 2009). However, water proximity was a highly influential and significant negative
correlate for Eastern red bat activity during crepuscular hours, in which aquatic insect activity is known to peak (Rydell et al.,
1996). This suggests an alternative resource targeted by red bats. Evening bats, although exhibiting the same temporal activity
pattern as red bats, had differing environmental correlates with nightly activity. For example, water proximity was a highly
influential and significant positive correlate for Evening bat activity during crepuscular hours, which may suggest a spatial
resource partitioning among these sympatric species. The influence of canopy height varied throughout the night for both;
however, canopy height became a significant detractor during the 0600 (6:00-a) hour for both species despite flight activity
remaining high. Both, Evening bats and Eastern red bats are tree-roosting species and bats have been known to modify their
behavior while commuting to and from roosts when predators (e.g. Great horned owls [Bubo virginianus]) are present (Baxter
et al., 2006; Menzel et al., 1999, 2001; Speakman, 1991). This sudden aversion to areas of high canopy height (i.e., mature
trees) was not seen in the other two species and could suggest considerable predation pressure on these bats during the hours
leading to sunrise.

Cave bats and Brazilian free-tailed bats both exhibited strong unimodal activity patterns and had peak flight activity
between 0200 and 0400 (2:00-a and 4:00-a). Unlike the Eastern red bats and Evening bats that had similar temporal patterns
but differed in spatial associations, Cave bats and Brazilian free-tailed bats shared some of same environmental correlates
during periods of high activity (e.g., both were positively associated with areas of high canopy height and negatively asso-
ciated with areas of high shrub density). Previous studies have suggested a strong association with water and Myotis spp.
foraging (Cockrum and Cross,1965; Fenton and Bogdanowicz, 2002). However, water proximitywas only a significant positive
correlate during the 0400 (4:00-a) hour. This coincides with only the later time period in which aquatic insect activity is
known to peak (Rydell et al., 1996). Similarly, Brazilian free-tailed bats, also documented to forage over water in other studies,
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were not positively associated with proximity to water at any point during the night (Best and Geluso, 2003; Krutzsch, 1955).
Our study only accounted for waterbodies (e.g., cattle tanks) known to exist on the ranch during the sampling period and did
not account for other sources of water that could have been available to foraging bats (e.g., shallow puddles, flooded potholes
in roads). Bats may have utilized these more fleeting sources of water as a means of resource partitioning among sympatric
species active at the same time. Roads were also a significant positive correlate for Cave bat (during the 2400 [12:00-a] hour)
and Brazilian free-tailed bat (during the 2400 [12:00-a] and 0200e0300 [2:00-a e 3:00-a] hours). Previous studies are
conflicted as to the importance or detriment of lit roads and their effect on foraging efficacy of insectivorous bats (Blake et al.,
1994; Rydell, 1991, 1992). However, our roads were not illuminated and, as most were narrow and unpaved, offered only a
small clearing in the vegetation. The positive association of free-tailed and Cave bat activity near roads, and negative asso-
ciation with bareground, suggest some advantage to this clearing configuration in the way of protection for bats commuting
between foraging or roost sites or a concentration of insects seeking heat held by gravel, caliche, and other road construction
materials. Future research should be directed towards understanding the relationship between rural roads and sympatric,
insectivorous bats.

5. Conclusions

Nightly activity patterns of sympatric insectivorous bats have rarely been studied in Texas, especially on this fine of a
temporal scale. Given the diversity of bat species that occur within this state, describing summer bat activity is essential to
inform future management and understanding of these species. Cave bat and Brazilian free-tailed bat nightly utilization of
roads should be investigated so that we may understand what resources are provided by these features (e.g., safe passage,
concentration of nocturnal insects, heat). With the recent arrival of P. destructans in 10 counties across Texas, it is crucial we
understand bat activity patterns prior to its arrival to better protect these relatively understudied populations of bat species in
south Texas. For example, the strong, positive associations of tree-roosting bat (Eastern red bat and Evening bat) activity with
canopy height, temporally variable associations with water proximity, and the evidence of predation pressure in the sunrise
hour will help shape effective management should these populations become vulnerable as WNS spreads westward
(Zimmerman, 2009). In this way, bat conservation efforts may benefit from active cattle operations, especially in south Texas
where natural surface water sources are exceedingly rare.
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