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1  | INTRODUC TION

Rangelands, or lands on which the dominant natural vegetation is 
comprised of grasses, forbs, or shrubs, cover approximately 27% 
of the world’s terrestrial surface, but anthropogenic changes have 
affected the distributions of land cover throughout these systems 

(Foley et al., 2005; MA, 2005; Society for Range Management, 
1998). Human‐driven changes, including altered disturbance re‐
gimes, construction of buildings and water sources, and tree 
planting have altered the distributions of cover on remaining 
rangelands (Briggs et al., 2005; Fuhlendorf, Engle, Elmore, Limb, 
& Bidwell, 2012; Lawler et al., 2014; Polasky, Nelson, Lonsdorf, 
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Abstract
Land‐use change has resulted in rangeland loss and degradation globally. These 
changes include conversion of native grasslands for row‐crop agriculture as well as 
degradation of remaining rangeland due to fragmentation and changing disturbance 
regimes. Understanding how these and other factors influence wildlife use of range‐
lands is important for conservation and management of wildlife populations. We in‐
vestigated bat habitat associations in a working rangeland in southeastern North 
Dakota. We used Petterson d500x acoustic detectors to systematically sample bat 
activity across the study area on a 1‐km point grid. We identified calls using Sonobat 
autoclassification software. We detected five species using this working rangeland, 
which included Lasionycteris noctivagans (2,722 detections), Lasiurus cinereus (2,055 
detections), Eptesicus fuscus (749 detections), Lasiurus borealis (62 detections), and 
Myotis lucifugus (1 detection). We developed generalized linear mixed‐effects models 
for the four most frequently detected species based on their ecology. The activity of 
three bat species increased with higher tree cover. While the scale of selection varied 
between the four species, all three investigated scales were explanatory for at least 
one bat species. The broad importance of trees to bats in rangelands may put their 
conservation needs at odds with those of obligate grassland species. Focusing range‐
land bat conservation on areas that were treed prior to European settlement, such as 
riparian forests, can provide important areas for bat conservation while minimizing 
negative impacts on grassland species.
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Fackler, & Starfield, 2005). Global patterns of rangeland land‐
use and cover change are reflected in the Great Plains of North 
America, where 49.5% of land has been converted to agricultural 
or urban uses (Swaty et al., 2011). In addition to continued conver‐
sion to row crops, mismanagement and increasing development of 
energy infrastructure have led to an overall decline in the quality 
and quantity of grasslands that persist in the region (Allred et al., 
2015; Fuhlendorf et al., 2012; Kreuter et al., 2016). Fragmentation 
and changing disturbance patterns have also prompted changes 
in the distribution of land cover types (Briggs et al., 2005; Engle, 
Coppedge, & Fuhlendorf, 2008). In these rangeland landscapes, 
informed and effective conservation and management requires 
understanding the variables that impact wildlife distributions and 
habitat associations (Nielsen, Stenhouse, & Boyce, 2006).

Afforestation is a primary example of changing land cover due 
to alteration of historic disturbance regimes. Afforestation occurs 
globally and is particularly rampant in the Great Plains (Engle et al., 
2008; Price & Morgan, 2008). Prior to European settlement, tree 
distribution within North American prairies was limited to areas 
that were moist and fire inhibited, such as riparian areas and steep 
draws (Briggs et al., 2005; Engle et al., 2008). However, human de‐
velopment has changed the distribution of trees in rangelands both 
directly and indirectly. Following droughts and subsequent wind 
erosion in the 1930s, shelterbelt plantings became widespread, 
particularly around homesteads and in agricultural areas (Hess & 
Bay, 2000). Anthropogenic changes such as landscape fragmenta‐
tion and changes to the fire regimes can also lead to afforestation 
(Briggs et al., 2005). In an undisturbed landscape, woody cover can 
increase rapidly, sometimes leading to major regime shifts (Twidwell, 
Fuhlendorf, Taylor, & Rogers, 2013). Increased woody cover in range‐
lands promotes generalist and woodland‐adapted species while 
threatening grassland obligate species (Brennan & Kuvlesky, 2005; 
Coppedge, Engle, Masters, & Gregory, 2001; Ratajczak, Nippert, & 
Collins, 2012).

Changing hydrology due to land cover changes can have broad 
ecological impacts (Gordon, Peterson, & Bennett, 2008; Poff, 
Bledsoe, & Cuhaciyan, 2006). Agricultural expansion and intensifica‐
tion, dam building, afforestation, and urbanization all cause changes 
in hydrology, including changes in stream or river flooding and flow 
patterns, soil water content, and runoff patterns (Gordon et al., 
2008; Nilsson & Berggren, 2000; Poff et al., 2006). One important 
example of ecological change induced by changes to hydrology is the 
development and destruction of Populus riparian forests (Johnson, 
1998; Rood & Mahoney, 1990). Riparian forests are important for 
some wildlife species, including bats, birds, and small mammals 
(Doyle, 1990; Holloway & Barclay, 2000; Tubbs, 1980). Changing 
land uses can also alter water distributions at finer scales. For exam‐
ple, agricultural development has led to the draining of many wet‐
lands (Zedler, 2003), and the simultaneous development of dugouts 
or well‐fed water troughs for cattle water access in working range‐
land landscapes, which are managed for both conservation and pro‐
duction goals (Polasky et al., 2005). Although some wildlife use these 
water sources (Rosenstock, Rabe, O’Brien, & Waddell, 2004; Tuttle, 

Chambers, & Theimer, 2006), the utility of creating water develop‐
ments for wildlife conservation is debated (Broyles, 1995).

Bats in rangelands depend on cover types that are actively un‐
dergoing change, such as trees and water, and therefore present an 
interesting case for investigating habitat associations in rangelands. 
Trees are vital to the life histories of many North American bat spe‐
cies, as they are used during both roosting (Barclay & Kurta, 2007; 
Carter & Menzel, 2007) and foraging (Prevedello, Almeida‐Gomes, & 
Lindenmayer, 2017). Similarly, water is important to bats for drink‐
ing, particularly because bats experience high evaporative water loss 
during day roosting (Adams & Hayes, 2008). Additionally, some bat 
species found in rangelands forage heavily on insects that are found 
over water sources (Fenton & Bell, 1979). Previous work in range‐
lands has noted higher bat activity in treed riparian areas (Holloway 
& Barclay, 2000). The importance of trees to bats in rangelands may 
put their habitat requirements at odds with many grassland obli‐
gate species, which generally respond negatively to woody cover 
(Brennan & Kuvlesky, 2005; Coppedge et al., 2001; Ratajczak et al., 
2012). This potential paradox highlights the importance of under‐
standing bat habitat use in rangelands as bat conservation concerns 
increase and bat species become listed (U.S. Fish & Wildlife Service, 
2015a).

Studies of bat habitat associations in rangelands are necessary 
because these bat populations provide ecosystem services, face 
growing threats, and are highly under‐studied (Barclay, 1993; Kunz, 
Braun de Torrez, Bauer, Lobova, & Fleming, 2011). One of the import‐
ant ecosystem services that bats provide is insect control (Kunz et 
al., 2011). Insectivorous bats consume several species of crop pests, 
an ecosystem service with high value in regions with extensive row‐
crop agriculture (Boyles, Cryan, McCracken, & Kunz, 2011; Kunz et 
al., 2011). North American bats also face growing threats, including 
white‐nose syndrome, wind energy development, and habitat loss 
(Arnett & Baerwald, 2013; Frick et al., 2015; Mickleburgh, Hutson, 
& Racey, 2002). Combating these challenges requires ecosystem‐
specific information on bat habitat requirements. Although the bat 
species inhabiting the Great Plains have distributions covering multi‐
ple ecosystems (International Union for the Conservation of Nature, 
2015), most of the ecological studies of these species have been 
conducted in forested areas of their ranges (Amelon, Thompson, & 
Millspaugh, 2014; Ethier & Fahrig, 2011; Jung, Thompson, Titman, 
& Applejohn, 1999; Menzel et al., 2005) while relatively little work 
has been performed on rangeland populations. The relative impor‐
tance of different landscape features, such as tree patches or water 
sources, to the habitat selection process may vary between popula‐
tions inhabiting different ecosystems, as the underlying distributions 
of these features change (Bolnick et al., 2011). Addressing conserva‐
tion concerns in rangeland bat populations will require rangeland‐
specific information.

In this study, we evaluated the habitat associations of bats in 
a rangeland landscape in eastern North Dakota. We investigated 
variables that may provide roosting resources (trees, human‐built 
structures) and foraging or drinking resources (trees, open water, 
herbaceous wetlands), and variables that may disrupt access to 
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these resources (roads, row crops) (Adams & Hayes, 2008; Barclay & 
Kurta, 2007; Carter & Menzel, 2007; Prevedello et al., 2017; Zurcher, 
Sparks & Bennett, 2010). We evaluated the relationships between 
bat activity and these variables at both proximate and landscape lev‐
els. We hypothesized that both trees and water would be important 
predictors of bat activity, as has been seen previously in other bat 
populations (Adams & Hayes, 2008; Amelon, 2007; Ethier & Fahrig, 
2011; Holloway & Barclay, 2000). We also expect that variables at 
both proximate and landscape scales will be important to predicting 
bat activity in rangelands (Amelon, 2007; Ethier & Fahrig, 2011). This 
study will help inform the management and conservation of bats in 

rangelands, and will also aid in balancing the conservation needs of 
bats with those of grassland obligate species to preserve biodiver‐
sity and ecosystem services.

2  | MATERIAL S AND METHODS

2.1 | Study area

This study took place on the United States Forest Service’s Sheyenne 
National Grassland, The Nature Conservancy’s Brown Ranch and 
Pigeon Point Preserve, and North Dakota State University’s Albert 

F I G U R E  1   Map of the study area showing study area boundaries (black line) and the 247 points surveyed from May to August of 2016 
(black dots). The Sheyenne River runs through the northern portion of the study area (blue line)
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Ekre Grassland Preserve, which are all located in southeast North 
Dakota (Figure 1). The total study area is 28,822.12 ha. The climate 
of this area is temperate, with cold winters and warm summers. 
During the study period (May to August), monthly average tempera‐
tures range from 14.4°C (May) to 22.2°C (July). Most of the yearly 
precipitation falls during this period, with an average of 310 mm 
from May to August (NDAWNCenter, 2015). The area is character‐
ized by sandy soils and dunes deposited in the delta of the glacial 
Lake Agassiz, which form a rolling landscape with a mosaic of wet‐
land and upland grasslands (Knudson, VanLooy, & Hill, 2015). The 
Sheyenne River flows through the northern part of the study area, 
and the area is surrounded by mostly agricultural plains (Knudson et 
al., 2015). The Sheyenne National Grasslands encompass the only 
remaining tallgrass prairie in the Red River region (Samson et al., 
2003), and mixed prairie, prairie wetlands, oak‐aspen savanna, and 
mixed deciduous forest are also present in the area (Knudson et al., 
2015). All the lands within the study area are grazed and managed 
as working ranches.

2.2 | Bat survey

We collected acoustic data from 15 May to 14 August 2016 to 
evaluate bat activity across the Sheyenne National Grasslands and 
surrounding area. This period encompasses pregnancy, lactation, 
and early flight of juveniles. Using a random number generator, we 
randomly selected 237 survey points from a 1‐km point grid across 
the study area generated using ArcGIS, which contained 304 total 
points (Figure 1). This systematic approach allowed thorough cover‐
age of the full study area, regardless of landcover type. We used 10 
Pettersson d500x bat detectors that were elevated approximately 
1.5 m above ground to record echolocation calls (U.S. Fish & Wildlife 
Service, 2015b). We recorded for three consecutive nights at each 
survey point, recording from sunset to sunrise each night (Skalak, 
Sherwin, & Brigham, 2012). The sampling period was extended up 
to five nights if any precipitation occurred during the recording pe‐
riod, as bat activity can be depressed during rainstorms (Erickson 
& West, 2002). We retrieved bat detectors after the final night and 

downloaded recordings which were then analyzed using Sonobat au‐
toclassification software (Sonobat 3.1, MT_Plains package, Arcata, 
CA). Only calls classified with 95% confidence or higher were ac‐
cepted as detections, and these calls were manually vetted to ensure 
accuracy (Barnhart & Gillam, 2014).

2.3 | Landscape variables

We collected data on both proximate and landscape‐level variables 
using ArcGIS 10 (ESRI, Redlands, CA) and the R statistical environ‐
ment (version 3.3.1; R Core Team, 2017). We delineated tree, open 
water, and crop cover manually in ArcGIS 10 using orthoimagery col‐
lected by the National Agriculture Imagery Program (NAIP, 2014). 
Because herbaceous wetlands were difficult to identify using aer‐
ial imagery, we used the National Wetlands Inventory (U.S. Fish & 
Wildlife Service, 2016) to delineate these areas. Open cover was 
determined by subtracting the four measured cover class areas 
from the total buffer area. Land cover was ground truthed during 
later fieldwork. We then used R to calculate the cover area (m2) of 
these classes and tree patch perimeter length (edge length, m) within 
250‐, 500‐, 1,000‐, and 3,000‐m buffers of each sampling point. The 
ratio of tree patch edge length to tree area was used in modeling to 
separate the effects of edge from those of cover. We also used R 
to measure the road density within these buffers, using State and 
Federal and City and County road datasets from the North Dakota 
Department of Transportation (NDDOT, 2016a, 2016b). Distances 
from each sampling point to the nearest live tree, open water source, 
and human‐built structure were also measured using ArcGIS 10.

2.4 | Data analysis

We developed generalized linear mixed‐effects models (GLMMs) to 
assess the relative contributions of each variable to observed bat 
activity (Appendix S1). Nine models were developed based on the 
known biology of our study species using the package glmmTMB 
in R (Brooks et al., 2017; Table 1). Due to overdispersion in the 
count data, the negative binomial (“nbinom2”) family was used for 

Model name Model variables

Global TreeDist + WaterDist + StructDist + TreeCover + WaterCover + W
etlandCover + CropCover + EdgeRatio + RoadDensity

Landscape TreeCover + WaterCover + WetlandCover + CropCover + EdgeRat
io + RoadDensity

Proximate TreeDist + WaterDist + StructDist

Landcover TreeCover + WaterCover + WetlandCover + CropCover

Roost TreeDist + StructDista + TreeCover

Tree TreeDist + TreeCover + EdgeRatio

Water WaterDist + WaterCover + WetlandCover

Development StructDist + CropCover + RoadDensity

Null 1

aStructure distance was only included in Roost models for Lasionycteris noctivagans and Eptesicus 
fuscus, which have been reported to roost in buildings. 

TA B L E  1   Generalized linear mixed‐
effects models tested for 2016 bat 
activity data on and near the Sheyenne 
National Grasslands



602  |     TRUBITT eT al.

all models (Brooks et al., 2017). We used number of minutes with 
a detection as the response variable. Using this measure avoids in‐
flated counts caused by individual behavior, such as bats circling 
the detector (Miller, 2001). We included detector ID as a random 
variable to account for differences in detector sensitivity. We as‐
sessed the influence of tree, water, wetland, and crop cover, road 
density, tree edge length, and the proximity of trees, open water, 
and human‐built structures on bat activity (Table 2). For all of these 
variables, we used z‐scores to allow the comparison of variables with 
different scales. The z‐score is found by subtracting the mean from 
each observation then dividing by the standard deviation (Hovick et 
al., 2015). To avoid collinearity between predictor variables, we cal‐
culated variance inflation factors (VIFs) using the function “vif.mer” 
in R (Frank, 2011), and sequentially eliminated covariates with VIFs 
over 3, the threshold suggested by Zuur, Ieno, and Elphick (2010). 
This eliminated the open cover class and the 3,000 m scale. As there 
was also a high level of correlation in landcover variables between 
scales, models at each scale were considered individually rather than 
averaged when models at multiple scales were explanatory.

Four species had sufficient detections to use in modeling. We 
used Akaike’s Information Criterion (AIC) and model weights (wi) to 
evaluates models at each of three landscape scales (250, 500, and 
1,000 m) for each species (Burnham & Anderson, 2002). The explan‐
atory models for each scale were then ranked using AIC to deter‐
mine the scale of selection for each species (Burnham & Anderson, 
2002). The significance of variables included in explanatory models 

for each species was determined using 95% confidence intervals as 
calculated by function “confint” in R. We checked for spatial auto‐
correlation in the residuals of competitive models using Moran’s I 
(Gittleman & Kot, 1990).

3  | RESULTS

We collected 5,589 detections from five species of North American 
bats. We detected Lasionycteris noctivagans 2,722 times (78% of 
survey sites), Lasiurus cinereus 2,055 times (60% of survey sites), 
Eptesicus fuscus 749 times (51% of survey sites), Lasiurus borealis 62 
times (11% of survey sites), and Myotis lucifugus 1 time (0.4% of sur‐
vey sites).

All species responded to tree distributions at either proxi‐
mate or landscape scales or both. Three species, L. noctivagans, 
L. cinereus, and L. borealis, responded positively to tree cover 
within 500 m (Figure 2). Eptesicus fuscus responded negatively 
to tree cover within 1,000 m, but positively to trees at a prox‐
imate level (Figure 2). Bat responses to other variables showed 
more interspecific variation. Landscape‐level water cover was 
positively associated with activity of E. fuscus, and L. cinereus was 
negatively associated with distance to the nearest open water 
source (Figure 2). The activity of all species but L. borealis was 
negatively associated with wetland cover (Figure 2). Responses 
to human infrastructure (crop cover, road density, and distance 

TA B L E  2   Summary of measured variables used for modeling 2016 bat activity in and near the Sheyenne National Grasslands

Variable name Mean SD Range Description

TreeDist 186 227 0–1,071 Distance to nearest live tree (m)

WaterDist 398 227 2–1,227 Distance to nearest open water (m)

StructDist 1,795 1,027 10–5,817 Distance to nearest human‐built structure (m)

TreeCover250 7.7% 13.3% 0%–75.8% Percent tree cover within 250 m of sampling point

TreeCover500 8.1% 11.9% 0%–64.6% Percent tree cover within 500 m of sampling point

TreeCover1000 8.3% 10.7% 0%–57.9% Percent tree cover within 1 km of sampling point

WaterCover250 0.2% 0.6% 0%–7.1% Percent open water cover within 250 m of sampling point

WaterCover500 0.1% 0.5% 0%–6.1% Percent open water cover within 500 m of sampling point

WaterCover1000 0.2% 0.4% 0%–3.2% Percent open water cover within 1 km of sampling point

WetlandCover250 10.6% 14.1% 0%–70.7% Percent herbaceous wetland cover within 250 m of sampling point

WetlandCover500 10.9% 12.0% 0%–55.2% Percent herbaceous wetland cover within 500 m of sampling point

WetlandCover1000 10.1% 10.4% 0%–43.7% Percent herbaceous wetland cover within 1 km of sampling point

CropCover250 1.6% 7.4% 0%–44.6% Percent crop cover within 250 m of sampling point

CropCover500 2.3% 7.9% 0%–49.2% Percent crop cover within 500 m of sampling point

CropCover1000 4.3% 9.5% 0%–50.2% Percent crop cover within 1 km of sampling point

EdgeRatio250 0.22 0.28 0–2.0 Tree edge/tree cover ratio within 250 m of sampling point

EdgeRatio500 0.19 0.17 0–1.21 Tree edge/tree cover ratio within 500 m of sampling point

EdgeRatio1000 0.15 0.09 0–0.68 Tree edge/tree cover ratio within 1 km of sampling point

RoadDensity250 103 204 0–974 Meters of road within 250 m of sampling point

RoadDensity500 290 494 0–1,987 Meters of road within 500 m of sampling point

RoadDensity1000 1,143 1,185 0–4,405 Meters of road within 1 km of sampling point
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from human‐built structures) were largely not significant or not 
included in the most explanatory models. The exception to this is 
L. cinereus, which was negatively associated with road density at 
the 1,000‐m scale.

Although all four species were associated with landscape‐level 
variables, the scale at which this association is most explanatory var‐
ied. The 250‐m scale was explanatory for L. borealis, the 500‐m scale 
was explanatory for L. noctivagans, L. cinereus, and L. borealis, and the 
1,000‐m scale was explanatory for L. cinereus and E. fuscus activity.

4  | DISCUSSION

Bats are important ecosystem service providers, but relatively little 
is known about their habitat requirements in rangeland landscapes 
(Barclay, 1993; Chung‐MacCoubrey, 1996; Holloway & Barclay, 
2000; Kunz et al., 2011). We analyzed the use of landscape features 
by bats across three scales in the Great Plains of North America and 
found that bat activity was positively associated with trees in all 
four species investigated. This is consistent with findings of previ‐
ous studies on bats in forested landscapes (Adams & Hayes, 2008; 
Brigham, 2007; Holloway & Barclay, 2000). The importance of trees 
highlights the value of riparian forests to bats in rangeland ecosys‐
tems (Holloway & Barclay, 2000). These results will be important in 
guiding conservation efforts for bats in landscapes where trees are 
commonly viewed as a negative feature, but may serve an important 

ecological function in the appropriate context (Prevedello et al., 
2017).

Higher availability of trees at both proximate and landscape 
scales was associated with higher bat activity. The activity of three 
of four species (L. noctivagans, L. cinereus, and L. borealis) increased 
as landscape‐level tree cover increased. The fourth species, E. fuscus, 
responded negatively to landscape‐level tree cover but responded 
positively to tree proximity. Many North American bats, including 
the four focal species, use trees for roosting (Harvey, Altenbach, & 
Best, 2011). L. cinereus and L. borealis are migratory and roost in foli‐
age year‐round, and L. noctivagans and E. fuscus often roost in cavities 
and beneath sloughing bark (Harvey et al., 2011). Trees also provide 
foraging opportunities (Prevedello et al., 2017) and shelter from 
weather and predators (Verboom & Spoelstra, 1999). For L. cinereus 
and L. borealis, the positive responses to landscape‐level tree cover 
we found in this study have also been reported in forests (Amelon, 
2007; Ethier & Fahrig, 2011; Starbuck, Amelon, & Thompson, 2015). 
However, our results for L. noctivagans and E. fuscus tree cover re‐
sponses differ from previous reports from forested regions (Ethier & 
Fahrig, 2011; Starbuck et al., 2015). In our study, L. noctivagans ac‐
tivity was higher at sites with higher tree cover and E. fuscus activity 
was lower in areas of higher tree cover. In previous studies, L. noc‐
tivagans has responded negatively to higher forest cover (Ethier & 
Fahrig, 2011), and favors clearcuts and open spaces (Patriquin & 
Barclay, 2003). Conversely, neutral and positive responses to land‐
scape‐level tree cover have been documented for E. fuscus in forests 

F I G U R E  2   Variable coefficients for the competitive models for the activity levels of Lasionycteris noctivagans, Lasiurus cinereus, Eptesicus 
fuscus, and Lasiurus borealis on and near the Sheyenne National Grasslands during the summer of 2016. Coefficient values are indicated by 
the points, and error bars represent 95% confidence intervals. Positive coefficients indicate that bat activity is positively associated with that 
variable, and negative coefficients indicate a negative association. Effect size is represented by the magnitude of the variable. The results of 
all competitive models are presented for each species. For further description of these models, see Table 1
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(Ethier & Fahrig, 2011; Starbuck et al., 2015). It has been suggested 
that some species have thresholds of necessary tree cover (Amelon, 
2007). The differences between our results and those from previous 
studies in forested systems may be due to the overall lower levels of 
tree cover available in this rangeland landscape. At the local scale, 
the use of treed areas is modulated by bat morphology, particularly 
wing morphology (Norberg & Rayner, 1987). Smaller, more maneu‐
verable bats are able to use areas with higher vegetative clutter (i.e., 
forest interiors), while larger, faster, less maneuverable bats use 
open areas and edges (Norberg & Rayner, 1987). All four of our focal 
species are considered open‐area or edge foraging species (Loeb & 
O’Keefe, 2011), and at proximate scales, positive responses to areas 
of nonforest have been reported (Amelon, 2007). However, we 
speculate that the lower levels of tree cover available on rangeland 
landscapes promote the selection of tree patches rather than open 
areas that we observed in all focal species.

Of the four focal species, only E. fuscus responded positively to 
landscape‐level open water cover, and only L. cinereus responded to 
water proximity. Our study species have been reported to respond 
positively to water cover and proximity in eastern deciduous for‐
ests of the United States (Amelon et al., 2014; Brooks & Ford, 2005; 
Dixon, 2012). Water availability is important to bats, as open water 
provides both drinking and foraging opportunities (Korine, Adams, 
Russo, Fisher‐Phelps, & Jacobs, 2016). Roosting bats experience high 
evaporative water loss and replenish 20%–22% of these losses by 
drinking (Adams & Hayes, 2008). The availability of drinking water is 
particularly important to lactating individuals, which have been re‐
ported to visit drinking holes 13 times more than nonreproductive 
females (Adams & Hayes, 2008). Open water also provides emergent 
aquatic insect prey and can concentrate insects (Hagen & Sabo, 2011). 
Riverine sources may also provide corridors for commuting and mi‐
gration (Furmankiewicz & Kucharska, 2009). The reported importance 
of water to bats makes the relative lack of responses to water in this 
study unexpected. This outcome is likely due to the high levels of open 
water available in the landscape due to the soils and dunes deposited 
in the delta of the glacial Lake Agassiz, which form a rolling landscape 
with a mosaic of wetland and upland grasslands (Knudson et al., 2015). 
Furthermore, the active ranching practices in the area have introduced 
many anthropogenic water sources for cattle production. Bats have 
been documented to use artificial water sources, including dirt, and 
metal stock tanks (Geluso & Geluso, 2016; Tuttle et al., 2006; Vindigni, 
Morris, Miller, & Kalcounis‐Rueppell, 2009). It is interesting to note 
that the activity of three of four focal species was negatively associ‐
ated with herbaceous wetland cover. We suspect that this is due to 
the fact that most of the herbaceous wetland cover in our study area 
was open, cattail dominated swales with little tree cover nearby. The 
negative association with these wetlands may be more due to the lack 
of tree cover rather than the wetlands themselves.

Use of acoustic detectors in our study allowed us to cover a 
broad area efficiently. This thorough spatial coverage of the study 
area was necessary due to the single‐year study period. Although 
this approach was needed for our study, the technique does have 
some drawbacks. Due to the function of echolocation calls, which 

are used to locate surrounding objects rather than to advertise 
identity, some calls are not able to be identified to species (Barclay, 
1999). This difficulty is compounded when call quality is low. We 
have addressed this concern by accepting only calls with high‐cer‐
tainty identifications made by Sonobat (≥95% discrete probability) 
and hand vetting these calls to ensure accuracy. Several authors rec‐
ommend a combination of acoustic and mist‐netting techniques for 
bat surveys to compensate for the shortcomings of each technique 
(Barclay, 1999; O’Farrell & Gannon, 1999). Although logistical con‐
straints did not allow for a systematic netting effort comparable to 
our acoustic sampling, opportunistic netting throughout the summer 
of 2016 confirmed the presence of all four focal bat species in the 
area, lending credence to our inventory. The use of acoustic survey 
techniques also left information on age and sex structure and intra‐
specific variation in landscape use undiscovered. These questions 
may be productive avenues for future research.

This study shows a strong positive association between tree 
availability and bat activity in rangeland landscapes. From a range 
management perspective, the importance of tree cover to bats in 
rangelands appears to put bat management goals at odds with the 
needs of obligate grassland wildlife (Brennan & Kuvlesky, 2005; 
Coppedge et al., 2001; Ratajczak et al., 2012). However, some tree 
cover existed on rangelands prior to European settlement in areas 
where sufficient water is available and fire is infrequent, such as ri‐
parian areas and steep draws (Briggs et al., 2005; Knopf, Johnson, 
Rich, Samson, & Szaro, 1988). Riparian forests are small but import‐
ant parts of the broader rangeland landscape (Knopf et al., 1988). 
Their importance to bats has been demonstrated both in rangeland 
and forested systems, and our systematic, landscape‐level approach 
has reaffirmed the importance of these native, highly tree covered 
areas (Grindal, Morissette, & Brigham, 1999; Holloway & Barclay, 
2000). Riparian forests are also important to other wildlife, includ‐
ing some species of birds and small mammals (Doyle, 1990; Tubbs, 
1980). The optimal management of these areas for bats and other 
wildlife is an important question for future research. Riparian for‐
est dynamics are affected by both stream‐associated and upland‐
associated sources of disturbance, including flooding patterns, fire, 
and grazing (Abrams, 1985; Kozlowski, 2002; Ohmart, 1996; Rood & 
Mahoney, 1990; Scott, Skagen, & Merigliano, 2003). Understanding 
the roles of these disturbances, particularly fire and grazing, which 
are more accessible methods for managers, is important for retaining 
native structure and disturbance regimes in these important areas.

Our landscape‐level modeling of bat foraging activity in range‐
lands illustrates the complexity of the factors associated with 
habitat use in these animals. Relationships between bat activity 
and landscape features varied between bat species, and several 
variables, particularly the distributions of trees, were significant 
predictors of bat activity at both proximate and landscape scales. 
These results corresponded to findings from rangeland and for‐
ested ecosystems (Adams & Hayes, 2008; Amelon, 2007; Ethier 
& Fahrig, 2011; Holloway & Barclay, 2000). Our approach to mod‐
eling was focused on specific variables that we selected a priori, 
but our models did not explain all of the variation in bat habitat 
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use, illustrating the complexity of modeling habitat use in range‐
land landscapes and leaving many questions for future research. 
For example, future research could focus on the importance of tree 
patches away from riparian areas, and the importance of tree patch 
size and tree species composition. Despite the complexity demon‐
strated, this study shows the importance of trees at both proxi‐
mate and landscape levels. This in turn highlights the importance 
of natively treed areas, particularly riparian forests, to rangeland 
bat populations (Holloway & Barclay, 2000). Focusing management 
efforts on riparian areas and other fire‐inhibited portions of the 
landscape can provide important core areas for bat populations 
that fit into the historical context of the rangeland landscape and 
complement conservation strategies for grassland obligate wildlife.

ACKNOWLEDG MENTS

This work was supported by grants from the United States Forest 
Service (15‐CS‐1011800‐003), the USDA National Institute of Food 
and Agriculture (Hatch project number ND02394), The Nature 
Conservancy, Prairie Biotic Research Inc., and the North Dakota 
State University Agricultural Experiment Station. The authors 
thank the U.S. Forest Service for access to the Sheyenne National 
Grasslands, The Nature Conservancy for access to the Pigeon Point 
Preserve and Brown Ranch, and North Dakota State University for 
access to the Albert Ekre Grassland Preserve. We also thank Mandy 
Guinn for providing equipment and Josiah Nelson and Kevin Cortes 
for mist‐netting help.

CONFLIC T OF INTERE S T

None declared.

AUTHORS’  CONTRIBUTIONS

RTT, TJH, and EHG conceived the ideas and designed methodology; 
RTT collected and analyzed the data; RTT and TJH led the writing of 
the manuscript. All authors contributed critically to the drafts and 
gave final approval for publication.

DATA ACCE SSIBILIT Y

Data and R code will be freely accessible through Dryad data reposi‐
tory upon publication (https://doi.org/10.5061/dryad.r17q65s).

ORCID

Torre J. Hovick  https://orcid.org/0000‐0001‐9192‐8805 

R E FE R E N C E S

Abrams, M. D. (1985). Fire history of oak gallery forests in a northeast 
Kansas tallgrass prairie. American Midland Naturalist, 114, 188–191. 
https://doi.org/10.2307/2425255

Adams, R. A., & Hayes, M. A. (2008). Water availability and success‐
ful lactation by bats as related to climate change in arid regions of 
western North America. Journal of Animal Ecology, 77(6), 1115–1121. 
https://doi.org/10.1111/j.1365‐2656.2008.01447.x

Allred, B. W., Smith, W. K., Twidwell, D., Haggerty, J. H., Running, S. W., 
Naugle, D. E., & Fuhlendorf, S. D. (2015). Ecosystem services lost to 
oil and gas in North America. Science, 348(6233), 401–402. https://
doi.org/10.1126/science.aaa4785

Amelon, S. K. (2007). Multi‐scale factors influencing detection, site oc‐
cupancy and resource use by foraging bats in the Ozark Highlands of 
Missouri (Doctoral dissertation, University of Missouri–Columbia).

Amelon, S. K., Thompson, F. R., & Millspaugh, J. J. (2014). Resource uti‐
lization by foraging eastern red bats (Lasiurus borealis) in the Ozark 
region of Missouri. Journal of Wildlife Management, 78(3), 483–493.

Arnett, E. B., & Baerwald, E. F. (2013). Impacts of wind energy devel‐
opment on bats: Implications for conservation. In R. A. Adams, & S. 
C. Pederson (Eds.), Bat evolution, ecology, and conservation (pp. 435–
456). New York, NY: Springer.

Barclay, R. M. R. (1993). The biology of prairie bats. Proceedings of the 
3rd Prairie Conservation and Endangered Species Workshop (Vol. 
19, pp. 353–357). https://doi.org/10.5962/bhl.title.104053

Barclay, R. M. R. (1999). Bats are not birds—A cautionary note on using 
echolocation calls to identify bats: A comment. Journal of Mammalogy, 
80(1), 290–296. https://doi.org/10.2307/1383229

Barclay, R. M., & Kurta, A. (2007). Ecology and behavior of bats roost‐
ing in tree cavities and under bark. In M. J. Lacki, J. P. Hayes, & A. 
Kurta (Eds.), Bats in forests: Conservation and management (pp. 17–59). 
Baltimore, MD: Johns Hopkins University Press.

Barnhart, P. R., & Gillam, E. H. (2014). The impact of sampling 
method on maximum entropy species distribution model‐
ing for bats. Acta Chiropterologica, 16(1), 241–248. https://doi.
org/10.3161/150811014X683435

Bolnick, D. I., Amarasekare, P., Araújo, M. S., Bürger, R., Levine, J. M., 
Novak, M., … Vasseur, D. A. (2011). Why intraspecific trait variation 
matters in community ecology. Trends in Ecology & Evolution, 26(4), 
183–192. https://doi.org/10.1016/j.tree.2011.01.009

Boyles, J. G., Cryan, P. M., McCracken, G. F., & Kunz, T. H. (2011). 
Economic importance of bats in agriculture. Science, 332(6025), 41–
42. https://doi.org/10.1126/science.1201366

Brennan, L. A., & Kuvlesky, W. P. Jr (2005). North American grass‐
land birds: An unfolding conservation crisis? Journal of Wildlife 
Management, 69(1), 1–13.

Briggs, J. M., Knapp, A. K., Blair, J. M., Heisler, J. L., Hoch, G. A., Lett, 
M. S., & McCarron, J. K. (2005). An ecosystem in transition: Causes 
and consequences of the conversion of mesic grassland to shrubland. 
BioScience, 55(3), 243–254. https://doi.org/10.1641/0006‐3568(20
05)055[0243:AEITCA]2.0.CO;2

Brigham, R. M. (2007). Bats in forests: What we know and what we need 
to learn. In M. J. Lacki, J. P. Hayes, & A. Kurta (Eds.), Bats in forests: 
Conservation and management (pp. 1–15). Baltimore, MD: Johns 
Hopkins University Press.

Brooks, M. E., Kristensen, K., van Benthem, K. J., Magnusson, A., Berg, C. 
W., Nielsen, A., … Bolker, B. M. (2017). glmmTMB balances speed and 
flexibility among packages for zero‐inflated generalized linear mixed 
modeling. R Journal, 9(2), 378–400.

Brooks, R. T., & Ford, W. M. (2005). Bat activity in a forest landscape 
of central Massachusetts. Northeastern Naturalist, 12(4), 447–462. 
https://doi.org/10.1656/1092‐6194(2005)012[0447:BAIAFL]2.0
.CO;2

Broyles, B. (1995). Desert wildlife water developments: questioning 
use in the Southwest. Wildlife Society Bulletin (1973–2006), 23(4), 
663–675.

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multimodal 
inference: A practical information‐theoretic approach (2nd ed.). New 
York, NY: Springer.

https://doi.org/10.5061/dryad.r17q65s
https://orcid.org/0000-0001-9192-8805
https://orcid.org/0000-0001-9192-8805
https://doi.org/10.2307/2425255
https://doi.org/10.1111/j.1365-2656.2008.01447.x
https://doi.org/10.1126/science.aaa4785
https://doi.org/10.1126/science.aaa4785
https://doi.org/10.5962/bhl.title.104053
https://doi.org/10.2307/1383229
https://doi.org/10.3161/150811014X683435
https://doi.org/10.3161/150811014X683435
https://doi.org/10.1016/j.tree.2011.01.009
https://doi.org/10.1126/science.1201366
https://doi.org/10.1641/0006-3568(2005)055[0243:AEITCA]2.0.CO;2
https://doi.org/10.1641/0006-3568(2005)055[0243:AEITCA]2.0.CO;2
https://doi.org/10.1656/1092-6194(2005)012[0447:BAIAFL]2.0.CO;2
https://doi.org/10.1656/1092-6194(2005)012[0447:BAIAFL]2.0.CO;2


606  |     TRUBITT eT al.

Carter, T. C., & Menzel, J. M. (2007). Behavior and day‐roosting ecology 
of North American foliage‐roosting bats. In M. J. Lacki, J. P. Hayes, 
& A. Kurta (Eds.), Bats in forests: Conservation and management (pp. 
61–81). Baltimore, MD: Johns Hopkins University Press.

Chung‐MacCoubrey, A. L. (1996). Grassland bats and land management 
in the Southwest. Ecosystem disturbance and wildlife conservation in 
western grasslands: A symposium proceedings (pp. 54–63), (Document: 
Number 285). 

Coppedge, B. R., Engle, D. M., Masters, R. E., & Gregory, M. S. (2001). 
Avian response to landscape change in fragmented southern Great 
Plains grasslands. Ecological Applications, 11(1), 47–59. https://doi.org
/10.1890/1051‐0761(2001)011[0047:ARTLCI]2.0.CO;2

Dixon, M. D. (2012). Relationship between land cover and insectivorous 
bat activity in an urban landscape. Urban Ecosystems, 15(3), 683–695. 
https://doi.org/10.1007/s11252‐011‐0219‐y

Doyle, A. T. (1990). Use of riparian and upland habitats by small 
mammals. Journal of Mammalogy, 71(1), 14–23. https://doi.
org/10.2307/1381312

Engle, D. M., Coppedge, B. R., & Fuhlendorf, S. D. (2008). From the 
Dust Bowl to the Green Glacier: Human activity and environmen‐
tal change in Great Plains grasslands. In O. Van Auken (Ed.), Western 
North American Juniperus communities: A dynamic vegetation type (pp. 
253–271). New York, NY: Springer.

Erickson, J. L., & West, S. D. (2002). The influence of regional cli‐
mate and nightly weather conditions on activity patterns of in‐
sectivorous bats. Acta Chiropterologica, 4(1), 17–24. https://doi.
org/10.3161/001.004.0103

Ethier, K., & Fahrig, L. (2011). Positive effects of forest fragmentation, 
independent of forest amount, on bat abundance in eastern Ontario, 
Canada. Landscape Ecology, 26(6), 865–876. https://doi.org/10.1007/
s10980‐011‐9614‐2

Fenton, M. B., & Bell, G. P. (1979). Echolocation and feeding behaviour 
in four species of Myotis (Chiroptera). Canadian Journal of Zoology, 
57(6), 1271–1277.

Foley, J. A., DeFries, R., Asner, G. P., Barford, C., Bonan, G., Carpenter, S. R., 
… Helkowski, J. H. (2005). Global consequences of land use. Science, 
309(5734), 570–574. https://doi.org/10.1126/science.1111772

Frank, A. F. (2011). R‐hacks/mer‐utils.R. Retrieved from https://github.
com/aufrank/R‐hacks/blob/master/mer‐utils.R

Frick, W. F., Puechmaille, S. J., Hoyt, J. R., Nickel, B. A., Langwig, K. E., 
Foster, J. T., … Herzog, C. (2015). Disease alters macroecological pat‐
terns of North American bats. Global Ecology and Biogeography, 24(7), 
741–749. https://doi.org/10.1111/geb.12290

Fuhlendorf, S. D., Engle, D. M., Elmore, R. D., Limb, R. F., & Bidwell, 
T. G. (2012). Conservation of pattern and process: Developing 
an alternative paradigm of rangeland management. Rangeland 
Ecology & Management, 65(6), 579–589. https://doi.org/10.2111/
REM‐D‐11‐00109.1

Furmankiewicz, J., & Kucharska, M. (2009). Migration of bats along a 
large river valley in southwestern Poland. Journal of Mammalogy, 
90(6), 1310–1317. https://doi.org/10.1644/09‐MAMM‐S‐099R1.1

Geluso, K. N., & Geluso, K. (2016). Bats of Kimball and Cheyenne counties 
in the panhandle of Nebraska. Special Publications, 183.

Gittleman, J. L., & Kot, M. (1990). Adaptation: Statistics and a null model 
for estimating phylogenetic effects. Systematic Zoology, 39, 227–241. 
https://doi.org/10.2307/2992183

Gordon, L. J., Peterson, G. D., & Bennett, E. M. (2008). Agricultural mod‐
ifications of hydrological flows create ecological surprises. Trends 
in Ecology & Evolution, 23(4), 211–219. https://doi.org/10.1016/j.
tree.2007.11.011

Grindal, S. D., Morissette, J. L., & Brigham, R. M. (1999). Concentration of 
bat activity in riparian habitats over an elevational gradient. Canadian 
Journal of Zoology, 77(6), 972–977. https://doi.org/10.1139/z99‐062

Hagen, E. M., & Sabo, J. L. (2011). A landscape perspective on bat for‐
aging ecology along rivers: Does channel confinement and insect 

availability influence the response of bats to aquatic resources 
in riverine landscapes? Oecologia, 166(3), 751–760. https://doi.
org/10.1007/s00442‐011‐1913‐4

Harvey, M. J., Altenbach, J. S., & Best, T. L. (2011). Bats of the United States 
and Canada. Baltimore, MD: The Johns Hopkins University Press.

Hess, G. R., & Bay, J. M. (2000). A regional assessment of windbreak 
habitat suitability. Environmental Monitoring and Assessment, 61(2), 
239–256.

Holloway, G. L., & Barclay, R. M. (2000). Importance of prairie riparian 
zones to bats in southeastern Alberta. Ecoscience, 7(2), 115–122. 
https://doi.org/10.1080/11956860.2000.11682579

Hovick, T. J., Allred, B. W., Elmore, R. D., Fuhlendorf, S. D., Hamilton, 
R. G., & Breland, A. (2015). Dynamic disturbance processes cre‐
ate dynamic lek site selection in a prairie grouse. PLoS ONE, 10(9), 
e0137882.

International Union for the Conservation of Nature (2015). The IUCN 
Red List of Threatened Species. Version 2015.4. http://www.iucnre‐
dlist.org. Accessed April 05, 2016.

Johnson, W. C. (1998). Adjustment of riparian vegetation to river regula‐
tion in the Great Plains, USA. Wetlands, 18(4), 608–618. https://doi.
org/10.1007/BF03161676

Jung, T. S., Thompson, I. D., Titman, R. D., & Applejohn, A. P. (1999). 
Habitat selection by forest bats in relation to mixed‐wood stand 
types and structure in central Ontario. Journal of Wildlife Management, 
1306–1319. https://doi.org/10.2307/3802849

Knopf, F. L., Johnson, R. R., Rich, T., Samson, F. B., & Szaro, R. C. (1988). 
Conservation of riparian ecosystems in the United States. Wilson 
Bulletin, 100(2), 272–284.

Knudson, M. D., VanLooy, J. A., & Hill, M. J. (2015). A Habitat Suitability 
Index (HSI) for the Western Prairie Fringed Orchid (Platanthera 
praeclara) on the Sheyenne National Grassland, North Dakota, 
USA. Ecological Indicators, 57, 536–545. https://doi.org/10.1016/j.
ecolind.2015.05.011

Korine, C., Adams, R., Russo, D., Fisher‐Phelps, M., & Jacobs, D. (2016). 
Bats and water: Anthropogenic alterations threaten global bat pop‐
ulations. In C. C. Voigt, & T. Kingston (Eds.), Bats in the Anthropocene: 
Conservation of bats in a changing world (pp. 215–241). New York, NY: 
Springer International Publishing.

Kozlowski, T. T. (2002). Physiological‐ecological impacts of flooding on 
riparian forest ecosystems. Wetlands, 22(3), 550–561. https://doi.
org/10.1672/0277‐5212(2002)022[0550:PEIOFO]2.0.CO;2

Kreuter, U. P., Iwaasa, A. D., Theodori, G. L., Ansley, R. J., Jackson, R. B., 
Fraser, L. H., … Moya, E. G. (2016). State of knowledge about energy 
development impacts on North American rangelands: An integrative 
approach. Journal of Environmental Management, 180, 1–9. https://
doi.org/10.1016/j.jenvman.2016.05.007

Kunz, T. H., Braun de Torrez, E., Bauer, D., Lobova, T., & Fleming, 
T. H. (2011). Ecosystem services provided by bats. Annals of 
the New York Academy of Sciences, 1223(1), 1–38. https://doi.
org/10.1111/j.1749‐6632.2011.06004.x

Lawler, J. J., Lewis, D. J., Nelson, E., Plantinga, A. J., Polasky, S., Withey, 
J. C., … Radeloff, V. C. (2014). Projected land‐use change impacts 
on ecosystem services in the United States. Proceedings of the 
National Academy of Sciences USA, 111(20), 7492–7497. https://doi.
org/10.1073/pnas.1405557111

Loeb, S. C., & O’Keefe, J. M. (2011). Bats and gaps: the role of early suc‐
cessional patches in the roosting and foraging ecology of bats. In I. 
C. Greenberg, B. Collins, & F. Thompson III (Eds.), Sustaining young 
forest communities (pp. 167–189). Dordrecht, the Netherlands: 
Springer.

Menzel, J. M., Menzel, M. A., Kilgo, J. C., Ford, W. M., Edwards, J. W., 
& McCracken, G. F. (2005). Effect of habitat and foraging height on 
bat activity in the coastal plain of South Carolina. Journal of Wildlife 
Management, 69(1), 235–245. https://doi.org/10.2193/0022‐541X(2
005)069<0235:EOHAFH>2.0.CO;2

https://doi.org/10.1890/1051-0761(2001)011[0047:ARTLCI]2.0.CO;2
https://doi.org/10.1890/1051-0761(2001)011[0047:ARTLCI]2.0.CO;2
https://doi.org/10.1007/s11252-011-0219-y
https://doi.org/10.2307/1381312
https://doi.org/10.2307/1381312
https://doi.org/10.3161/001.004.0103
https://doi.org/10.3161/001.004.0103
https://doi.org/10.1007/s10980-011-9614-2
https://doi.org/10.1007/s10980-011-9614-2
https://doi.org/10.1126/science.1111772
https://github.com/aufrank/R-hacks/blob/master/mer-utils.R
https://github.com/aufrank/R-hacks/blob/master/mer-utils.R
https://doi.org/10.1111/geb.12290
https://doi.org/10.2111/REM-D-11-00109.1
https://doi.org/10.2111/REM-D-11-00109.1
https://doi.org/10.1644/09-MAMM-S-099R1.1
https://doi.org/10.2307/2992183
https://doi.org/10.1016/j.tree.2007.11.011
https://doi.org/10.1016/j.tree.2007.11.011
https://doi.org/10.1139/z99-062
https://doi.org/10.1007/s00442-011-1913-4
https://doi.org/10.1007/s00442-011-1913-4
https://doi.org/10.1080/11956860.2000.11682579
http://www.iucnredlist.org
http://www.iucnredlist.org
https://doi.org/10.1007/BF03161676
https://doi.org/10.1007/BF03161676
https://doi.org/10.2307/3802849
https://doi.org/10.1016/j.ecolind.2015.05.011
https://doi.org/10.1016/j.ecolind.2015.05.011
https://doi.org/10.1672/0277-5212(2002)022[0550:PEIOFO]2.0.CO;2
https://doi.org/10.1672/0277-5212(2002)022[0550:PEIOFO]2.0.CO;2
https://doi.org/10.1016/j.jenvman.2016.05.007
https://doi.org/10.1016/j.jenvman.2016.05.007
https://doi.org/10.1111/j.1749-6632.2011.06004.x
https://doi.org/10.1111/j.1749-6632.2011.06004.x
https://doi.org/10.1073/pnas.1405557111
https://doi.org/10.1073/pnas.1405557111
https://doi.org/10.2193/0022-541X(2005)069<0235:EOHAFH>2.0.CO;2
https://doi.org/10.2193/0022-541X(2005)069<0235:EOHAFH>2.0.CO;2


     |  607TRUBITT eT al.

Mickleburgh, S. P., Hutson, A. M., & Racey, P. A. (2002). A review of the 
global conservation status of bats. Oryx, 36(1), 18–34. https://doi.
org/10.1017/S0030605302000054

Millennium Ecosystem Assessment [MA] (2005). Current state and trends, 
626. Washington, DC: Island Press.

Miller, B. W. (2001). A method for determining relative activity of free 
flying bats using a new activity index for acoustic monitoring. Acta 
Chiropterologica, 3(1), 93–105.

National Agriculture Imagery Program (2014). Retrieved from https://
www.fsa.usda.gov/programs‐and‐services/aerial‐photography/im‐
agery‐programs/naip‐imagery/index, 4/29/2016

Nielsen, S. E., Stenhouse, G. B., & Boyce, M. S. (2006). A habi‐
tat‐based framework for grizzly bear conservation in Alberta. 
Biological Conservation, 130(2), 217–229. https://doi.org/10.1016/j.
biocon.2005.12.016

Nilsson, C., & Berggren, K. (2000). Alterations of riparian ecosystems 
caused by river regulation: Dam operations have caused global‐scale 
ecological changes in riparian ecosystems. How to protect river en‐
vironments and human needs of rivers remains one of the most im‐
portant questions of our time. AIBS Bulletin, 50(9), 783–792.

Norberg, U. M., & Rayner, J. M. (1987). Ecological morphology and flight 
in bats (Mammalia; Chiroptera): Wing adaptations, flight perfor‐
mance, foraging strategy and echolocation. Philosophical Transactions 
of the Royal Society of London B: Biological Sciences, 316(1179), 335–
427. https://doi.org/10.1098/rstb.1987.0030

North Dakota Agricultural Weather Network (2015). NWS monthly nor‐
mal weather data. Retrieved from https://ndawn.ndsu.nodak.edu/
station‐info.html?station=75

North Dakota Department of Transportation (2016a). City and county 
roads, shapefile. Retrieved from https://gishubdata.nd.gov/dataset/
city‐and‐county‐roads

North Dakota Department of Transportation (2016b). State and federal 
roads, shapefile. Retrieved from https://gishubdata.nd.gov/dataset/
state‐and‐federal‐roads

O'Farrell, M. J., & Gannon, W. L. (1999). A comparison of acoustic versus 
capture techniques for the inventory of bats. Journal of Mammalogy, 
80(1), 24–30. https://doi.org/10.2307/1383204

Ohmart, R. D. (1996). Historical and present impacts of livestock grazing 
on fish and wildlife resources in western riparian habitats In P. R. 
Krausman (Ed.), Rangeland wildlife (pp. 245–279). Denver, CO: Society 
for Range Management.

Patriquin, K. J., & Barclay, R. M. (2003). Foraging by bats in cleared, 
thinned and unharvested boreal forest. Journal of Applied Ecology, 
40(4), 646–657. https://doi.org/10.1046/j.1365‐2664.2003.00831.x

Poff, N. L., Bledsoe, B. P., & Cuhaciyan, C. O. (2006). Hydrologic variation 
with land use across the contiguous United States: Geomorphic and 
ecological consequences for stream ecosystems. Geomorphology, 
79(3), 264–285. https://doi.org/10.1016/j.geomorph.2006.06.032

Polasky, S., Nelson, E., Lonsdorf, E., Fackler, P., & Starfield, A. (2005). 
Conserving species in a working landscape: Land use with biological 
and economic objectives. Ecological Applications, 15(4), 1387–1401. 
https://doi.org/10.1890/03‐5423

Prevedello, J. A., Almeida‐Gomes, M., & Lindenmayer, D. B. (2017). The 
importance of scattered trees for biodiversity conservation: A global 
meta‐analysis. Journal of Applied Ecology, 55(1), 205–214.

Price, J. N., & Morgan, J. W. (2008). Woody plant encroachment 
reduces species richness of herb‐rich woodlands in south‐
ern Australia. Austral Ecology, 33(3), 278–289. https://doi.
org/10.1111/j.1442‐9993.2007.01815.x

R Core Team (2017). R: A language and environment for statistical com‐
puting. Vienna, Austria: R Foundation for Statistical Computing. 
Retrieved from https://www.R‐project.org/

Ratajczak, Z., Nippert, J. B., & Collins, S. L. (2012). Woody encroachment 
decreases diversity across North American grasslands and savannas. 
Ecology, 93(4), 697–703. https://doi.org/10.1890/11‐1199.1

Rood, S. B., & Mahoney, J. M. (1990). Collapse of riparian poplar forests 
downstream from dams in western prairies: Probable causes and 
prospects for mitigation. Environmental Management, 14(4), 451–464. 
https://doi.org/10.1007/BF02394134

Rosenstock, S. S., Rabe, M. J., O’Brien, C. S., & Waddell, R. B. (2004). 
Studies of wildlife water developments in southwestern Arizona: 
Wildlife use, water quality, wildlife diseases, wildlife mortalities, and 
influences on native pollinators. Arizona Game and Fish Department, 
Research Branch Technical Guidance Bulletin, 8, 1–15.

Samson, F. B., Knopf, F. L., McCarthy, C. W., Noon, B. R., Ostlie, W. R., 
Rinehart, S. M., … Byer, T. W. (2003). Planning for population viability 
on northern Great Plains national grasslands. Wildlife Society Bulletin, 
31(4), 986–999.

Scott, M. L., Skagen, S. K., & Merigliano, M. F. (2003). Relating geomorphic change 
and grazing to avian communities in riparian forests. Conservation Biology, 
17(1), 284–296. https://doi.org/10.1046/j.1523‐1739.2003.00466.x

Skalak, S. L., Sherwin, R. E., & Brigham, R. M. (2012). Sampling period, 
size and duration influence measures of bat species richness from 
acoustic surveys. Methods in Ecology and Evolution, 3(3), 490–502. 
https://doi.org/10.1111/j.2041‐210X.2011.00177.x

Society for Range Management (1998). Glossary of terms used in range 
management (4th ed.). Edited by the Glossary Update Task Group, 
Thomas E. Bedell, Chairman. Used with permission.

Starbuck, C. A., Amelon, S. K., & Thompson, F. R. (2015). Relationships 
between bat occupancy and habitat and landscape structure along a 
savanna, woodland, forest gradient in the Missouri Ozarks. Wildlife 
Society Bulletin, 39(1), 20–30. https://doi.org/10.1002/wsb.512

Swaty, R., Blankenship, K., Hagen, S., Fargione, J., Smith, J., & Patton, 
J. (2011). Accounting for ecosystem alteration doubles estimates of 
conservation risk in the conterminous United States. PLoS ONE, 6(8), 
e23002. https://doi.org/10.1371/journal.pone.0023002

Tubbs, A. A. (1980). Riparian bird communities of the Great Plains. US 
Forest Service, Intermountain Forest and Range Experiment Station, 
General Technical Report, (INT‐86) (pp.419–433).

Tuttle, S. R., Chambers, C. L., & Theimer, T. C. (2006). Potential effects 
of livestock water‐trough modifications on bats in northern Arizona. 
Wildlife Society Bulletin, 34(3), 602–608. https://doi.org/10.2193/00
91‐7648(2006)34[602:PEOLWM]2.0.CO;2

Twidwell, D., Fuhlendorf, S. D., Taylor, C. A., & Rogers, W. E. (2013). Refining 
thresholds in coupled fire–vegetation models to improve manage‐
ment of encroaching woody plants in grasslands. Journal of Applied 
Ecology, 50(3), 603–613. https://doi.org/10.1111/1365‐2664.12063

U.S. Fish and Wildlife Service (2015a). Endangered and threatened wild‐
life and plants; threatened species status for the northern long‐eared bat 
with 4(d) rule. 50 C.F.R. § 17 (2015), (Document number: 2015‐07069) 
(pp. 17973‐18033).

U.S. Fish and Wildlife Service (2015b). 2015 Range‐wide Indiana bat sum‐
mer survey guidelines. Retrieved from http://www.fws.gov/midwest/
endangered/mammals/inba/inbasummersurveyguidance.html

U.S. Fish and Wildlife Service (2016). National Wetlands Inventory. 
Retrieved from https://www.fws.gov/wetlands/

Verboom, B., & Spoelstra, K. (1999). Effects of food abundance and wind 
on the use of tree lines by an insectivorous bat, Pipistrellus pipistrel‐
lus. Canadian Journal of Zoology, 77(9), 1393–1401.

Vindigni, M. A., Morris, A. D., Miller, D. A., & Kalcounis‐Rueppell, M. C. 
(2009). Use of modified water sources by bats in a managed pine 
landscape. Forest Ecology and Management, 258(9), 2056–2061. 
https://doi.org/10.1016/j.foreco.2009.07.058

Zedler, J. B. (2003). Wetlands at your service: Reducing impacts of 
agriculture at the watershed scale. Frontiers in Ecology and the 
Environment, 1(2), 65–72. https://doi.org/10.1890/1540‐9295(2003
)001[0065:WAYSRI]2.0.CO;2

Zuur, A. F., Ieno, E. N., & Elphick, C. S. (2010). A protocol for data exploration 
to avoid common statistical problems. Methods in Ecology and Evolution, 
1(1), 3–14. https://doi.org/10.1111/j.2041‐210X.2009.00001.x

https://doi.org/10.1017/S0030605302000054
https://doi.org/10.1017/S0030605302000054
https://www.fsa.usda.gov/programs-and-services/aerial-photography/imagery-programs/naip-imagery/index,4/29/2016
https://www.fsa.usda.gov/programs-and-services/aerial-photography/imagery-programs/naip-imagery/index,4/29/2016
https://www.fsa.usda.gov/programs-and-services/aerial-photography/imagery-programs/naip-imagery/index,4/29/2016
https://doi.org/10.1016/j.biocon.2005.12.016
https://doi.org/10.1016/j.biocon.2005.12.016
https://doi.org/10.1098/rstb.1987.0030
https://ndawn.ndsu.nodak.edu/station-info.html?station=75
https://ndawn.ndsu.nodak.edu/station-info.html?station=75
https://gishubdata.nd.gov/dataset/city-and-county-roads
https://gishubdata.nd.gov/dataset/city-and-county-roads
https://gishubdata.nd.gov/dataset/state-and-federal-roads
https://gishubdata.nd.gov/dataset/state-and-federal-roads
https://doi.org/10.2307/1383204
https://doi.org/10.1046/j.1365-2664.2003.00831.x
https://doi.org/10.1016/j.geomorph.2006.06.032
https://doi.org/10.1890/03-5423
https://doi.org/10.1111/j.1442-9993.2007.01815.x
https://doi.org/10.1111/j.1442-9993.2007.01815.x
https://www.R-project.org/
https://doi.org/10.1890/11-1199.1
https://doi.org/10.1007/BF02394134
https://doi.org/10.1046/j.1523-1739.2003.00466.x
https://doi.org/10.1111/j.2041-210X.2011.00177.x
https://doi.org/10.1002/wsb.512
https://doi.org/10.1371/journal.pone.0023002
https://doi.org/10.2193/0091-7648(2006)34[602:PEOLWM]2.0.CO;2
https://doi.org/10.2193/0091-7648(2006)34[602:PEOLWM]2.0.CO;2
https://doi.org/10.1111/1365-2664.12063
http://www.fws.gov/midwest/endangered/mammals/inba/inbasummersurveyguidance.html
http://www.fws.gov/midwest/endangered/mammals/inba/inbasummersurveyguidance.html
https://www.fws.gov/wetlands/
https://doi.org/10.1016/j.foreco.2009.07.058
https://doi.org/10.1890/1540-9295(2003)001[0065:WAYSRI]2.0.CO;2
https://doi.org/10.1890/1540-9295(2003)001[0065:WAYSRI]2.0.CO;2
https://doi.org/10.1111/j.2041-210X.2009.00001.x


608  |     TRUBITT eT al.

Zurcher, A. A., Sparks, D. W., & Bennett, V. J. (2010). Why did the bat 
not cross the road? Acta Chiropterologica, 12(2), 337–340. https://doi.
org/10.3161/150811010X537918

SUPPORTING INFORMATION

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

How to cite this article: Trubitt RT, Hovick TJ, Gillam EH, 
McGranahan DA. Habitat associations of bats in a working 
rangeland landscape. Ecol Evol. 2019;9:598–608. https://doi.
org/10.1002/ece3.4782

https://doi.org/10.3161/150811010X537918
https://doi.org/10.3161/150811010X537918
https://doi.org/10.1002/ece3.4782
https://doi.org/10.1002/ece3.4782

