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Protected areas may function as islands of habitat in otherwise adverse environments for many species 
of North American animals. It is currently unclear how to maintain suitable foraging habitat for bats 
within these areas. Bats are nocturnal and highly mobile, making their specific needs difficult to 
determine. Using data collected from acoustically surveyed sites within protected areas in the Oak 
Openings Region of Northwest Ohio, a biodiversity hotspot, we developed spatially explicit 
macrohabitat models using maximum entropy modeling (Maxent). We then used data collected by 
citizen scientists to test these models to determine their success in predicting species presence. We 
found that the models were successful (AUC values > 0.75) at predicting the occurrence of the seven 
species for which models were developed, Lasionycteris noctivagans, Lasiurus borealis, 
Lasiuruscinereus, Myotis lucifugus, Myotiss eptentrionalis, Nycticeius humeralis, and Perimyotis 
subflavus.  Within protected areas, it is important to manage for heterogeneous habitat composition at 
this intermediate scale to maintain potential for foraging areas for all occurring bat species. Data 
collected by citizen scientists is useful to test spatially explicit models and can potentially be used to 
monitor long term changes in bat species composition in these systems and across regions.  
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INTRODUCTION 
  
Studies on the activity of bats in the summer are often 
based in areas that are relatively forested and intact 
(Brigham, 2007). However, data on activity in systems 
typified by habitat loss and urbanization are lacking 
(Avila-Flores and Fenton, 2005; Dixon, 2011; Duchamp 
et al., 2004; Gehrt and Chelsvig, 2003, 2004; Sparks et 
al., 2005). Evidence from more thoroughly studied species 
suggests, however, that activity will differ depending on 
the landscape context (Estes and Mannan, 2003). 

Within human dominated systems, protected areas for  

example  metroparks  and  parkland,  exist in  pockets of 
relative isolation (Donnelly and Marzluf, 2004; Rothley et 
al., 2004) surrounded by a potentially hostile matrix of 
development and agriculture. How bats utilize protected 
areas is unclear, but studies have demonstrated higher 
species diversity inside parks compared to outside of 
them (Avila-Flores and Fenton, 2005; Duchamp and 
Swihart, 2008; Glendell and Vaughn, 2002; Jung and 
Kalko, 2011). This suggests that protected areas may 
serve as a critical refuge from human-mediated impacts 
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(Glendell and Vaughan, 2002; Loeb et al., 2009). 

It is important to identify the characteristics of these 
parks and their context that promote long-term viability of 
native species. Additionally, there may be more variability 
in bat activity and presence within a park than between 
parks (Gehrt and Chelsvig, 2003, 2004; Johnson et al., 
2008) and species diversity may be lower in urban rather 
than rural parks (Johnson et al., 2008; Kurta and 
Teramino, 1992; Loeb et al., 2009). Some of these 
findings may also reflect the variability of individual 
species for specific habitat characteristics (Lacki et al., 
2007) as a result of different morphology and echolo-
cation abilities (Aldridge and Rautenbach, 1987).  In 
general, these species-specific differences are predictive 
of where a bat will forage, but this may vary depending 
on the location (Kurta and Whitaker, 1998) or species 
may show plasticity in their foraging (Ratcliffe and 
Dawson, 2003).  

To determine potential effects of management, habitat 
changes, and prioritizing areas for protection, we need to 
understand these differences in species distributions and 
behavior. Previous models for predicting bat distributions 
have often been conducted at the landscape scale, which 
by their nature are relatively coarse, placing up to 1 km 
buffers around survey points (Ford et al., 2006).  A focus 
on this large scale provides limited insight into the 
characteristics of the area immediately surrounding the 
foraging environment and this intermediate macro habitat 
(Saab, 1999) scale is often the target of management 
within protected areas (Abella et al., 2001).   

To address this need, we relied on acoustic surveys to 
determine bat presence at the macrohabitat scale. 
Acoustic surveys can be conducted in areas where 
capturing bats with the traditional method of mist netting 
is difficult (that is within parks). The present data 
collected by acoustics has been successfully used to 
model species presence in association with habitat 
characteristics in a number of other studies (Brooks and 
Ford, 2005; Erickson and West, 2003; Ford et al., 2005; 
Ford et al., 2006;Francl et al., 2004; Johnson and Gates, 
2008; Loeb and O’Keefe, 2006; Zimmerman and Glanz, 
2000).  

Linking species data to the associated habitat 
characteristic relies on any number of statistical 
approaches depending on the sample sizes and the 
structure of the data.  We chose to use maximum entropy 
modeling in the program Maxent to build predictive 
habitat models based on presence of bats detected 
through acoustic monitoring. Maximum entropy modeling 
and the program Maxent is a way to model species 
distribution using presence data (Phillips et al., 2006) with 
small sample sizes (Hernandez et al., 2006; Kumar and 
Stohlgren, 2009). Although we had absence data for our 
sites, the data can be misleading as we cannot be 
confident that these are true absences (Anderson, 2003). 
Maxent has been used to successfully model the distribu- 

 
 
 
 
tions of a range of taxa: plants (Schetter, 2012; Kumar 
and Stohlgren, 2009), exotic ant species (Ward et al., 
2007), birds (Elith et al., 2006), geckos (Pearson et al., 
2007), as well as African (Lamb et al., 2008), Asian 
(Hughes et al., 2012), and European (Rebelo et al., 2010) 
bats.  The program takes the user-defined environmental 
layers within a geographic area and estimates the proba-
bility distribution of maximum entropy (or closest to 
uniform). This approach allows us to maximize the use of 
our acoustic data while minimizing the assumptions 
necessary. 

In most modeling situations, a subset of the originally 
collected data is withheld and then used to test (testing 
data) the model. We chose instead to use a novel 
approach of testing the model with a data set collected by 
citizen science volunteers. In this way, we demonstrate 
that data collected by citizen scientists can be used as an 
effective independent test of the model and increase our 
confidence in its application (Guisan and Zimmerman 
2000). The data collected by citizen scientists are also 
easily added to the program Maxent and analyzed using 
“Area Under the Curve” (AUC) of a “Receiver Operating 
Characteristics” (ROC).  

Acoustic surveys of bats conducted by volunteers have 
been a way of monitoring bat trends in England for a 
number of years (Walsh et al., 1993), but have not been 
widely used in the United States. The original goals of 
citizen science programs were education and outreach, 
but large amounts of scientifically useful data can also be 
collected (Bonney et al., 2009).  Examples of this abound 
in the United States in which large scale studies of birds 
are quite successful (Lepczyk, 2005). Citizen science is 
now increasingly used in studies from classifying star 
systems (Raddick et al., 2010) and monitoring seismic 
activity (Cochran et al., 2009) to wildlife sightings on 
major roads (Lee et al., 2006).    

Our goals were to develop a macrohabitat model of bat 
presence for all occurring bat species at the macrohabitat 
level using Maxent, and then demonstrate the usefulness 
of testing these models with data collected from citizen 
scientists.   
 
 

MATERIALS AND METHODS 
 

Study area 

 
The Oak Openings Region of Northwest Ohio (located in the north 
central portion of the United States) is a 476 km² area characterized 
by soil types from post glaciation events and contain a 
heterogeneous mix of habitats including vulnerable or imperiled 
plant communities (Noss et al., 2005) such as the critically 
endangered oak savanna (Brewer and Vankat, 2004). Considerable 
fragmentation has occurred due to increased urbanization and 
agricultural expansion (Brewer and Vankat, 2004) (Figure 1). This 
region remains an area of high biodiversity and protected areas 
within the region are considered critical stopover locations for 
migrating birds (Ewert et al., 2005) and potentially bats (V. 
Bingman, personal communication). 
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Figure 1. Map of the Oak Openings Region showing the extent of fragmentation caused by roads (lines), agriculture and urban areas 
(inset of location within Ohio).  

 
 
 
Acoustic monitoring to determine species presence 
 
From June 1st to September 2nd, 2009, we acoustically surveyed 
32 sites five times each with a broadband acoustic device (Anabat, 
Titley Electronic, Ballina, New South Wales, Australia).  These sites 
were within two of the main protected areas within the region, an 
area of 1722 ha, comprising approximately 10% of the natural area 
remaining. These protected areas are owned and maintained by the 
Metroparks of The Toledo Area and are both within Lucas County, 
Ohio.  Sites within these parks were chosen because they 
encompassed all described habitat types (Ford et al. 2005, Loeb 

and O’Keefe, 2006) and were within 0.5 km of water, which all bats 
rely on to varying degrees (Francl, 2008; Vaughan et al., 1997).  

Methods of echolocation monitoring followed those previously 
well established (Brooks and Ford, 2005; Brooks, 2009; Johnson 
and Gates, 2008; Johnson et al., 2008; Ford et al., 2005; Ford et 
al., 2006;Francl et al., 2004;Francl, 2008) for acoustic monitoring.  
Four sites within a quarter of a mile to each other were surveyed in 
the same night and each was actively surveyed for 20 minbefore 
moving onto the next site.  Monitoring began approximately 0.5 h 
after sunset and ended 3 h thereafter, covering the time frame 
when  bat  activity is  most  homogeneous (Hayes, 1997).  All  sites  
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were greater than 100 m apart, which is well outside the reception 
area of the Anabat (Livengood, 2003).  We also avoided sampling 
during times of strong wind (for example > 3 on Beaufort scale) or 
rain.  

All files with more than three identifiable calls were analyzed and 
taxa determined (by the primary author who compared calls to a 
known call library) to species level, both qualitatively (Analook 
version 3.7w), and quantitatively (Allen, Bat Call Identification 
version 2.0.5.2, Kansas City, MO).  When the two methods dis-
agreed on identification, the call file was qualitatively inspected 
again and the primary author determined identification. Each 
species was considered present if it was detected at least once 
during the five surveys at a given location. 
 
 
Macrohabitat characteristics 
 
We derived macrohabitat characteristics using ArcMap 9.2 software 
(ESRI, Redlands, California, USA).  The original landcover map for 
the Oak Openings Region was developed by Schetter and Root 
(2011) using 30 m pixel Landsat data and contains a total of 15 
different land classes, including asphalt, turf, residential, swamp, 
floodplain and upland forest, savanna, wet prairie, prairie, barren, 
meadow, shrub/scrub, conifer, crop and pond. We excluded wet 
prairie, barren, shrub/scrub and conifer cover in further analysis due 
to their low sample size and relatively low frequency within the Oak 
Openings Region.  

We used the program FRAGSTATS (McGarigal and Marks, 
1995) and a 60 m circular moving window to determine the 
percentage of land cover type around each 30 m pixel as well as 
measures of fragmentation including cohesion, number of patches, 
landscape shape index, and the Simpson diversity index for types 
of land cover. We also determined distance to nearest road, stream 
(US Census Bureau, 2009), residential and agricultural area. 
 
 
Model development 
 
We first ran correlation analysis on all environmental variables and 
those that were correlated r > 0.6, p<0.05 were assessed and 
variables chosen a priori to decrease overfitting due to model 
complexity (Merow et al., 2013). Distance to residential area, 
distance to roads, and the percentage of residential cover were all 
correlated.  We chose to use distance to roads in all models since 
roads are a critical feature that indicate human influence on the 
landscape. Roads may also facilitate unimpeded movement, or 
foraging, as ditches (which may be used as alternative water and 
feeding sites, Vindigni et al., 2009) are commonly adjacent to most 
major roads in the area. Measures of fragmentation and 
heterogeneity were also found to be highly correlated so we only 
included the number of habitat patches as a general measure of 
fragmentation in model development.  

For all species, we included distance to stream, and distance to 
agriculture, as these variables have been found to be important for 
bats in general (Yates and Muzika, 2006; Either and Fahrig, 2011; 
Grindal et al., 1999) and particularly those in urban/agricultural 
matrices (Gehrt and Chelsvig, 2004; Duchamp and Swihart, 2008).  
We retained all measures of forest for example upland, swamp and 
floodplain) and open cover (for example meadow and prairie), as 
well as savanna because of its unique status in this region 

To decrease the issues surrounding spatial autocorrelation 
(Veloz, 2009), we employed the methods of Parolo et al. (2008) for 
species in which we had greater than 15 presence points (northern 
Myotis, little brown bat and eastern red bat). We used GIS to 
determine the distance of each presence point from each other and 
randomly removed presence points within a threshold distance (30% 

 
 
 
 
of locations closest to each other). We chose not to remove 
presence points for the remaining species, choosing instead to 
maximize sample size, with the understanding that some overfitting 
in the models may occur fo rthose species. 

We ran ten replicates with the default settings (Phillips and 
Dudik, 2008) in the Maxent program (v.3.3.3k, Phillips et al., 2006) 
to develop habitat distribution models for each bat taxon that was 
recorded during our acoustic surveys. The model outputs were on a 
logistic scale in which each map pixel was assigned a number 
between 0 (low habitat suitability) and 1 (high habitat suitability).  
Each model was then combined into an overall species richness 
model. This was done by summing the model output for each of the 
seven species with a resulting map made up of pixels ranging in 
number from zero to seven. A zero represents no species likely 
present, while a seven would be all species likely present. Our 
methodology did allow us to gather absences but due to the 
potential pitfalls of absence data (Anderson, 2003) we chose to use 
the Maxent method which uses only the presence points. However, 
we also conducted Wilcoxon-signed rank tests between the 
presence and absence of each species in association with the 
environmental variables to further support the Maxent models.   
 
 
Model testing 
 
From June1th-August 15thof 2011, a citizen science program held in 
conjunction with the Metroparks of the Toledo Area was initiated. 
Volunteers walked along ten park trails that occurred within two 
parks where data was originally collected, and two smaller areas 
not previously surveyed.  Volunteers were trained on the use and 
how to hold the acoustic monitor while walking and the pace at 
which to walk. Volunteers began walking the trails between 15 
minand a half hour after sunset and concluded 45 min to 1 h later. 
Each trail was surveyed between one and five times. This program 
was continued in 2012, and nine of the ten original trails were 
monitored using the same protocol as the previous year.  

The data for each species along volunteer-monitored trails were 
used to test the relevant macrohabitat model.  GPS coordinates 
corresponding to the detection of each species were taken and 
entered into Maxent as test data. The model performance in terms 
of the test data was evaluated using ROC curves. ROC curves 
balance both omission and commission errors in a model set 
generating a graph line that represents a random level of 
performance (Fawcett, 2006). The AUC are between 0 and 1 and 
values of 0.5 are considered a random prediction (Fawcett, 2006).  
A second evaluation of the test data given by the Maxent program 
is a threshold dependent evaluation (ROC is threshold 
independent).  This uses a χ² test to determine the difference 
between the proportions of predicted area generated by the model, 
versus what would be predicted from random (Phillips et al., 2006).     

 
 
RESULTS 

 
Species detected 

 
During the initial 2009 surveys, a total of 1,570 call files 
were recorded and identified to species. Species 
detected included big brown (Eptesicus fuscus) (1,195 
files), Eastern red (Lasiurus borealis) (118 files), little 
brown (Myotis lucifugus) (81 files), tri-colored (Perimyotis 
subflavus) (54 files), Northern Myotis (Myotiss 
eptentrionalis)    (39  files),   silver-haired   (Lasionycteris  
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Table 1. Percentage of contribution of ten environmental variables to maxent species distribution models developed within the Oak Openings 
region for each of seven species of bats. 
 

Environmental  variable Northern myotis Little brown Tri-colored Evening Silver-haired Eastern Red Hoary 

Distance to roads (m) 0 + 1 + 0.1 n 0.3n 0 + 0 n 0.1 n 

Distance to agriculture (m) 12.8 +/- 25.6+/- 16 +/- 12 + 1.3 - 13.2 +/- 1.2 n 

Distance to water (m) 42.1 - 23.5 - 56.5 - 37.9 - 64.4 - 28.4 - 49.2 - 

Floodplain forest (%) 8.3 + 12.1 + 5.4 + 0 n 0.8 + 1 + 0 n 

Swamp forest (%) 0.1 +/- 0 +/- 1.2 n 9.8 - 0.1 n 0.2 - 0 n 

Upland forest (%) 35.0  + 32+ 1.5 + 12.5 + 0.2 + 17.2 + 27.5 + 

Number of patches 1 n 0.1 + 1.6 + 17.9 + 14.4 + 4 + 2.8 n 

Prairie (%) 0.2 - 0.7 +/- 11.3 + 1.5 + 0.2 + 11.8 + 0.3 + 

Meadow (%) 0.6 - 1.1 + 0.6 n 2.8 + 9.2 + 5.6 + 18.6 + 

Savanna (%) 0.1 - 4.1 + 5.8 + 5.3 + 9.5 + 18.4 + 0.3 - 
 

Symbols that follow each percentage indicate the response curve given to each environmental variable by Maxent. “+” indicates increasing, “-“ 
indicates decreasing, “+/-“ indicates an initial increase followed by a decrease and “n” is no change. 
 
 
 
noctivagans) (34 files), hoary (Lasiurus cinereus) (26 
files), and evening (Nycticeius humeralis) (23 files) bats. 
Three files keyed out to the endangered Indiana bat 
(Myotis sodalis), but because of the difficulty of 
distinguishing the calls of this species from the little 
brown bat (Britzke et al., 2002), we could not definitively 
determine its presence. 

Big browns have been found to be ubiquitous in many 
urban situations (Loeb et al., 2009; Johnson et al., 2008), 
and we had similar results. Big browns were present in 
every location in both the originally collected data and the 
citizen science collected data; therefore we dropped them 
from further habitat modeling since there was no 
difference in occupancy across the surveyed sites any 
resulting model would include all similar natural areas. 
The remaining seven species were present at a low of 
five sites for the hoary bat to a high of 19 sites for the 
little brown bat.    
 
 
Habitat models 
 
The percentage of contribution of the ten environmental 
variables to the Maxent models are shown in Table 1, 
while Figure 2a and b show the suitable area for each 
species. Those environmental factors associated with 
urban/agricultural areas, including distance to roads, 
distance to agriculture and the number of patches, had 
varying importance in models for each species.  

Presence of Northern myotis, little brown, tri-colored 
and eastern red bats were most likely at intermediate 
distances from agriculture. Distance to roads provided a 
negligible contribution to all models, while the number of 
different habitat patches contributed to the models for 
evening, eastern red and silver-haired bats. The distance 
to water provided a large contribution to models for all 

seven species and presence was more likely closer to 
water, although this difference was not as evident when 
looking at only the results of the Wilcoxon-signed rank 
test (Tables 1 and 2). The type of forest covers that 
contributed to each species model generally aligned with 
expectations for that species based on previous 
literature.  

Northern myotis and little brown bat models had 
contributions from upland forests.  Open adapted bats 
(silver-haired, eastern red and hoary) had combi-nations 
of contributions resulting from upland forest, prairie, 
meadow and savanna.  

The developed models for all seven species were 
significantly better than random when considering the 
threshold dependent χ²  test at the 1, 5 and 10% omi-
ssion thresholds (a proxy measure for the amount of 
suitable habitat misclassified as unsuitable), as well as 
when commission and omission rates are balanced 
(Table 3).  

In all cases, the models were significantly better than a 
random model at predicting suitable habitat. The pre-
dicted amount of suitable habitat at the 10% threshold 
ranges from a low of 30% for the little brown bat to a high 
of 48% for the hoary bat.  The multi-species model 
(Figure 3) demonstrates overlap in locations throughout 
the Oak Openings Region that are potentially suitable for 
all seven species.   

The models using the training data all exceeded the 
“very good” threshold of 0.9 based on the threshold 
independent AUC tests (Swets, 1988); however, only two 
models using the test data met this threshold (Table 3) 
(evening and eastern red bats). The remaining models 
using the test data were still well above the cut-off of 
0.75, though, which indicates that the discrimination 
ability of the model was still considered useful (Elith et al., 
2006).    
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Figure 2. (A) Maxent model results for the four species that are considered open adapted of the bats within the Oak 
Openings Region of Northwest Ohio including silver-haired, red, tri-colored and hoary bat. Map showing both the full extent 
of the Oak Openings and that within protected areas. (B) Maxent model results for the three species that are considered 
forest adaptedof the bats within the Oak Openings Region of Northwest Ohio,including little brown, northern Myotis and 
Evening bats. Map showing both the full extent of the Oak Openings and that within protected areas. 
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Table 2.  Wilcoxon-signed rank test between the presence and absence of seven bat species across ten environmental macrohabitat 
variables. Tests were conducted on data collected at 32 acoustic survey sites in two protected areas within the Oak Openings Region in 
2009.  

       

Parameter 
Present  Absence  z p. 

Mean SE n Mean SE n   

Northern Myotis         

Number of patches 3.38 0.44 10 4.13 0.44 16 0.997 0.31 

Distance to Agriculture (m) 2221.63 324.24  1516.25 324.24  -1.451 0.14 

Distance to road (m) 235.09 38.07  238.98 38.07  0.169 0.86 

Distance to water (m) 75.19 26.03  174.14 26.03  2.129 0.03 

Floodplain forest (%) 29.69 6.22  15.81 6.22  -1.23 0.21 

Swamp Forest (%) 13.06 3.63  4.81 3.63  -1.088 0.27 

Upland Forest (%) 37.31 8.82  29.00 8.82  -0.618 0.53 

Meadow (%) 1.44 5.02  12.50 5.02  1.431 0.15 

Prairie (%) 0.48 2.35  8.65 2.35  2.429 0.01 

Savanna (%) 0.00 4.05  13.13 4.05  2.355 0.01 

         

Little brown          

Number of patches 3.64 0.38 22 4.00 0.57 10 0.558 0.57 

Distance to Agriculture (m) 2190.77 267.29  1160.90 396.45  -1.484 0.13 

Distance to road (m) 242.23 32.42  225.62 48.09  -0.386 0.69 

Distance to water (m) 116.94 24.60  141.66 36.48  0.304 0.76 

Floodplain forest (%) 24.55 5.49  18.80 8.14  -0.852 0.39 

Swamp Forest (%) 9.50 3.22  7.70 4.78  -0.563 0.57 

Upland Forest (%) 34.18 7.57  30.90 11.23  -0.020 0.98 

Meadow (%) 8.39 4.42  3.85 6.56  0.257 0.79 

Prairie (%) 3.49 2.17  6.92 3.21  1.230 0.21 

Savanna (%) 7.55 3.73  4.40 5.54  0.225 0.82 

         

Tri-colored bat         

Number of patches 3.83 0.52 12 3.70 0.40 20 0.455 0.64 

Distance to Agriculture (m) 2068.33 386.15  1749.30 299.11  0.506 0.61 

Distance to road (m) 175.63 41.61  273.88 32.23  -1.849 0.06 

Distance to water (m) 85.21 32.21  148.34 24.95  -1.966 0.04 

Floodplain forest (%) 36.83 6.73  14.30 5.21  2.009 0.04 

Swamp Forest (%) 8.25 4.37  9.35 3.38  -0.292 0.77 

Upland Forest (%) 17.42 9.59  42.60 7.43  -2.054 0.03 

Meadow (%) 3.20 5.96  9.23 4.62  0 1 

Prairie (%) 5.13 2.97  4.23 2.30  0.102 0.91 

Savanna (%) 2.75 4.99  8.85 3.87  -0.892 0.37 
         

Evening bat         

Number of patches 4.10 0.57 10 3.59 0.38 22 0.765 0.44 

Distance to Agriculture (m) 2016.80 424.76  1801.73 286.37  -0.040 0.96 

Distance to road (m) 143.31 43.51  279.64 29.34  -2.337 0.01 

Distance to water (m) 156.94 35.98  109.99 24.26  1.158 0.24 

Floodplain forest (%) 14.30 7.97  26.59 5.38  -1.039 0.29 

Swamp Forest (%) 2.20 4.55  12.00 3.07  -1.573 0.11 

Upland Forest (%) 26.50 11.14  36.18 7.51  -0.687 0.49 

Meadow (%) 13.85 6.42  3.85 4.33  1.511 0.13 

Prairie (%) 8.46 3.14  2.80 2.12  2.059 0.03 

Savanna (%) 10.00 5.50  5.00 3.71  0.482 0.62 
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Table 2. Cond. 

         

Silver-haired bat         

Number of patches 4.64 0.51 11 3.29 0.37 21 2.180 0.02 

Distance to Agriculture (m) 1042.64 360.97  2301.76 261.25  -2.440 0.01 

Distance to road (m) 209.29 45.49  251.57 32.92  -0.476 0.63 

Distance to water (m) 126.86 34.96  123.52 25.30  -0.515 0.60 

Floodplain forest (%) 23.00 7.81  22.62 5.65  0.953 0.34 

Swamp Forest (%) 9.00 4.57  8.90 3.31  -0.068 0.94 

Upland Forest (%) 19.00 10.23  40.57 7.40  -1.504 0.13 

Meadow (%) 18.18 5.76  1.10 4.17  2.291 0.02 

Prairie (%) 9.09 2.93  2.20 2.12  1.774 0.07 

Savanna (%) 8.00 5.29  5.81 3.83  1.067 0.28 

         

Eastern red bat         

Number of patches 4.00 0.41 19 3.38 0.49 13 -1.073 0.28 

Distance to Agriculture (m) 1719.58 306.08  2087.23 370.03  1.247 0.21 

Distance to road (m) 194.91 32.79  298.60 39.64  1.880 0.06 

Distance to water (m) 127.39 26.59  120.68 32.15  0 1 

Floodplain forest (%) 20.89 5.92  25.46 7.15  0.019 0.98 

Swamp Forest (%) 7.53 3.45  11.00 4.17  1.285 0.19 

Upland Forest (%) 28.47 8.04  40.00 9.72  0.727 0.46 

Meadow (%) 8.10 4.78  5.33 5.77  -0.910 0.36 

Prairie (%) 7.28 2.23  0.59 2.69  -1.943 0.05 

Savanna (%) 10.47 3.87  0.85 4.68  -1.092 0.27 

         

Hoary bat         

Number of patches 3.40 0.81  3.81 0.35  -0.448 0.65 

Distance to Agriculture (m) 1914.20 602.39  1860.56 259.23  -0.415 0.67 

Distance to road (m) 245.14 68.09  235.54 29.30  0.3633 0.71 

Distance to water (m) 90.83 51.43  130.93 22.13  -0.571 0.56 

Floodplain forest (%) 15.40 11.49  24.11 4.94  -0.318 0.75 

Swamp Forest (%) 4.40 6.71  9.78 2.89  -0.779 0.43 

Upland Forest (%) 37.60 15.87  32.33 6.83  0.478 0.63 

Meadow (%) 23.08 8.76  3.99 3.77  1.683 0.09 

Prairie (%) 4.61 4.60  4.56 1.98  0.648 0.51 

Savanna (%) 0.00 7.75  7.78 3.33  -0.985 0.32 

 
 
 
DISCUSSION 
 
For seven bat species that occur within the Oak 
Openings Region of Northwest Ohio, we successfully 
developed a macrohabitat model that predicted presence 
in the protected areas and increased our understanding 
of critical habitat components. We developed models at 
an intermediate habitat scale that can be used in a 
straightforward manner; give us a better understanding of 
where bats are present within a rural/urban landscape; 
and aid in managing those areas.   
This work demonstrates the usefulness of citizen science 
collected data in testing a spatially explicit model. Despite 

limitations of where volunteers could go and how often 
trails could be walked, we were able to gather sufficient 
testing data in a relatively short amount of time with 
minimal intrusion on either land management activities or 
the bats themselves  

Test data collected independently of the training data is 
imperative if we are to understand the generalizability of 
habitat models (Vaughan and Omerod, 2005). Gathering 
these data can be expensive and time consuming.   

In contrast, employing volunteers in citizen science 
data collection is relatively inexpensive and provides an 
opportunity to gather large data sets across space and 
time (Reisch et al., 2013).  This volunteer program has
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Table 3.  Results of maxent models and “area under the curve” ROC analysis for each of seven species of bats within the oak openings 
region of northwest Ohio.  Also displayed are the percent of predicted suitable area under 1, 5 and 10% omission thresholds of the test data.  

        

Parameter Northern myotis Little brown Tri-colored Evening Silver-haired Eastern red Hoary 

Training AUC 0.978 0.983 0.959 0.983 0.95 0.956 0.974 

Test AUC 0.83 0.86 0.855 0.93 0.819 0.845 0.835 

1% 71% 69% 75% 79% 84% 84% 78% 

5% 50% 46% 51% 58% 66% 64% 60% 

10% 38% 30% 38% 43% 53% 50% 48% 
 

The original acoustic data was used to determine the training AUC and this was what was used to develop the model.  The test AUC used the citizen 
science collected acoustic data. Maxent statistically compares test data against a random prediction with the same fractional predicted area. All test 
data was significantly better than random at the <0.001 level for all omission thresholds. 
 
 
 

 
 

Figure 3.  Multispecies bat model with all protected areas indicated within the Oak Openings. Region of Northwest 
Ohio.  Model developed by combining each individual species model from Maxent.  Zero indicates no species likely 
present to a high of all seven species likely present. 



 

 

 
 
 
 
continued and we hope to expand it to not only other 
parks, but urban and suburban areas throughout the 
region. 

Habitat models provide a powerful tool for monitoring 
and conserving vulnerable species in a rapidly changing 
world. Our models are a baseline, or a first step, in 
characterizing the diversity patterns in the area and 
modeling presence on a macrohabitat scale, something 
that has not been done for bats. These models can be 
refined and test data can be included into training data as 
new test data becomes available. We used variables that 
are easily extracted from GIS and updated over time. The 
models allow us to aid managers in finding potentially 
important foraging sites and assist in long-term 
monitoring.    

Indeed, these models have already been used to 
identify areas of priority conservation within the protected 
areas (Lipps, unpublished data). We hope that they can 
be used to identify areas outside of parks that could be 
protected as commuting or foraging habitat. With this 
long term monitoring, there is also the potential to 
understand how changes such as management may 
increase (for example by removing structural clutter 
(Tichenell et al., 2011), or decrease (through loss of 
canopy cover (Smith and Gehrt, 2010) species presence. 

The results of our models indicate a need to maintain 
heterogeneity in habitat types.  It appears that protected 
areas within the Oak Openings Region can support a 
suite of species when considering foraging activity as 
long as a variety of successional states are maintained. 
At this macrohabitat scale, and within protected areas, 
the fragmentation and development that we measured 
did not appear to affect the presence of these species, 
although very few areas outside of the parks appear to be 
suitable habitat.  

Distance to roads had a negligible contribution to all 
species models; the largest contribution of this factor was 
for little brown bats. This species is generally found 
further away from urban development (Duchamp and 
Swihart, 2008), but roads could serve as commuting 
areas to roosts (Riskin and Pybus, 1998); insect hot 
spots due to heat retention; openings within forests; or 
edges in areas where tree lines are next to roads. The 
concentration of suitable habitat in the northern part of 
the Oak Openings Region follows the drainage ditches 
that are unique to this area, which are also associated 
with roads.  

Measures of forest cover were predictors for the taxa 
generally considered to be forest obligate (northern 
Myotis and little brown bats), while the presence of open 
areas -prairie and savanna- contributed to the models of 
the larger bodied eastern red bats. The presence of 
savanna also contributed to little brown, tri-colored, 
evening and silver-haired bats, indicating a need to 
explore the importance of this habitat type further.  

Bats are an integral part of North American ecosystems  
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as  the  primary  predators of  night flying insects, and  as 
such, it is important that we understand how to maintain 
populations of these organisms across diverse contexts. 
This is an important consideration within protected areas 
as they are often considered islands of suitable habitat. 
Through this work, we found that the scale of consi-
deration is important and may differ across species, but 
that the macrohabitat scale is generally predictive of 
species presence and can be used in predicting species 
occurrence within protected areas of this region. In terms 
of management, heterogeneity of land cover and 
successional states is important in supporting a diverse 
group of species. Using the combined approach of 
Maxent modeling and model testing using data collected 
by citizen scientists, we were able to increase our 
understanding of the important habitat components for 
bat species in protected areas to assist in conservation 
and management, while engaging and educating the 
local stakeholders.    

 
 
ACKNOWLEDGEMENTS 
 
This research was part of a PhD dissertation work of J. 
Sewald and was partially supported by National Science 
Foundation (DEB-1110481), Bowling Green State 
University, Bat Conservation International, The Ohio 
Division of Wildlife through the State Wildlife Grants 
Program, and the Toledo Naturalists Association. We 
would like to thank H. Michaels and M. van Staaden for 
assistance with this project, and K. Francl, C. Corben and 
K. Livengood for assistance and use of call libraries. The 
project would not have been possible without the help of 
E. Tucker, B. Crim, K. Kuhn, M. Vogel, K. Schultes, T. 
Schetter, M. Cross, and K. Baczynski.  We are also 
grateful to the Metroparks of the Toledo area and Karen 
Menard as well as the numerous and dedicated citizen 
science volunteers. 
 
 
REFERENCES  

 
Abella SR, Jaeger JF, Gehring DH, Jacksy RG, MenardKS, High K 

(2001). Restoring historic plant communities in the Oak Opening 
Region of Northwest Ohio. Ecol. Rest. 19:155-160. 

Aldridge H, Rautenbach IL (1987). Morphology, echolocation and 
resource partitioning in insectivorous bats. J. Anim. Ecol.56:763-788. 

Anderson RP (2003). Real vs. artefactual absences in species 
distributions: tests for Oryzomysalbigularis (Rodentia:Muridae) in 
Venezuela. J. Biogeog. 30:591-605. 

Avila-Flores R, Fenton MB (2005). Use of spatial features by foraging 
insectivorous bats in a large urban landscape. J. Mammal. 86:1193-
1204 

Bonney R, Cooper CB, Dickinson J, Kelling S, Phillips T, Rosenberg 
KV, ShirkJ (2009). Citizen science: A developing tool for expanding 
scientific knowledge and scientific literacy. BioSci. 59:977-984. 

Brewer LG,Vankat JL(2004). Description of vegetation of the Oak 
Opening of Northwestern Ohio at the time of Euro-American 
settlement.Ohio. J. Sci. 104:76-85. 



 

 

182         Int. J. Biodivers. Conserv. 
 
 
 
Brigham RM (2007). Bats in forests: what we know and what we need 

to learn. In Bats in Forest:Conservation and Management. in Lacki 
MJ, Hayes JP, Kurta A., editors.  The John Hopkins University Press, 
Baltimore. pp. 1-16. 

Britzke ER, Murray KL, Heywood JS, Robbins LW (2002). Acoustic 
identification. In: A. Kurta, and J Kennedy, editors. The Indiana 
bat:Biology and management. Bat Conservation International, Inc., 
Austin, TX. pp. 221-227. 

Brooks RT (2009). Habitat-associated and temporal patterns of bat 
activity in a diverse forest landscape of southern New England, USA. 
Biol. Conserv. 18:529-545. 

Brooks RT, Ford WM (2005). Bat activity in a forest landscape of central 
Massachusetts. Northeast. Nat. 12:447-467. 

Cochran ES, Lawrence JF, Christensen C, Jakka RS (2009).The quake-
catcher network: citizen science expanding seismic horizons. 
Seismol. Res. Lett.80:26-30. 

Dixon MD (2011). Relationship between land cover and insectivorous 
bat activity in an urban landscape. Urban Ecosys.10.1007/s11252-
011-0219-y. 

Donnelly R, Marzluff JM (2004). Importance of reserve size and 
landscape context to urban bird conservation. Conserv. Biol.18:733-
745. 

Duchamp JE, Sparks DW, Whitaker Jr. JO (2004). Foraging-habitat 
selection by bats at an urban-rural interface:comparison between a 
successful and a less successful species. Can. J. Zool. 82:1157-
1164. 

Duchamp JE, Swihart RK (2008). Shifts in bat community structure 
related to evolved traits and features of human-altered landscapes. 
Landscape Ecol. 23:849-860. 

Elith J, Graham CH, Anderson RP, Dudik M, Ferrier S, Guisan A, 
Hijmans RJ, Huettmann F, Leathwick JR, Lehmann A, Lohmann LG, 
Loiselle BA, Manion G, Moritz C, Nakamura M, Nakazawa Y, Overton 
JM, Peterson AT, Phillips SJ, Richardson K, Scachetti-Pereira R, 
Schapire RE, Soberon J, Williams S, Wisz MS, Zimmermann NE 
(2006). Novel methods improve prediction of species' distributions 
from occurrence data. Ecography 29:129-151. 

Erickson JL, West S (2003). Associations of bats with local structure 
and landscape features of forested stands in western Oregon and 
Washington. Biol. Conserv. 109:95-102. 

Estes WA, Mannan W(2003). Associations of bats with local structure 
and landscape features of forested stands in western Oregon and 
Washington. Biol. Conserv. 109:107-116. 

Ewert DN, Soulliere RD, Macleod RD, Shieldcastle MC, Rodewald PG, 
Fujimura E, Shieldcastle J, Gates RJ (2005). Migratory bird stopover 
site attributes in the western Lake Erie basin. Final report to The 
George Gund Foundation. 

Fawcett T (2006). An introduction to ROC analysis. Pattern Recognit. 
Lett. 27:861-874.  

Ford WM, Menzel JM, Menzel MA, Edwards JW, Kilgo JC (2006). 
Presence and absence of bats across habitat scales in the upper 
coastal plain of South Carolina. J. Wildl. Manage. 70:1200-1209. 

Ford WM, Menzel MA, Rodrigue JL, Menzel JM, Johnson JB (2005). 
Relating bat species presence to simple habitat measures in a central 
Appalachian forest. Biol. Conserv. 126:528-539. 

Francl K (2008). Summer bat activity at the woodland seasonal pools in 
the Northern Great Lakes Region. Wetlands 28:117-124. 

Francl, K, W.M. Ford, Castleberry SB (2004). Bat activity in Central 
Appalachian Wetlands. Ga. J. Sci. 62:87-94. 

Gehrt SD, Chelsvig JE (2003). Bat activity in an urban 
landscape:patterns at the landscape and microhabitat scale. Ecol. 
Appl. 13:939-950. 

Gehrt SD, Chelsvig JE(2004). Species-specific patterns of bat activity in 
an urban landscape. Ecol. Appl. 14:625-635. 

Glendell M,Vaughan N(2002). Foraging activity of bats in historic 
landscape parks in relation to habitat composition and park 
management. Anim. Conserv. 5:309-316. 

Grindal SD, Morissette JL, Brigham RM(1999). Concentration of bat 
activity in riparian habitats over an elevation gradient. Can. J. Zool. 
77:972-977. 

Guisan A, Zimmerman NE (2000). Predictive habitat distribution models  

 
 
 
 

in ecology. Ecol. Modell. 135:147-186. 
Hayes JP (1997). Temporal variation in activity of bats and the design of 

echolocation-monitoring studies. J. Mammal. 78:514-520. 
Hernandez PA, Graham CH, Master LL, Albert DL (2006). The effect of 

sample size and species characteristics on performance of different 
species distribution modeling methods. Ecography 29:773-785. 

Hughes AC, Satasook C, Bates PJ Bumrungsri S, Jones G (2012). The 
projected effects of climate and vegetation changes on the 
distribution and diversity of Southeast Asian bats. Glob. Chang. Biol. 
18:1854-1865. 

Johnson JB, Gates JE (2008). Bats of Assateague Island National 
Seashore, Maryland. Am. Midl. Nat. 160:160-170. 

Johnson JB, Gates JE, Ford WM (2008). Distribution and activity of bats 
at local and landscape scales within a rural-urban gradient. Urban 
Ecosys. 11:227-242. 

Jung K,Kalko EKV(2011). Adaptability and vulnerability of high flying 
neotropical aerial insectivorous bats to urbanization. Biodivers. Res. 
17:262-274. 

Kumar S, Stohlgren TJ (2009). Maxent modeling for predicting suitable 
habitat for threatened and endangered tree Canacomyricamonticolain 
New Caledonia. J. Ecol. Nat. Environ. 1:94-98. 

Kurta A, Teramino JA (1992). Bat community structure in an urban park. 
Ecography 15:257-261. 

Kurta A, Whitaker Jr. JO (1998). Diet of the endangered Indiana bat 
(Myotissodalis) on the northern edge of its range. Am. Midl. Nat. 
140:280-286. 

Lacki MJ, Amelon SK, Baker MD (2007). Foraging ecology of bats in 
forests. In: Lacki MJ, Hayes JP, and Kurta A, editors. Bats in Forests: 
Conservation and management. The John Hopkins University Press, 
Baltimore. pp. 83-128. 

Lamb JM, Ralph TMC, Goodman SM, Bogdanowicz W, Fahr J, 
Gajewska M, Eger JP, Benda JP, Taylor PJ (2008). Phylogeography 
and predicted distribution of African-Arabian and Malagasy 
populations of giant mastiff bats, Otomops spp. (Chiroptera: 
Molossidae). Acta Chiropterologica 10:21-40.  

Lee T, Quinn MS, Duke D(2006). Citizen, science, highways, and 
wildlife: Using a web-based GIS to engage citizens in collecting 
wildlife information.  Ecol. Soc. 
11:www.ecologyandsociety.org/vol11/iss1/art11/ 

Lepczyk CA (2005). Integrating published data and citizen science to 
describe bird diversity across a landscape.  J. Appl. Ecol. 42:672-
677. 

Livengood K (2003). The anabat detector's zone of reception and the 
factors that affect detection volume. University of Missouri-Columbia, 
Columbia. p. 134. 

Loeb SC, O'Keefe JM(2006). Habitat use by forest bats in South 
Carolina in relation to local, stand, and landscape characteristic. J. 
Wildl. Manage. 70:1210-1218. 

Loeb SC, Post CJ, Jall ST(2009). Relationship between urbanization 
and bat community stucture in national parks of the southeastern 
U.S. Urban Ecosyst. 12:197-214. 

McGarigal K, Marks BJ (1995). FRAGSTATS:spatial pattern analysis 
program for quantifying landscape structure. USDA Forest Service 
General Technical Report PNWGTR–351, USDA Forest Service, 
Pacific Northwest Research Station, Portland,Oregon. p.134.  

Noss RF, LaRoe ET, Scott JM (2005). Endangered ecosystems of the 
United States: a preliminary assessment of loss and degradation., 
Biol. Rep. 28. ed. N.B.S. U.S. Department of the Interior. 
http://biology.usgs.gov/pubs/ecosys.htm 

Pearson RG, Raxworthy CJ, Nakamura M, Peterson AT (2007). 
Predicting speciesdistributions from small numbers of occurrence 
records:a test case using cryptic geckos in Madagascar. J. Biogeog. 
34:102-117. 

Phillips SJ, Anderson RP, Schapire RE (2006). Maximum entropy 
modeling of speciesgeographic distributions. Ecol. Model. 190:231-
259. 

Phillips SJ, Dudik M (2008). Modeling of species distributions with 
Maxent: newextensions and a comprehensive evaluation. Ecography 
31:167-175. 

Raddick MJ,  Bracey G,  Gay  PL, Lintott  CJ,  Murray P,  Schawinski K, 



 

 

 
 
 
 

Szalay AS, Vandenberg J (2010). Galaxy Zoo: Exploring the 
motivations of citizen science volunteers. Astron. Educ. Rev. 9: 
010103-1, 10.3847/AER2009036 

Ratcliffe JM, Dawson JW (2003). Behavioural flexibility: the little brown 
bat, Mytois lucifugus, and the northern long-eared bat, M. 
septentrionalis, both glean and hawk prey. Anim. Behav. 66:847-856. 

Rebelo H, Tarroso P, Jones G (2010).  Predicted impact of climate 
change on European bats in relation to their biogeographic patterns. 
Glob. Chang. Biol. 16:561-576. 

Riesch H, Potter C (2013). Citizen science as seen by 
scientists:Methodological, epistemological and ethical dimensions. 
Public Understanding of Science (2013):0963662513497324 

Riskin DK, Pybus MJ(1998). The use of exposed diurnal roosts in 
Alberta by the little brown bat, Myotislucifugus. Can. J. Zool. 76:767-
772. 

Rothley KD, Berger CN, Gonzales C, Webster EM, Rubenstein DI 
(2004). Combining strategies to select reserves in fragmented 
landscapes. Conserv. Biol. 18:1121-1131. 

Saab V (1999). Importance of spatial scale to habitat use by breeding 
birds in riparian forests:A hierarchical analysis. Ecol. Appl. 9:135-151. 

Schetter TA (2012).  A multiscale spatial analysis of oak openings plant 
diversity with implications for conservation and management.  
Bowling Green State University, Bowling Green, OH. 

Schetter TA, Root KV (2011). Assessing an imperiled oak savanna 
landscape in northwestern Ohio using Landsat data. Nat. Areas J. 
31:181-130. 

Smith, DA, Gehrt SD (2010). Bat response to woodland restoration 
within urban forest fragments. Restor. Ecol. 18:914-923. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Buckman-Sewald et al.         183 
 
 
 
Sparks DW, Ritzi CM, Duchamp JE, Whitaker Jr. JO (2005).Foraging 

habitat of the Indiana bat (Myotissodalis) at an urban-rural interface. 
J. Mammal. 86:713-718. 

Swets J (1988). Measuring the accuracy of diagnostic systems. Sci. 
240:1285-1293. 

Tichenell MA, Williams RA, Ghert SD (2011). Bat response to 
shelterwoodharvests and forest structure in oak-hickory forests. For. 
Ecol. Manage. 262:980-988. 

U.S. Census Bureau (2009). Technical documentation: TIGER/Line 
Shapefiles. U.S. Census Bureau, Washington D.C. 

Vindigni MA, Morris AD, Miller DA (2009).Use of modified water sources 
by bats in a managed pine landscape. For. Ecol. Manage. 258:2056-
2061. 

Walsh AL, Hutson TM, Harris S (1993). UK volunteer bat groups and 
the British bat and habitats survey, in: K. Kapteyn, editor. 
Proceedings of the first European bat detector workshop. 
Netherlands Bat Research Foundation, Amsterdam. pp. 113-123. 

Yates MD, Muzika RM (2006). Effect of forest structure and 
fragmentation on site occupancy of bat species in Missouri Ozark 
forests. J. Wildl. Manage. 70:1238-1248. 

Zimmerman GS, Glanz WE(2000). Habitat use by bats in eastern 
Maine. J. Wildl. Manage. 64:1032-104. 

 
 
 


