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OCCUPANCY OF TWO THREATENED MYOTINE BAT SPECIES ON NATIONAL 

WILDLIFE REFUGES IN NORTHERN MISSOURI 

 

Dane Smith 

Dr. Elisabeth B. Webb and Dr. Sybill Amelon, Thesis Advisors 

 

ABSTRACT 
 

 North American bat species face a range of environmental stressors which have 

negatively impacted recovery of the endangered Indiana bat (Myotis sodalis) and led to 

inclusion of the northern long-eared bat (Myotis septentrionalis) as a federally threatened 

species. Historic threats like disturbance of winter hibernacula and habitat loss continue 

to imperil both species, but the introduction of the fungal disease white-nose syndrome 

(WNS) into North America in 2006 resulted in substantial population declines in several 

species of Myotine bats in the eastern and central portions of the United States. Prior to 

the emergence of WNS, M. septentrionalis populations were estimated in the millions, 

and the rangewide M. sodalis population had experienced almost a decade of steady 

recovery. However, since the onset of WNS, M. sodalis populations have declined 

steadily and M. septentrionalis now faces extirpation from much of its range. 

Additionally, the development of wind power facilities across large portions of the 

central U.S. has increased the likelihood that critical habitat will be lost or fragmented 

and pose a new threat of large-scale mortality caused by collisions between bats and 

turbine blades. Objectives of this study were to 1) quantify maternity habitat 
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characteristics of the endangered Indiana bat (Myotis sodalis) in northern Missouri to 

identify factors that drive selection and 2) identify local- and landscape-scale habitat 

characteristics associated with occupancy of M. sodalis and M. septentrionalis.  

 To identify drivers of maternity roost selection of M. sodalis in Northern 

Missouri, we used mist nets to capture pregnant and lactating females during the 

summers of 2017 and 2018 and applied radio transmitters to individuals with sufficient 

body mass. We tracked 24 M. sodalis for an average of 5.8 days and identified 21 roost 

trees. We conducted emergence counts at each roost to classify them as primary or 

alternate and collected habitat data for each tree and the surrounding area. We then 

collected the same habitat data at available roosts and used discrete choice models to 

compare selected roosts with available trees within the study area. The top ranked model 

for primary roosts included tree diameter (DBH), tree height, and canopy cover while the 

top ranked model for alternate roosts included DBH, snag basal area, and canopy cover. 

Our results indicate that the probability of primary roost selection was greatest for trees 

with DBH ~ 50 cm and height of ~ 17 m. Roost site selection probability decreased with 

canopy closure, falling to 0 above ~ 75% closure. The probability of selection for 

alternate roosts was associated with greater canopy closure (~ 75%), smaller trees (~ 35 

cm) and was positively associated with snag basal area. Land managers who wish to 

promote maternity habitat for M. sodalis could preserve existing snags, implement 

techniques to create new large-diameter snags, and, when possible, acquire additional 

bottomland hardwood forests to ensure the availability of an extensive network of 

available roost trees. 
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 To identify the local- and landscape-scale factors associated with occupancy of M. 

sodalis and M. septentrionalis, we used ANABAT SD1 acoustic detectors to record the 

echolocation calls of passing bats at 87 sites during the maternity seasons of 2017 and 

2018. We deployed three detectors at each site for a minimum of two consecutive nights 

and recorded a total of 581 detector nights. Calls were identified to species, and detection 

histories of M. sodalis and M. septentrionalis were used to develop single-season 

occupancy models which used environmental covariates to estimate the probability of 

detecting each target species and evaluated the effects of local and landscape habitat 

characteristics on occupancy probability. The top detection model for M. sodalis included 

minimum temperature, barometric pressure, average wind speed, and moon minutes. The 

top detection model for M. septentrionalis included amount of precipitation. Our models 

indicate that the primary drivers of M. sodalis occupancy were percent of landscape (3 

km) composed of wooded wetlands, distance to nearest wooded wetland, forest 

connectivity, forest shape, and wetland connectivity. Occupancy was positively 

associated with the proportion of wooded wetlands on the landscape, forest shape, and 

wetland connectivity and negatively associated with distance to nearest wooded wetland, 

forest connectivity, and proportion of forest on the landscape. The primary factors 

associated with M. septentrionalis occupancy were proportion of wooded wetlands on the 

landscape and wetland connectivity. Occupancy was positively associated with 

proportion of wooded wetlands and negatively associated with the degree to which 

wetlands were connected. We recommend land managers preserve riparian forest habitat 

and enact measures to reduce clutter and stem density in upland forests to improve 
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overall habitat suitability and increase the likelihood that forests in this region can 

support foraging Myotis bats.  

  

 



 

 
CHAPTER I 

 
 

MATERNITY HABITAT SELECTION BY INDIANA BATS (MYOTIS SODALIS) 

ON NATIONAL WILDLIFE REFUGES IN NORTHERN MISSOURI 

 

The Indiana bat (Myotis sodalis) was first listed under the Endangered Species 

Preservation Act of 1966 and subsequently listed under the Endangered Species Act of 

1973. Despite efforts to protect cave hibernacula, typically with gates and fences, Indiana 

bat populations declined throughout the species’ range in the 1980s and 90s, with 

populations in Missouri decreasing by as much as 80% (Callahan et al. 1997, Currie 

2001, Clawson 2002). Given the diversity of habitats used by the species throughout the 

annual cycle and continued population declines, protection of a single resource or habitat 

type was deemed insufficient for recovery, leading to an increased emphasis on summer 

habitat conservation (Pierson 1998). Rangewide M. sodalis populations increased 28% 

from 2001-2007, but the onset of white-nose syndrome in 2006 has contributed to steady 

declines, with rangewide population estimates now at the second lowest since 1981 

(Clawson 2002, King 2019; Figure 1.1). 

While a growing body of research has examined the foraging behavior and home 

range of M. sodalis, summer studies have primarily focused on roost selection, 

particularly that of maternity colonies (Carter and Feldhamer 2005, Britzke et al. 2003, 

Kurta et al. 2002, Callahan et al. 1997, Gardner et al. 1991). In addition to protection 

from predators, summer roosts provide ambient warmth and facilitate clustering within 

the colony, which are essential to the development and survival of juvenile bats (Racey 
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1973, Kerth et al. 2001, Lourenco and Palmeirim 2004, Barclay and Kurta 2007). 

Therefore, the availability of appropriate roosting habitat is deemed crucial to recovery of 

this species (USFWS 2007, Thogmartin et al. 2013). Previous research has shown that 

maternity colonies require a network of roosts with variable habitat, typically 

concentrated around 2-3 primary roosts, with up to 20 alternate roosts (Callahan et al. 

1997). Primary roosts are located almost exclusively beneath the loose bark of large 

diameter snags ( > 20 cm) with direct solar exposure, while alternate roosts exhibit more 

variation, occasionally located in the forest interior, in cracks and crevices of snags, or 

beneath the bark of living trees (Gardner et al. 1991, Callahan 1997, Kurta et al. 2002, 

Carter and Feldhamer 2005). Individuals switch roosts every 2-3 days on average but 

often return to previously used trees (Gumbert et al. 2002, Carter and Feldhamer 2005). 

Frequent roost switching is believed to be driven by a number of factors, including 

predator avoidance, prey tracking, interruption of parasite cycles, fluctuating 

environmental conditions, and the need to maintain a network of backup roosts due to 

their inherent ephemerality (Humphrey et al. 1977, Gardner et al. 1991, Kurta et al. 1996, 

Callahan et al. 1997, Carter and Feldhamer 2005, Timpone et al. 2010). Despite the wide 

body of research outlining general roost characteristics, regional variation in habitat 

availability, prey abundance, and the level of competition from other species likely 

impact maternity roost selection (Kurta et al. 1998). Variation among roost selection is 

supported by previous studies documenting differences in tree species preference, colony 

size, and general habitat associations by region (Gardner et al., 1991; Callahan, 1993; 

Kurta et al., 1993, 1996). Therefore, continuing to characterize region-specific drivers of 
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roost selection is important to ensure management efforts for this imperiled species 

achieve recovery goals.  

Effective management is essential in the face of increasing forest loss and 

fragmentation, particularly in the Midwest, where summer habitats are already limited 

and characterized by small patches of forest surrounded by agricultural lands (Brack et al. 

2002, USFWS 2007). Future land use projections estimate between 6.5 and 14 million 

hectares of forested lands will be lost nationwide by 2060, including deforestation due to 

wind energy production in the Midwest (USFS 2012). In addition to reducing potential 

roosting habit, deforestation may fell trees already used as maternity roosts. Previous 

studies have demonstrated interannual fidelity to summer habitat and maternity roosts by 

M. sodalis (Kurta et al. 1996, Foster and Kurta 1999, Kurta and Murray 2002, Timpone 

2004), and roost loss has been shown to fragment maternity colonies (Silvis et al. 2015). 

Colony fragmentation has numerous implications for pregnant females and is widely 

believed to decrease reproductive success in tree roosting bats. For example, Silvis et al. 

(2014) demonstrated that sociality increased reproductive success of M. sodalis in Ohio, 

and Brigham and Fenton (1986) found that reproductive success of big brown bats 

(Eptisicus fuscus) in Canada declined more than 50% after loss of a summer maternity 

roost. Communication within colonies is important for sharing information about 

foraging areas, and clustering in roosts is critical for thermoregulation during the cool 

spring months following emergence from winter hibernacula (Kurta 2005). The high 

energetic demands associated with pregnancy, in addition to the physiological stress of 

migration and decreased lipid reserves following hibernation, make pregnant females 

especially vulnerable to reduced fecundity as they return to summer maternity areas 
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(USFWS 2007). Population declines in M. sodalis have long been linked to forest loss 

(Gardner et al. 1991, Garner and Garner 1992, Whitaker and Brack 2002), and the 

increased energetic demands associated with WNS are likely to make M. sodalis even 

more vulnerable to future reductions in forested areas (USFWS 2015).  

Forested public lands are less likely to be converted to another landcover type 

than privately owned forests and more likely to be managed for wildlife, making them 

vital to the recovery and management of threatened species (USFS 2012). In the United 

States, National Wildlife Refuges (NWRs) cover more 150 million acres, and according 

to the U.S. Fish and Wildlife Service, constitute the world’s largest collection of lands 

and waters specifically set aside for wildlife (USFWS 2013). More than 20% of public 

lands were acquired at least partially under the authority of the Endangered Species Act, 

and more than 50 NWRs were established specifically to protect endangered species 

(USFWS 2013). However, current forest management practices, including those 

implemented on public lands, commonly include clear cutting, group harvest, selective 

cuts, and prescribed burns, which impact overall stand composition and may have an 

appreciable impact on habitat suitability for bats, including M. sodalis (Owen et al. 2004, 

Menzel et al. 2005).  

Because population recovery hinges on a high juvenile survival rate, the 

conservation of suitable maternity habitat to birth and raise pups is critical to M. sodalis 

(Thogmartin et al. 2013). The ephemerality of dead trees and the reliance of this species 

on a network of roosts means that maintaining large tracts of appropriate habitat will be 

necessary for its long-term success (Callahan et al. 1997). A more comprehensive 

understanding of region-specific habitat preferences of M. sodalis on public lands will 
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ensure not only that suitable maternity habitat is preserved but that appropriate steps are 

taken to increase available habitat. Thus our objective was to quantify habitat 

characteristics influencing maternity roost site selection by M. sodalis on national 

wildlife refuges in northern Missouri by comparing selected roosts and unused available 

roosts. We then developed predictive models to determine the drivers of maternity roost 

site selection, aid forest management efforts of large public landholders, and inform 

future land acquisitions. 

Methods 
 
Study Sites 
 

Research was conducted at five sites in northern Missouri located on Swan Lake 

NWR, Loess Bluffs NWR, and Big Muddy NWR. Big Muddy NWR consists of 11 

individual units dispersed along the Missouri River, and our research included sites at 

three of these units: Baltimore Bottom, Overton Bottoms, and Berger Bend (Figure 1.2). 

Refuge habitats were dominated by a combination of wetlands, bottomland hardwood 

forests, grasslands, and agricultural fields. Both Swan Lake and Loess Bluffs NWRs were 

established in the 1930s as migration stopovers and breeding areas for migratory birds 

(USFWS 2011, USFWS 2005). The Big Muddy NWR was established in 1994 following 

severe flooding of the Missouri River with the primary goal of restoring historic 

hydrology and protecting endemic fish and wildlife species (USFWS 2013(b)). All sites 

were contained within the M. sodalis Ozark Central Recovery Unit, as designated by 

USFWS based on differences in genetics, population trends, and broad-scale habitat 

associations (USFWS 2007). Delineation of these Recovery Units aims to develop 

management practices specific to the requirements of each regional population (USFWS 
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2007). As of 2019, the M. sodalis population within the Ozark-Central Recovery Unit 

was estimated at 276,317 individuals (King 2019; Figure 1.1).  

Mist Netting 

We conducted mist net surveys during the maternity seasons (May 15 – August 

15) of 2017 and 2018 on each refuge in order to capture and track M. sodalis to summer 

diurnal roosts. We surveyed a total of 67 sites across both seasons. In 2017, we surveyed 

9 sites at Swan Lake, 8 sites at Loess Bluffs, and 20 sites at the three units of Big Muddy. 

In 2018, we surveyed 4 sites at Swan Lake, 7 sites at Loess Bluffs, and 19 sites at the 

three units of Big Muddy. Net sites were selected using National Land Cover Database 

(2011) landcover layers in ArcGIS and on-the-ground scouting for the presence of 

corridors, canopy closure, streams, and interior ponds. We used 38 mm mist nets 

(AVINET, Freeville, NY, USA) that ranged from 4-18 m wide and 6-9 m high. When 

possible, net sites were distributed throughout refuges, but habitat suitability and 

appropriate canopy coverage guided site selection. All mist netting was conducted in 

accordance with the 2017-2018 USFWS Range-Wide Indiana Bat Summer Survey 

Guidelines. Nets were opened 30 minutes prior to sunset and remained open for at least 5 

hours. Net checks were conducted every 10 minutes, and captured bats were removed 

immediately and placed in cotton, canvas, or paper bags until morphological 

measurements could be taken. Species, sex, age, WNS score and reproductive status were 

recorded for all captured bats. Weight (g) was measured using a digital scale and forearm 

length (mm) was measured using a metric ruler. We attached transmitters (Holohil 

Systems; 0.27-0.34g) to target species of sufficient body mass, with transmitters not 

exceeding 0.5% of body weight (Aldridge and Brigham 1988, USFWS 2017). We 
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removed hair in the bats’ interscapular region with scissors and applied a small amount of 

surgical glue (Ostobond, Montreal Ostomy Inc., Vaudreuil-Dorion, QC, Canada) to both 

the bat and the transmitter. Glue was left to dry for approximately five minutes and we 

then secured the transmitter to the interscapular region. Bats were placed in canvas bags 

for 10 minutes to allow glue to dry and then released. All trapping and handling of bats 

was approved under U.S. Fish and Wildlife Service permit TE14588C-0, Missouri 

Department of Conservation permits 17064 and17556, and University of Missouri 

Animal Care and Use Committee protocol #9046.  

Tracking/Roost Evaluation 

Beginning the day after capture, we tracked bats to diurnal maternity roost trees 

daily for the life of the transmitter or until it fell off. Tracking was conducted using 

portable receivers (Model TRX-1000S, Wildlife Materials Inc., Carbondale, Illinois, 

USA) and portable 3 or 5 element Yagi antennas (Britzke et al. 2003, Womack et al. 

2013). To locate transmittered bats, we began scanning for a signal at the capture site or 

the last-known roost location. Once the transmitter signal was audible, we followed the 

signal to the diurnal maternity roosts. If no signal was audible at the last-known location, 

we continued scanning, moving in the direction the bat was last observed traveling until 

the transmitter signal was audible. If bats were unable to be located on a given day, we 

returned to the area after sunset and listened for the signal as the individual foraged. If the 

signal was audible, we followed the bat for as long as possible and recorded the last 

known location, which was used as a starting point the following morning. Once located, 

roosts were flagged and marked with a numbered aluminum tag. Nightly emergence 

counts were conducted at each recently discovered roost and all roosts containing 
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transmittered bats whenever possible to determine colony size and classify the roost as 

either primary or alternate. Roosts with ≥ 30 bats on at least two occasions were 

considered primary while roosts with < 30 bats were considered alternate (Callahan et al. 

1997). Emergence counts began 30 minutes before sunset and ended 15 minutes after the 

last bat emerged or until it was too dark to see. When possible, two observers conducted 

emergence counts to increase accuracy.  

We recorded roost tree characteristics consistent with those required by UWFWS 

annual reporting forms and estimated forest characteristics using a 10 factor wedge prism 

(Gardner et al. 1991, Kurta et al. 1996, Foster and Kurta 1999; Table 1.1). We measured 

tree and observed roost height with a clinometer and recorded DBH of the roost tree. We 

measured canopy closure in each cardinal direction beneath the roost with a convex 

spherical crown densiometer and averaged those measurements to estimate amount of 

solar exposure at the roosting site (Gardner et al. 1991, Callahan et al. 1997, Foster and 

Kurta 1999). We recorded roost tree decay on a scale of 1-9 using methods described in 

USFWS Indiana Bat Summer Survey Guidelines and estimated percent of remaining bark 

on a scale of 1-4 (0-25%, 26-50%, 51-75%, 76-100%). We used a 10-factor wedge prism 

to locate all trees which fell within the plot then for each tree recorded species, DBH, and 

whether trees were living or dead. Individuals which were < 50% living were classified 

as dead (Foster and Kurta 1999). Total number of trees within the plot was used to 

estimate basal area of the surrounding forest and total number of dead trees within the 

plot was used to estimate snag basal area (Bell and Alexander 1957, Griffin et al. 2003). 

Daily minimum temperature at each roost was obtained from the nearest Missouri 

Historical Agricultural Weather Database station. Distance from roost location to forest 
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edge (m) was measured using National Land Cover Database 2011 geospatial data layers 

in ArcGIS (ESRI 2017; ArcGIS Desktop: Release 10.5.1; Redlands, CA). 

To evaluate roost site habitat selection, we compared characteristics of available 

roosts with used roost trees (Cooper and Millspaugh 1999). Available roosts were 

selected by choosing random points in each cardinal direction 100-300 m from used 

roosts, except when used roosts were located < 100 m from the forest edge or another 

roost. In such cases, only three random points were selected. The available roost nearest 

each randomly selected point was then used for comparison (Jung et al. 2004). Any tree 

>10 cm with exfoliating bark that had no known bats roosting in it was considered a 

potential M. sodalis roost (Callahan et al. 1997, Foster and Kurta 1999, Carter and 

Feldhamer 2005). The distance between used roosts and random points was chosen to 

prevent plots from overlapping while ensuring they were near enough to remain within 

the same forest stand (Hutchinson and Lacki 2000). The same tree characteristics and 

forest habitat variables that were measured for used roosts were also recorded for each 

available roost. 

 

Analysis 

We evaluated maternity habitat selection of M. sodalis using discrete choice 

models in a Bayesian framework with non-informative priors (Thomas et al. 2006, Carter 

et al. 2010). Discrete choice models consider habitat selection as a function of the value 

of resources in a particular location and all other available locations and allow 

researchers to define availability of resources separately for each location (Cooper and 

Millspaugh 1999). We used a two-step modeling approach in which covariates were first 
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grouped either as forest habitat or roost tree characteristics (Roach et al. 2019). We then 

developed separate a priori candidate models for forest habitat and roost tree 

characteristics and ran models for primary roosts and alternate roosts separately based on 

noted differences in use (Britzke et al. 2003, Callahan et al. 1997). In the second step, we 

combined significant predictors from the forest habitat and roost tree characteristics 

models into a single combined model for each roost type. Parameters whose 90% credible 

intervals did not overlap 0 were considered significant (Johnson et al. 2004, Hein et al. 

2009, McDonald et al. 2015). The three models for each roost type were then ranked 

using WAIC comparison (Table 1.1). Tree species was excluded from all models due to 

multicollinearity indicated by VIF values > 10 (Belsey et al. 1980, Stine 1995, Robinson 

and Schumacker 2009). Decay stage was also excluded from primary roost models due to 

multicollinearity indicated by VIF values > 5. Models were run in program R (version 

3.6.3) using code adapted from Kery and Schuab (2012). All models were run with 4 

chains of 50,000 iterations and a burn in of 5,000.  

Results 

Tracking Data 

During the summers of 2017 and 2018 we conducted a total of 67 mist net nights 

at Swan Lake, Loess Bluffs and Big Muddy NWRs. We captured 329 bats of nine 

species, including M. sodalis (Table 1.2). Captures included two other species in the 

Myotis genus: Myotis grisescens and Myotis lucifugus. We captured a total of 26 M. 

sodalis during the 2017 and 2018 maternity seasons, and 24 M. sodalis were affixed with 

transmitters (Table 1.3). Two juvenile females captured at Swan Lake NWR in 2017 

were not affixed with transmitters due to insufficient body mass. We tracked fourteen 
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lactating females at Swan Lake NWR in 2017 and 8 lactating females and 1 adult male at 

Swan Lake in 2018 (Table 1.4). All individuals tracked at Swan Lake appeared to be 

members of the same maternity colony. One juvenile male was tracked at the Berger 

Bend unit of Big Muddy NWR in 2018. Data from roost trees used by the adult male at 

Swan Lake were included in our analysis because it was observed roosting with females 

in both primary and alternate roosts, and the male appeared to be acting as a member of 

the larger maternity colony. Data from the juvenile male captured at Berger Bend were 

excluded from analysis due to the limited number of roosts identified at that refuge and 

substantial differences in roosting habitats that we believed could bias results if included 

with data from Swan Lake NWR. No M. sodalis were captured at Loess Bluffs, 

Baltimore Bottom, and Overton Bottoms NWRs.  

Tracking duration was 5.8 days on average (range: 3-9 days) and bats remained in 

roosts an average of 1.7 days (range: 1-7 days). However, when examined by roost type, 

individuals remained at primary roosts for 1.9 days on average (range: 1-7 days), 

compared with 1.1 days at alternate roosts (range: 1-2 days). A total of 58 emergence 

counts were conducted at maternity roosts during the 2017 and 2018 seasons. Exit counts 

at primary roosts ranged from 31-114 individuals, whereas counts at alternate roosts 

ranged from 1-13 individuals.  

Roost Sites 

We identified 21 roost trees at Swan Lake NWR, 19 of which were located 

beneath the exfoliating bark of dead trees and two of which were located in live shagbark 

hickories (Carya ovata). We classified nine roosts as primary and 12 roosts as alternate. 

Individuals roosted in American elm (Ulmus Americana) most frequently, followed by 
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shagbark hickory, green ash (Fraxinus pennsylvanica), and cottonwood (Populus 

deltoides; Table 1.5). Two roost trees were unable to be identified to species due to 

extensive decay. All roosts were located in a bottomland hardwood forest in the northeast 

corner of the refuge. Two creeks, Turkey Creek and Elk Creek, run through the forest, 

and flooding is common during periods of heavy precipitation. Eleven roosts were 

located within the refuge boundary, and the remaining 10 were located on private 

property immediately adjacent to Swan Lake (Figure 1.3). The smallest circle containing 

all roost trees was 2.1 km in diameter. The average distance from roost trees to the 

nearest neighboring roost was 202 m. However, alternate roosts were more clustered, 

averaging 125 m from the nearest roost, compared with primary roosts which averaged 

305 m from the nearest roost.  

A comparison of mean values for all continuous roost site covariates 

demonstrated differences between primary and alternate roosts for three covariates: 

canopy coverage, tree height, and DBH (Figure 1.4). Individuals selected primary roosts 

in taller trees (primary = 21.0 ± 1.7 m; alternate = 15.0 ± 1.2 m) with greater DBH 

(primary = 53.0 ± 5.7 cm; alternate = 31.0 ± 4.0 cm) and lower canopy coverage (primary 

= 58.0 ± 8.2; alternate = 73.0 ± 3.6). There were no significant differences between roost 

types for the remaining continuous selection covariates (Table 1.6).  

Roost Selection Models 

All models converged based on Rhat values < 1.1 and examination of posterior 

distributions (Gelman and Rubin 1992). The top ranked model for both primary and 

alternate roosts was the combined model, which included significant predictors from each 

of the individual ecological models (Table 1.7). The top primary roost model included 
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DBH, tree height, and canopy cover. All model parameters were significant predictors of 

selection based on our criteria of 90 percent credible intervals not overlapping 0. M. 

sodalis selected primary roosts with larger DBH than that of the average available roost. 

Selected roosts were also taller than the average available roost. Additionally, 

surrounding canopy closure at selected roost trees was lower than average canopy closure 

at available roosts. The top alternate roost model included DBH, snag basal area, and 

canopy cover (Table 1.8; Figures 1.5, 1.6). All model parameters were significant 

predictors of alternate roost selection based on our criteria of 90 percent credible intervals 

not overlapping 0. M. sodalis selected alternate roosts with DBH that was smaller than 

the average of available roost trees. In addition, habitat surrounding selected alternate 

roosts had higher canopy closure than average for available roost trees, and snag basal 

area surrounding selected alternate roosts was higher than the average snag basal area 

surrounding available roost trees.  

Relative probability plots, which illustrate the probability of selection across the 

range of available options, relative to other points on the X-axis, indicate distinct 

differences between primary and alternate roosts selected, despite similarity in the habitat 

and roost tree characteristics that drive selection. For primary roosts, selection was driven 

primarily by DBH, tree height, and canopy cover (Figures 1.7-1.9). Selection probability 

was greatest for primary roosts with DBH ~ 50 cm and a height of ~ 17 m. Selection 

probability for primary roosts was negatively correlated with canopy cover. For alternate 

roosts, selection was driven primarily by DBH, canopy cover, and snag basal area 

(Figures 1.10-1.12). Selection probability was positively correlated with snag basal area 

and greatest for alternate roosts with ~ 75% canopy cover and DBH ~ 35 cm.  
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Discussion 

 Our primary roost models are consistent with previous M. sodalis roost selection 

studies in the Midwest that have reported a preference for tall, large diameter snags in 

areas of high solar exposure (Callahan et al. 1997, Kurta and Rice 2002, Whitaker and 

Brack 2002, Carter and Feldhamer 2005, Timpone et al. 2010). The importance of 

thermoregulation in pregnant and lactating females is well established (Racey 1973, 

Tuttle 1975), and tall, large diameter trees with direct solar exposure appear to provide an 

ideal microclimate under most conditions. Numerous studies have demonstrated a strong 

preference for dead trees in M. sodalis maternity roosts, with Kurta et al. (1996) reporting 

all roosts at a study in Michigan were located in dead or dying trees and Gardner et al. 

(1991) reporting > 90% of roosts in Illinois were located in dead trees. Likewise, 

selection of roosts in areas of low canopy is consistent among the majority of M. sodalis 

roost selection studies. Timpone et al. (2010) found that mean canopy surrounding roosts 

in Missouri was 25% and Carter and Feldhamer (2005) reported mean canopy 

surrounding roosts in Illinois was 36%. In our study, 90% of roosts were located in dead 

trees, and our top ranked model predicts a negative relationship between selection and 

canopy cover, with a roost in 25% canopy four times more likely to be selected than a 

roost in 55% canopy. The combination of dead trees and direct solar exposure likely 

work in concert to provide an adequate thermal environment because dead trees have 

been shown to warm more quickly than living trees (Humphrey et al. 1977), and tall 

trees, by their nature, create canopy gaps when they senesce, exposing them to direct 

sunlight.  
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In addition to increased solar exposure, taller primary roosts may provide benefits 

to roosting bats such as reduced predation and unobstructed roost exits. Higher roosting 

sites are more difficult to access from the ground, thereby providing additional protection 

from terrestrial predators like snakes and raccoons that climb roost trees and prey on 

sleeping bats (Hutchinson and Lackey 2000). Furthermore, roosting sites in tall trees are 

more likely to lie above ground clutter on the forest floor, providing unobstructed exits 

from the roost. This may be especially important for juveniles that are just learning to fly 

and less adept at maneuvering in cluttered forest environments.  

The preference for large-diameter primary roosts observed in our study may be a 

function of height and direct solar exposure, as the correlation between DBH and tree 

height means large trees are also more likely to be taller and thereby receive more solar 

exposure. Given the importance of thermoregulation in maternity colonies and the 

consistent preference for roosts in areas of low canopy cover, it is reasonable to infer that 

there is some interaction between DBH and solar exposure (Racey 1973, Tuttle 1975, 

Carter and Feldhamer 2005, Timpone et al. 2010). However, large-diameter trees also 

provide more surface area for bats to cluster, and larger trees typically have more loose 

bark under which to roost. This may be an equally important consideration for primary 

roosts that can contain > 100 individuals. 

It is more challenging to compare results of our alternative roost site selection 

models to other research because the majority of previous studies examining maternity 

roost selection of M. sodalis have not modeled primary and alternate roost selection 

independently, instead pooling data from all used trees (Gardner et al. 1991, Kurta et al. 

1996, Kurta and Rice 2002, Carter and Feldhamer 2005). Pooling primary and alternative 
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roost trees is likely due to the limited number of roost trees used by a colony each season 

and the resulting difficulty of obtaining a large sample size. However, we chose to 

examine the two roost types separately based on noted differences in use by previous 

research (Callahan et al. 1997, Britzke et al. 2003). Britzke et al. (2003) found that 

primary roosts had larger DBH and were taller than alternate roosts used by the same 

colony, and Callahan et al. (1997) reported that individuals used alternate roosts with 

higher canopy cover on days with higher minimum temperatures. The latter author 

suggested that selection is driven by specific thermal properties conferred by each roost 

type.  

Our results on alternate roost site selection are consistent with previous research 

(Callahan et al. 1997, Britzke et al. 2003) and indicate that there are major differences in 

the characteristics of primary and alternate roost trees. Individuals in our study selected 

alternate roosts that were significantly shorter, had smaller DBH, and were in areas of 

higher canopy than primary roosts used by the same colony. Furthermore, 10 of the 12 

alternate roosts used by the Swan Lake colony were discovered during the 2018 tracking 

season, and analysis of weather data from the two seasons revealed that the average daily 

minimum temperature during the 2018 tracking season (68.9 ± 1.2) was significantly 

greater than during the 2017 season (64.7 ± 1.5). Additionally, temperatures rose above 

90° F on > 50% of tracking days in 2018, compared with only 10% of tracking days in 

2017. These results are consistent with results reported by Callahan et al. (1997) and lend 

further support to their assertion that the distinct thermodynamic properties conveyed by 

each roost type drive selection patterns. Given the importance of shade, the preference for 

alternate roosts with smaller DBH is likely a function of the need for shaded roosting 
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sites during periods of extreme heat. Smaller trees are inherently more likely to lie 

beneath the canopy and remain shaded, which appears to be the major driver of selection 

in alternate roosts. However, alternate roost trees are used by lower concentrations of M. 

sodalis, often a single individual, and the preference for smaller DBH may simply reflect 

the fact that a single individual has no need for the increased surface area provided by 

large diameter roosts.  

Although there was no significant difference between snag basal area surrounding 

primary (32.22 cm ± 6.19) and alternate (32.59 cm ± 4.39) roosts, our models indicate 

that snag basal area was a significant driver of alternate roost selection, with the 

probability of selection positively associated with snag basal area. Individuals in our 

study remained at alternate roosts, on average, for only 1.1 days before moving to a new 

tree and rarely returned to previously-used alternate roosts. Therefore, we hypothesize 

that preference for alternate roosts in areas of high snag basal area is related to the 

availability of future roosts. During warm periods when individuals require shaded trees, 

selecting alternate roosts in areas of high snag density means other appropriate roosts are 

readily available in the immediate vicinity. This may therefore eliminate the need to 

expend energetic reserves searching for new habitat with appropriate forest 

characteristics and travel long distances between roosting sites.  

Lastly, while it is clear from previous research that a wide range of tree species 

are capable of providing adequate roosting habitat (Kurta 2003), our results suggest that 

M. sodalis colonies in northern Missouri currently rely heavily on U. americana for both 

primary and alternate roosts. This pattern may pose a serious threat to M. sodalis colonies 

in the future because the fungal pathogen Dutch elm disease continues to decimate U. 
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americana populations across the U.S., with tens of millions of trees killed since its 

introduction in 1930 (Hubbes 1999). More than 50% of used roosts in our study were 

located in U. americana snags, but the species accounted for only 25% of all available 

roosts. This finding indicates that M. sodalis in northern Missouri prefer U. americana 

and are not selecting the species simply due to high availability. As Dutch elm disease 

progresses, U. americana is likely to become increasingly less common on the landscape, 

which may have negative impacts on M. sodalis colonies that have come to rely on the 

species for maternity roosts (Palm and Craig 1979, Kurta and Rice 2002).  

Limitations 

 It is important to acknowledge that our results were limited by small sample size, 

with only 21 roosts used to analyze maternity roost selection during the 2017 and 2018 

seasons. Furthermore, we were only able to capture and track a sufficient number of M. 

sodalis at one of our five sites, and our models are therefore limited in their inference. A 

larger sample size would have likely reduced error in our models, and the inclusion of 

used roosts at other research sites would have broadened the scope of our inference.  

 Additionally, three M. sodalis that were affixed with transmitters were never 

located. While this is most likely the result of faulty transmitters, it is also possible these 

individuals either used roost trees that were never identified in our study or were 

members of a separate colony that was never identified. In either instance, failure to 

locate these individuals may have biased our results. Furthermore, several individuals 

affixed with transmitters were unable to be located for ≥ 1 day during the tracking 

duration before being relocated. This created some uncertainty when calculating the total 

number of used roosts and the average number of days between roost switching.  
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Finally, our original goal was to not only characterize M. sodalis maternity roost 

selection, but to compare it with maternity roost selection of the federally threatened 

northern long-eared bat (Myotis septentrionalis). M. septentrionalis is a closely-related 

species which shares much of M. sodalis’ range and has also undergone substantial 

declines due to WNS. Because the two species are so closely related, use much of the 

same habitat, and are both undergoing population declines, we had hoped to examine 

whether M. sodalis and/or M. septentrionalis habitat selection differed in the presence of 

the other species. However, during our two seasons no M. septentrionalis were captured, 

and this portion of the project was not achievable.  

Management Implications 

 As previous studies of Indiana bat roost selection have noted and our research 

further confirms, bottomland hardwood forests are essential habitat for Indiana bat 

maternity colonies, likely because they naturally create an abundance of snags through 

large-scale flooding (Kurta et al. 2002, Timpone et al 2010). However, dead trees used as 

maternity roosts are ephemeral and become unsuitable quickly due to natural decay. The 

reliance on a large network of roost trees also means that large tracts of suitable land are 

required to provide adequate roosting habitat. Without proper planning and management, 

areas currently utilized by maternity colonies are unlikely to retain suitable snags 

indefinitely (Kurta et al. 1993, Carter and Feldhamer 2005). Therefore, it is important 

that land managers take steps to create new snags in areas with documented colonies 

while also seeking to acquire more bottomland forests in the future.  

Furthermore, our research suggests that large diameter, open snags used as 

primary roosts are not adequate throughout the maternity season, particularly during 
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periods of extreme temperatures. Historically, the preservation and creation of primary 

roosts has been the principal focus of maternity habitat conservation. However, the 

preservation of smaller interior snags should not be overlooked, as these roosts may be 

equally important to the health and survival of maternity colonies and far more alternate 

roosts are required for each colony. Additionally, shaded alternate roosts may prove to be 

increasingly important in the face of warming climate and more frequent extreme weather 

events. The importance of smaller alternate roosts should be a consideration for land 

mangers weighing the value of forest thinning and selective harvest, which have been 

shown to improve foraging conditions for many bat species (Owen et al. 2004). Our 

results suggest these techniques could actually interfere with the availability of smaller 

alternate roosts and reduce habitat suitability for this species. 

Lastly, the reliance of maternity colonies on U. americana and F. pennsylvanica 

snags in northern Missouri may present challenges to M. sodalis as Dutch elm disease 

and emerald ash borer make are likely to make these tree species less common on the 

landscape in the future. In the short term, death of these trees may prove beneficial to M. 

sodalis by increasing an abundance of available snags. However, as the remaining U. 

americana and F. pennsylvanica die off and decay, there will be fewer mature trees on 

the landscape to replace them. If other colonies in northern Missouri also rely on these 

tree species for maternity roosts, their precipitous decline may eventually lead to a lack of 

suitable roosting habitat and the decline of Missouri colonies. Therefore, it is important 

for land managers to plan for the loss of these available snags in the future and take steps 

now to ensure appropriate roosting habitat will be available. Ensuring the availability of 

other suitable roost tree species like P. deltoides and C. ovata, either through planting 
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additional trees or protecting existing samplings, may prove to be an essential 

management strategy. Alternatively, if the loss of U. americana and F. pennsylvanica 

outpaces the generation of other suitable roost tree species, it may be necessary to install 

artificial roosts at known maternity habitat to ensure maternity colonies remain intact 

during the transition period.  

 

 

  

  



22 

Literature Cited 

Aldridge, H.D.J.N. and R.M. Brigham. 1988. Load carrying and maneuverability in an  
 insectivorous bat: a test of the 5% “rule” of radio-telemetry. Journal of 

Mammalogy. 69(2): 379-382.  
 
Barclay, R.M.R. and A. Kurta. 2007. Ecology and behavior of bats roosting in tree 

cavities and under bark. In M.J. Lacki, J.P. Hayes, and A. Kurta (Eds.), Bats in 
Forests: Conservation and Management (pp 17-60). Johns Hopkins University 
Press: Baltimore, MD.  

 
Bell, J.F. and Alexander, L.B. 1957. Application of the variable plot method of sampling 

forest stands. Oregon Board of Forestry, Salem, OR. Research Note 30. 
 
Belsley, D., E. Kuh, R. Welsch. 1980. Regression diagnostics. New York, NY: Wiley.  
 
Brack, V. Jr, C.W. Stihler, R.J. Reynolds, C.M. Butchkoski, C.S. Hobson. 2002. Effect of 

climate and elevation on distribution and abundance in the Mideastern United 
States. In A. Kurta and J. Kennedy (Eds.), The Indiana bat: Biology and 
Management of an Endangered Species (pp 21–28). Bat Conservation 
International: Austin, TX. 

 
Brigham R.M. and M.B. Fenton. 1986. The influence of roost closure on the roosting and 

foraging behaviour of Eptesicus fuscus (Chiroptera: Vespertilionidae). Canadian 
Journal of Zoology. 64(5): 1128-33. 

 
Britzke, E.R., M.J. Harvey, S.C. Loeb. 2003. Indiana Bat, Myotis sodalis, maternity 

roosts in the southern United States. Southeastern Naturalist. 2(2): 235-242.  
 
Callahan, E. V. 1993. Summer bat habitat requirements. M.S. Thesis, University of 

Missouri, Columbia. 74 p. 
 
Callahan, E.V., R.D. Drobney, R.L. Clawson. 1997. Selection of summer roosting sites 

by Indiana bats. Journal of Mammalogy. 78(3): 818–825.  
 
Carter, N.H., D.G. Brown, D.R. Etter, L.G. Visser. American black bear habitat selection 

in Lower Peninsula, Michigan, USA, using discrete choice modeling. 2010. 
Ursus. 21(1): 57-71.  

 
Carter, T. C. and G.A. Feldhamer. 2005. Roost tree use by maternity colonies of Indiana 

bats and northern long-eared bats in southern Illinois. Forest Ecology and 
Management. 219: 259–268.  

 
Clawson, R.L. 2002. Trends in population size and current status. In A. Kurta and J. 

Kennedy (Eds.), The Indiana Bat – Biology and Management of an Endangered 
Species (pp 2-8). Bat Conservation International: Austin, TX.  



23 

 
Cooper, A.B. and J.J. Millspaugh. 1999. The application of discrete choice models to 

wildlife resource selection studies. Ecology. 80(2): 566-575.  
 
Currie, R.R. 2001. Response to gates at hibernacula. In A. Kurta and J. Kennedy (Eds.), 

The Indiana Bat – Biology and Management of an Endangered Species (pp. 86-
99). Bat Conservation International: Austin, TX. 

 
Foster, R.W. and A. Kurta. 1999. Roosting ecology of the northern bat (Myotis 

septentrionalis) and comparisons with the endangered Indiana bat (Myotis 
sodalis). Journal of Mammalogy. 80(2): 659-672.  

 
Gardner, J.E., J.D. Garner, and J.E. Hofmann. 1991. Summer roost selection and roosting 

behavior of Myotis sodalis (Indiana bat) in Illinois. Illinois Natural History 
Survey: Champaign, IL.  

 
Garner, J.D. and J.E. Gardner. 1992. Determination of summer distribution and habitat 

utilization of the Indiana bat (Myotis sodalis) in Illinois. Illinois Natural History 
Survey: Champaign, IL. 

 
Gelman, A. and D.B. Rubin. 1992. Inference from iterative simulation using multiple 

sequences. Statistical Science. 7(4): 457-472.  
 
Griffin, J.M., G.M. Lovett, M.A. Arthur, K.C. Weathers. 2003. The distribution of beech 

bark disease in the Catskill Mountains, N.Y. Canadian Journal of Forestry 
Research. 33: 1754-1760. 

 
Gumbert, M.W., J.M. O’Keefe, J.R. MacGregor. 2002. Roost fidelity in Kentucky. In A. 

Kurta and J. Kennedy (Eds.), The Indiana Bat – Biology and Management of an 
Endangered Species (pp. 143-152). Bat Conservation International: Austin, TX.  

 
Hein, C.D., K.V. Miller, S.B. Castleberry. 2009. Evening bat summer roost-site selection 

on a managed pine landscape. Journal of Wildlife Management. 73(4): 511-517.  
 
Hubbes, M. 1999. The American elm and Dutch elm disease. The Forestry Chronicle. 

75(2): 265-273.  
 
Humphrey, S.R., A.R. Richter, J.B. Cope. 1977. Summer habitat and ecology of the 

endangered Indiana bat, Myotis sodalis. Journal of Mammology. 58(3): 334-346.  
 
Hutchinson, J.T. and M.J. Lacki. 2000. Selection of day roosts by red bats in mixed 

mesophytic forests. Journal of Wildlife Management. 64(1): 87-94.  
 
Johnson, G.D., M.K. Perlik, W.P. Erickson, M.D. Strickland. 2004. Activity, 

composition, and collision mortality at a large wind plant in Minnesota. Wildlife 
Society Bulletin. 32(4): 1278-1288.  



24 

 
Kerth, G., K. Weissmann, and B. König. 2001. Day roost selection in female Bechstein’s 

bats (Myotis bechsteini): a field experiment to determine the influence of roost 
temperature. Oecologia 126: 1-9.  

 
King, A. 2019. 2019 Indiana bat (Myotis sodalis) population status update. 

https://www.fws.gov/midwest/Endangered/mammals/inba/pdf/2019_IBat_Pop_Es
timate_6_27_2019a.pdf.  

 
Kurta, A., J. Kath, E.L. Smith, R. Foster, M.W. Orick, and R. Ross. 1993. A maternity 

roost of the endangered Indiana bat (Myotis sodalis) in a hollow, unshaded 
sycamore (Platanus occidentalis). American Midland Naturalist 130: 405-407. 

 
Kurta, A., K.J. Williams, R. Mies. 1996. Ecological, behavioral, and thermal observations 

of a peripheral population of Indiana bats (Myotis sodalis). In R.M.R. Barclay and 
R.M. Brigham (Eds.), Bats and Forests Symposium. Research Branch, Ministry of 
Forests, Province of British Columbia, Victoria, British Columbia, Canada.  

 
Kurta, A. and J.O. Whitaker Jr. 1998. Diet of the endangered Indiana bat (Myotis sodalis) 

on the northern edge of its range. American Midland Naturalist. 140: 280–286.  
 
Kurta, A., S.W. Murray, D.H. Miller. 2002. Roost selection and movements across the 

summer landscape. In A. Kurta and J. Kennedy (Eds.), The Indiana Bat – Biology 
and Management of an Endangered Species (pp. 118-129). Bat Conservation 
International: Austin, TX.  

 
Kurta, A. 2005. Roosting ecology and behavior of Indiana bats (Myotis sodalis) in 

summer. In K.C. Vories and A. Harrington (Eds.), Proceedings of the Indiana Bat 
and Coal Mining: A Technical Interactive Forum (pp 29–38). U.S. Department of 
the Interior, Office of Surface Mining, Alton, Illinois, USA.  

 
Lourenço, S.I. and J.M. Palmeirim. 2004. Influence of temperature in roost selection by 

Pipistrellus pygmaeus (Chroptera): relevance for the design of bat boxes. 
Biological Conservation. 119: 237-243.  

 
McDonald K.S., D.S. Ryder, M. Tighe. 2015. Developing best-practice Bayesian belief 

networks in ecological risk assessments for freshwater and estuarine ecosystems: 
a quantitative review. Journal of Wildlife Management. 154: 190-200.  

 
Menzel, J.M., W.M. Ford, M.A. Menzel, T.C. Carter, J.E. Gardner, J.D. Garner, J.E. 

Hofmann. 2005. Summer habitat use and home-range analysis of the endangered 
Indiana bat. Journal of Wildlife Management. 69(1): 430-436.  

 
Owen, S.F., M.A. Menzel, J.W. Edwards. 2004. Bat activity in harvested and intact forest 

stands in the Allegheny Mountains. Northern Journal of Applied Forestry. 21(3): 
154-159. 



25 

 
Palm, E.W. and W.S. Craig. 1979. Dutch Elm Disease in Missouri. University of 

Missouri – Columbia Extension Division: Science and Technology Guide. 
 
Pierson, E.D. 1998. Tall trees, deep holes, and scarred landscapes – conservation biology 

of North American bats. In T. Kunz and P.A. Racey (Eds.), Bat Biology and 
Conservation. Smithsonian Institute Press: Washington, D.C.  

 
Racey, P.A. 1973. Environmental factors affecting the length of gestation in 

heterothermic bats. Journal of Reproduction and Fertility, Supplement. 19:175-
189.  

 
Robinson, C. and R.E. Schumacker. 2009. Interaction effects: centering, variance 

inflation factor, and interpretation issues. Multiple Linear Regression Viewpoints. 
35(1): 6-11.  

 
Roach, M.C., F.R. Thompson III, T. Jones-Farrand. 2019. Effects of pine-oak woodland 

restoration on breeding bird densities in the Ozark-Ouachita Interior Highlands. 
Forest Ecology and Management. 437: 443-459.  

 
Silvis, A., A.B. Kniowski, S.D. Gehrt, W.M. Ford. 2014. Roosting and foraging social 

structure of the endangered Indiana bat (Myotis sodalis). PLoS ONE 9(5): 
e96937.  

 
Silvis, A., W.M. Ford, E.R. Britzke. 2015. Effects of hierarchical roost removal on 

northern long-eared bat (Myotis septentrionalis) maternity colonies. PLoS ONE 
10(1): e0116356. https://doi.org/10.1371/journal.pone.0116356 

 
Stine, R.A. Graphical interpretation of variance inflation factors. 1995. The American 

Statistician. 49(1): 53-56.  
 
Thogmartin, W.E., C.A. Sanders-Reed, J.A. Szymanski, P.C. McKann, L. Pruitt, R.A. 

King, M.C. Runge, R.E. Russell. 2013. White-nose syndrome is likely to extirpate 
the endangered Indiana bat over large parts of its range. Biological Conservation. 
160: 162-172. 

 
Thomas, D.L., D. Johnson, B. Griffith. 2006. A Bayesian random effects discrete-choice 

model for resource selection: population-level selection inference. Journal of 
Wildlife Management. 70(2): 412.  

 
Timpone, J.C. 2004. Roost-site selection of bats in Northeast Missouri with emphasis on 

the endangered Indiana bat (Myotis sodalis). M.S. Thesis. Southwest Missouri 
State University: Springfield, MO.  

 



26 

Tuttle, M.D. 1975. Population ecology of the gray bat (Myotis grisescens): factors 
influencing early growth and development. Occasional Papers of the Museum of 
Natural History. University of Kansas. 36: 1-24.  

 
U.S. Fish and Wildlife Service. 2005. Squaw Creek National Wildlife Refuge — 

Comprehensive Conservation Plan.  
 
U.S. Fish and Wildlife Service. 2007. Indiana bat (Myotis sodalis) Draft Recovery Plan: 

First Revision. United States Fish and Wildlife Service. Fort Snelling, MN. 
 
U.S. Fish and Wildlife Service. 2011. Swan Lake National Wildlife Refuge — 

Comprehensive Conservation Plan.  
 
U.S. Forest Service. 2012. Future of America’s Forest and Rangelands: Forest Service 

2010 Resources Planning Act Assessment. Washington, D.C. 
 
U.S. Fish and Wildlife Service. 2013. National Wildlife Refuge System Land Protection 

Projects: An Assessment of Land Protection Projects; A Plan for Strategic 
Growth.  

 
U.S. Fish and Wildlife Service. 2013(b). Big Muddy National Wildlife Refuge — 

Comprehensive Conservation Plan.  
 
U.S. Fish and Wildlife Service. 2015. Endangered and Threatened Wildlife and Plants; 

Threatened Species Status for the Northern Long-Eared Bat with 4(d) Rule. 
Federal Register. 80(3): 17974-18033.  

 
U.S. Fish and Wildlife Service. 2017. Range-wide Indiana Bat Summer Survey 

Guidelines.  
 
Whitaker, J.O. Jr. and V. Brack Jr. 2002. Distribution and summer ecology in Indiana. In 

A. Kurta and J. Kennedy (Eds.), The Indiana Bat – Biology and Management of 
an Endangered Species (pp 48-54). Bat Conservation International: Austin, TX.  

 
Womack, K.M., S.K. Amelon, F.R. Thompson III. 2013. Resource selection by Indiana 

bats during the maternity season. Journal of Wildlife Management. 77(4): 707-
715.  

 
  



27 

Table 1.1. Forest and roost tree covariates used to evaluate roost tree selection by Indiana 

bats (Myotis sodalis) during the maternity seasons of 2017 and 2018 at Swan Lake 

National Wildlife Refuge.  

basal area BA forest basal area (m2/ha) 

snag basal area SNAG snag basal area (m2/ha) 

distance to edge EDGE distance from point to nearest forest edge (m) 

canopy cover CANOPY percent canopy cover at base of used/available 
roost 

forest clutter CLUTTER understory clutter (0-25%, 26-50%, 51-75%, 
75-100% 

diameter at breast height DBH diameter at breast height (cm) 

tree height HEIGHT tree height (m) 

decay stage DECAY level of roost decay as used by USFWS Indiana 
bat summer survey reporting forms (1-9) 

remaining bark BARK remaining bark (0-25%, 26-50%, 51-75%, 76-
100%) 

 

  

Covariate Abbreviation Description 
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Table 1.2. Total number of captures by species at Swan Lake NWR, Loess Bluffs NWR, 

and Big Muddy NWR in the summers of 2017 and 2018. 

Species 
Swan Lake NWR Loess Bluffs NWR Big Muddy NWR 

2017 2018 2017 2018 2017 2018 

Indiana bat 16 9 0 0 0 1 

Gray bat 0 0 0 0 14 3 

Little brown bat 0 0 0 0 2 0 

Tricolored bat 1 0 0 0 7 0 

Eastern red bat 5 0 12 6 27 19 

Hoary bat 0 0 0 0 0 1 

Silver-haired bat 0 0 2 0 2 0 

Evening bat 25 25 40 2 1 4 

Big brown bat 2 2 76 11 8 6 
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Table1.3. Total mist net nights, total Indiana bats (Myotis sodalis) captured, and total 

Indiana bat maternity roost trees located at Swan Lake National Wildlife Refuge and the 

Berger Bend unit of Big Muddy National Wildlife Refuge during the summers 2017 and 

2018. Numbers shown in parentheses indicate the number of bats affixed with 

transmitters. 

 

Refuge 
Net Nights Females Captured Males Captured Roost Trees 

2017 2018 2017 2018 2017 2018 2017 2018 

Swan 
Lake 9 4 16 (14) (8) 0 (1) 8 16 

Berger 
Bend 5 4 0 0 0 (1) 0 4 
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Table 1.4. The transmitter frequency, sex, reproductive status, and number of days 

tracked for each Indiana bat (Myotis sodalis) with a transmitter in 2017 and 2018 at Swan 

Lake NWR and Berger Bend NWR.  

 
* L = lactating, NR = non-reproductive 
** individuals were never located  
 
 

Bat 
Frequency Refuge Year Sex Reproductive 

Status* 
Tracking 
Duration  

Tracking 
Days 

150.212 Swan Lake 2017 F L 8 8 

151.108 Swan Lake 2017 F L 8 8 

150.307 Swan Lake 2017 F L 7 7 

150.415 Swan Lake 2017 F L 6 6 

150.515 Swan Lake 2017 F L 6 6 

150.715 Swan Lake 2017 F L 4 4 
151.909 Swan Lake 2017 F L 5 5 

151.588 Swan Lake 2017 F L 3 2 

151.066 Swan Lake 2017 F L 7 7 

** 150.121 Swan Lake 2017 F L - - 
150.274 Swan Lake 2017 F L 4 2 

150.663 Swan Lake 2017 F L 7 7 
150.913 Swan Lake 2017 F L 4 1 

** 150.372 Swan Lake 2017 F L - - 
151.669 Swan Lake 2018 F L 9 8 

151.312 Swan Lake 2018 F L 6 6 

151.426 Swan Lake 2018 F L 4 4 
151.784 Swan Lake 2018 F L 6 5 
151.432 Swan Lake 2018 M L 6 4 

** 150.270 Swan Lake 2018 F L - - 

150.375 Swan Lake 2018 F L 4 4 
151.190 Swan Lake 2018 F L 7 7 
150.434 Swan Lake 2018 F L 4 2 
151.066 Berger Bend 2018 M NR 7 6 
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Table 1.5. Tree species used as Myotis sodalis maternity roosts during a study of 

maternity habitat selection at Swan Lake National Wildlife Refuge during the maternity 

seasons of 2017 and 2018.  

Tree Species Number Used Percent of Total Roosts 
Ulmus americana 10 52 
Carya ovata 5 24 
Fraxinus pennsylvanica 2 10 
Populus deltoides 1 5 
Unknown 2 10 
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Table 1.6. Descriptive statistics (continuous covariate means and categorical covariate 

modes) for covariates used to evaluate roost site selection by Indiana bats at Swan Lake 

National Wildlife Refuge in the summers of 2017 and 2018.  

Covariate Primary 
Roosts 

Available 
Primary 
Roosts 

Alternate 
Roosts 

Available 
Alternate 
Roosts 

basal area 
(m2/ha) 

123.33 ± 
16.07 133.70 ± 9.54 140.00 ± 7.28 126.94 ± 7.55 

snag basal area 
(m2/ha) 32.22 ± 6.19 32.59 ± 4.39 34.17 ± 6.21 29.72 ± 3.37 

canopy cover 
(%) 57.77 ± 8.22 74.31 ± 3.61 73.07 ± 4.03 62.48 ± 4.40 

distance to edge 
(m) 

103.95 ± 
23.42 74.36 ± 12.70 92.06 ± 16.01 105.46 ± 

12.64 

DBH (cm) 52.79 ± 5.72 41.53 ± 4.00 31.09 ± 3.98 49.92 ± 7.48 

remaining bark 
(%) 50.33 ± 11.59 61.96 ± 6.33 58.75 ± 11.11 70.28 ± 5.36 

tree height (m) 21.03 ± 1.71 13.59 ± 1.17 14.51 ± 1.62 19.35 ± 4.01 

decay stage Loose Bark Loose Bark Loose Bark Dead 

forest clutter 
(1-4) 1 1 2 2 
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Table 1.7. Model selection results for the 6 discrete choice models fit to 2017-2018 

Indiana bat (Myotis sodalis) roost selection data at Swan Lake National Wildlife Refuge. 

Parameter estimates (K), Watanabe-Akaike Information Criterion (WAIC) values, and 

ΔWAIC are shown.  

Model Type Roost 
Type Candidate Model K WAIC ΔWAIC 

Combined Primary DBH + DBH2 + HEIGHT 
+ HEIGHT2 + CANOPY  

5 12.49 0.00 

Roost Tree Primary DBH + DBH2 + BARK + 
BARK2 + HEIGHT + 
HEIGHT2  

6 29.57 17.08 

Forest Primary BA + SNAG + CANOPY 
+ CANOPY2 + EDGE + 
CLUTTER 

6 36.42 23.93 

Combined Alternate DBH + DBH2 + SNAG + 
CANOPY + CANOPY2 

5 35.46 0.00 

Forest Alternate BA + SNAG + CANOPY 
+ CANOPY2 + EDGE + 
CLUTTER 

6 44.90 9.44 

Roost Tree Alternate DBH + DBH2 + BARK + 
BARK2 + HEIGHT + 
HEIGHT2 + DECAY 

7 48.78 13.32 

 
* DBH = diameter at breast height, HEIGHT = roost height, BARK = percent remaining 
bark, BA = forest basal area, SNAG = basal area of dead trees, CANOPY = canopy 
closure beneath roost, EDGE = distance to forest edge, CLUTTER = amount of 
understory forest clutter, DECAY = decay stage of roost tree  
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Table 1.8. Parameter estimates and standard error from the top ranked discrete choice 

model used to evaluate maternity roost selection at Swan Lake NWR during the summers 

of 2017 and 2018 for each roost type.  

 Combined Model (Primary 
Roosts) 

Combined Model (Alternate 
Roosts) 

Parameter Estimate SE Estimate SE 

DBH 7.608 0.070 -3.320 0.026 
DBH2 -9.559 0.077 -2.939 0.026 
HEIGHT 3.481 0.036 - - 
HEIGHT2 -4.289 0.033 - - 
CANOPY -8.484 0.055 1.234 0.016 
CANOPY2 - - -2.394 0.026 
SNAG - - 1.203 0.011 
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Figure 1.1. Rangewide Myotis sodalis population estimates by state and recovery unit, 

2011-2019 (King 2019).  



36 

 
 
Figure 1.2. Research sites for a study of Myotis sodalis maternity roost selection 

conducted during the summers of 2017 and 2018 in northern Missouri. Overton Bottoms, 

Berger Bend, and Baltimore Bottom are units of the larger Big Muddy NWR complex.  
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Figure 1.3. Map of Myotis sodalis maternity roost trees identified at Swan Lake National 

Wildlife Refuge during a study of maternity roost selection in 2017 and 2018.  
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Figure 1.4. A comparison of mean values for all continuous covariates used to evaluate 

selection of primary and alternate Myotis sodalis maternity roosts at Swan Lake NWR in 

2017 and 2018.  
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Figure 1.5. Parameter estimates and 95% credible intervals for the top ranked model used 

to evaluate selection of primary maternity roosts at Swan Lake NWR in 2017 and 2018.  
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Figure 1.6. Parameter estimates and 95% credible intervals for the top ranked model used 

to evaluate selection of alternate maternity roosts at Swan Lake NWR in 2017 and 2018.  
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Figure 1.7. Predicted relative probability of selection (+ 95% CI) by Indiana bats (Myotis 

sodalis; n = 23), across the range of available options, for primary roost sites as a 

function of diameter at breast height (DBH).  
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Figure 1.8. Predicted relative probability of selection (+ 95% CI) by Indiana bats (Myotis 

sodalis; n = 23), across the range of available options, for primary roost sites as a 

function of tree height.  
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Figure 1.9. Predicted relative probability of selection (+ 95% CI) by Indiana bats (Myotis 

sodalis; n = 23), across the range of available options, for primary roost sites as a 

function of canopy cover.  

  

0.0
0

0.0
2

0.0
4

0.0
6

0.0
8

Canopy (%)

Re
lat

ive
 P

rob
ab

ilit
y o

f S
ele

cti
on

20 40 60 80 100



44 

 
 

Figure 1.10. Predicted relative probability of selection (+ 95% CI) by Indiana bats 

(Myotis sodalis; n = 23), across the range of available options, for alternate roost sites as 

a function of tree diameter at breast height.  
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Figure 1.11. Predicted relative probability of selection (+ 95% CI) by Indiana bats 

(Myotis sodalis; n = 23), across the range of available options, for alternate roost sites as 

a function of snag basal area.  
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Figure 1.12. Predicted relative probability of selection (+ 95% CI) by Indiana bats 

(Myotis sodalis; n = 23), across the range of available options, for alternate roost sites as 

a function of canopy cover.  
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APPENDIX 

Appendix 1. Sex, reproductive status, days tracked, total number of roosts used and average, minimum, and maximum number of days 

spent in each roost for each adult Indiana bat that was affixed with a transmitter in 2015 and 2016 at Mingo NWR and Cypress Creek 

NWR.   

Bat 
Frequency Refuge Year Sex Reproductive 

Status* 
Tracking 
Duration 

Tracking 
Days 

Total # 
of 

Roosts 

Average 
Days / 
Roost 

Minimum 
Consecutive 

Days in 
Roost 

Maximum 
Consecutive 

Days in 
Roost 

150.212 Swan Lake 2017 F L 8 8  3 2.0 4 1 
151.108 Swan Lake 2017 F L 8 8  2 1.6 3 1 
150.307 Swan Lake 2017 F L 7 7  4 1.2 2 1 
150.415 Swan Lake 2017 F L 6 6  1 6.0 6 6 
150.515 Swan Lake 2017 F L 6 6  3 1.2 2 1 
150.715 Swan Lake 2017 F L 4 4 ≥ 4 1.0 1 1 
151.909 Swan Lake 2017 F L 5 5  3 1.7 2 1 
151.588 Swan Lake 2017 F L 3 2 ≥ 2 1.5 2 1 
151.066 Swan Lake 2017 F L 7 7  3 1.2 2 1 
150.121 Swan Lake 2017 F L 7 0  - - - - 
150.274 Swan Lake 2017 F L 4 2 ≥ 2 1.3 2 1 
150.663 Swan Lake 2017 F L 7 7  2 3.5 5 2 
150.913 Swan Lake 2017 F L 4 1 ≥ 1 1.0 1 1 
150.372 Swan Lake 2017 F L 7 0  - - - - 
151.669 Swan Lake 2018 F L 9 8 ≥ 6 1.2 2 1 
151.312 Swan Lake 2018 F L 6 6  4 1.3 2 1 
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* L = lactating, NR = non-reproductive 
 
 

151.426 Swan Lake 2018 F L 4 4  3 2.5 4 1 
151.784 Swan Lake 2018 F L 6 5 ≥ 2 1.3 2 1 
151.432 Swan Lake 2018 M L 6 4 ≥ 3 1.3 3 1 
150.270 Swan Lake 2018 F L 7 0  - - - - 
150.375 Swan Lake 2018 F L 4 4  3 1.3 2 1 
151.190 Swan Lake 2018 F L 7 7  1 7.0 7 7 
150.434 Swan Lake 2018 F L 4 2 ≥ 2 1.0 1 1 
151.066 Berger Bend 2018 M NR 7 6  4 1.2 2 1 
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Chapter II 
 
 

OCCUPANCY PROBABILITY OF INDIANA BATS (MYOTIS SODALIS) AND 

NORTHERN LONG-EARED BATS (MYOTIS SEPTENTRIONALIS) ON 

NATIONAL WILDLIFE REFUGES IN NORTHERN MISSOURI 

 

North American bat species face a number of historic threats, including the 

continued loss of summer habitat and the disturbance of winter hibernacula (USFWS 

2007). However, a new threat emerged in 2006 and quickly began devastating several 

eastern species. White-nose syndrome (WNS) is a fatal disease, caused by the fungal 

pathogen Pseudogymnoascus destructans (Pd), which infects the soft tissues of 

hibernating bats, leading to dehydration and disruption of torpor that results in high 

mortality in some species, including the Indiana bat (Myotis sodalis) and the northern 

long-eared bat (Myotis septentrionalis) (Cryan et al. 2013, Warnecke et al. 2013, Zukal et 

al. 2014). Since its discovery in Albany, New York, WNS has spread to 34 states and 

seven Canadian provinces, with confirmation in four new states (Kansas, Nebraska, 

Oklahoma, South Dakota, and Washington) since 2016 (Foley et al. 2011, 

whitenosesyndrome.org). The effects of WNS have been observed in 13 North American 

species to date, while another 6 species have been documented to carry Pd without the 

physical effects of the disease (whitenosesyndrome.org). The spread of WNS in the 

United States has resulted in unprecedented population losses, totaling at least 5.7-6.7 

million bats since its discovery (USFWS 2015). 
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Prior to the onset of WNS, M. sodalis populations showed signs of recovery after 

several decades of steady population declines, increasing 28% across the species’ range 

between 2001-2007 (Clawson 2002, King 2019). However, recent estimates indicate that 

the rangewide population has reached its second-lowest number in more than 35 years, 

and Thogmartin et al. (2012) concluded that WNS was directly responsible for the recent 

decreasing trend in M. sodalis populations. A recent study predicted regional extirpations 

in two of the four M. sodalis recovery units even if the species develops immunity to 

infection (Thogmartin et al. 2013). The most recent population estimates in the 

Appalachian Recovery Unit show a 20% decrease between 2017 and 2019, whereas 

Ozark-Central Recovery Unit populations declined by 8% during the same period (King 

2019). 

Population trends for M. sodalis in Missouri are particularly important. Data from 

2019 indicated that 95% of hibernating M. sodalis were clustered in only four states, with 

Missouri accounting for 36% of the observed population (King 2019). Additionally, the 

Upper Midwest is home to a majority of documented maternity colonies, highlighting the 

species’ dependence on the Ozark-Central Recovery Unit for summer habitat (USFWS 

2007). From 1979-2005, M. sodalis in Missouri suffered severe population declines (up 

to 95%) (King 2019). Although populations appear to have stabilized in the decade since 

WNS was initially documented in North America, the disease was first confirmed in 

Missouri in 2012, and trends from eastern states suggested the effects of its spread would 

likely take years to become apparent (Clawson 2002, Elliot 2008, MDC 2012). 

White-nose syndrome has had an even more devastating impact on M. 

septentrionalis populations, leading the USFWS to rank WNS as the predominant threat 
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to the species and conclude that had WNS not emerged, M. septentrionalis would not be 

experiencing the current population declines (USFWS 2015). As early as 2011, 100% 

mortality was observed in M. septentrionalis winter hibernacula in five eastern states 

(Turner et al. 2011). A recent USFWS analysis found that total M. septentrionalis 

populations at 103 hibernacula sites had declined by 96% since the onset of WNS, with 

68% of hibernacula now containing no individuals (USFWS 2015). Similarly, Langwig et 

al. (2012) examined bat populations in New York, Vermont, and Connecticut after 

exposure to WNS and reported that 14 M. septentrionalis populations experienced local 

extirpation after 2 years and none remained 5 years after exposure. Summer surveys in 

the same region have reported comparable declines in mist-net captures, including a 93% 

decline in New York, a 98% decline in New Hampshire, and a 76% decline in 

Pennsylvania (Mooseman et al. 2013, USFWS 2015). Reynolds et al. (2016) reported 

capture rates of M. septentrionalis in West Virginia declined by 95%, with a 77% 

decrease in the proportion of juvenile bats. Missouri contains more than 260 known 

northern long-eared hibernacula, and although no studies have yet examined the impact 

of WNS in the state, unpublished data from other Midwestern states, such as Ohio and 

Illinois, indicate > 90% decrease in winter populations (USFWS 2015). Equivalent 

declines are likely to occur in Missouri as WNS continues to spread throughout the state. 

In addition to WNS, wind energy production poses a growing threat to both 

species, particularly in the Midwest. The U.S. Department of Energy (2015) predicts a 

450% increase in domestic production by 2050 (up from 90 GW in 2019 to 404 GW in 

2050), and much of the expansion is likely to occur in the Midwest. In 2016, Missouri 

was ranked ninth in new wind energy production, and five Midwestern states are among 
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the top 10 U.S. wind energy producers (AWEA 2017). While < 5% of Missouri’s total 

energy currently comes from wind, three adjacent states (Kansas, Iowa, and Oklahoma) 

produce > 30% of their energy through wind, and facilities in Missouri are likely to 

expand as high-production neighboring states become saturated (AWEA 2018). 

Wind production has broad implications for bats. Turbines cause bird fatalities 

through direct strikes, and numerous studies in the past two decades have demonstrated 

the same pattern for bats (Kerns and Kerlinger 2004; Arnett 2005; Johnson 2005; Fiedler 

et al. 2007). Not only do turbines strike migrating bats that unknowingly pass through 

large wind facilities, researchers using infrared cameras have shown that bats actively 

approach and engage with slow-moving turbines (Cryan et al. 2014). Further, Baerwald 

et al. (2008) hypothesized that a high proportion of bat fatalities at wind facilities were 

due to barotrauma caused by rapid changes in air pressure around turbines based on the 

finding that fewer than half of bats killed at a wind facility in Alberta, Canada had 

external injuries consistent with a direct strike while 90% of carcasses examined had 

internal bleeding likely caused by barotrauma. Exact numbers are unclear due to 

inconsistent survey methods and variable effort, but Arnett and Baerwald (2013) 

estimated 650,104 - 1,308,378 bats were killed by wind turbines between 2000 and 2011, 

with an additional 196,190– 395,886 fatalities projected the following year. To date, 

turbine-associated fatalities have been documented for 21 species in the U.S., and as 

production expands into new areas the number of species impacted is likely to increase 

(Arnett et al. 2016). 

The majority of turbine-related mortality occurs in migratory bats, particularly 

those in the Lasiurus genus, but fatalities have also been documented in a number of 
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species impacted by WNS, including the little brown bat (Myotis lucifugus), the 

tricolored bat (Perymyotis subflavus), M. septentrionalis, and M. sodalis (Arnett et al. 

2008, Arnett and Baerwald 2013, Arnett et al. 2016). Arnett and Baerwald (2013) found 

that M. lucifugus and P. subflavus accounted for 12% of total wind fatalities between 

2000 and 2011, with M. lucifugus accounting for up to 60% of fatalities at some facilities 

and cautioned that wind-related fatalities could add to WNS-related population declines. 

Erikson et al. (2016) further examined the effects of wind-related mortality and WNS, 

specifically on M. sodalis, and concluded that the combined effect of wind fatalities and 

WNS had a greater impact than would be expected of either individual stressor, warning 

that the disruption of migratory pathways due to wind production is likely to extirpate 

small overwintering populations.  

Beyond direct mortality caused by turbines, wind production threatens M. sodalis 

by reducing and fragmenting available habitat (Drewitt et al. 2006, Frey-Ehrenbold et al. 

2013, Zimmerling et al. 2013). Although wind production requires less land than coal or 

hydroelectric, the cumulative impact of turbines, roads, transmission lines, and other 

infrastructure results in significant habitat loss and even more habitat fragmentation 

(Jones et al. 2015). Furthermore, McDonald et al. (2009) predicted that wind production 

will require more than three times the land area of natural gas per kilowatt hour by 2030, 

resulting in substantial impacts to wildlife, including bats. Habitat fragmentation 

threatens both M. sodalis and M. septentrionalis populations by increasing energetic 

demands on pregnant females and limiting access to suitable foraging habitats. M. sodalis 

is known to avoid crossing open areas while foraging, and M. septentrionalis’ 

demonstrated preference for dense forest stands suggest that fragmentation could 
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diminish appropriate habitat for both species (Foster and Kurta 1999, Murray and Kurta 

2004, Menzel et al. 2005, Ford et al. 2005, Broders et al. 2006, Henderson et al. 2008, 

Womack et al. 2013). Studies have confirmed a preference for contiguous forested habitat 

in pregnant females of both species (Carter and Feldhamer 2005, Yates and Muzika 

2006) and fragmentation within a forest/agriculture landscape in Canada was shown to 

limit M. septentrionalis movements and foraging behavior (Henderson et al. 2008). Even 

where linear landscape elements provide commuting corridors, the increased energetic 

demands of longer flight on pregnant bats already weakened by WNS is likely to 

diminish reproductive success (USFWS 2015). 

In light of the threats to both species and the trends toward declining populations, 

it is important to determine the species’ current geographic distribution and better 

understand summer habitat associations. The ongoing spread of WNS in the region is 

expected to further reduce populations of both species, as it has in eastern portions of the 

U.S., and increased knowledge of species occurrence and habitat selection in northern 

Missouri will aid land managers in recovery of both M. sodalis and M. septentrionalis 

populations. As WNS spreads across the landscape and summer habitat becomes 

increasingly fragmented, these data can be used to establish a baseline to aid long-term 

monitoring programs and guide land managers in recovery efforts. However, the cryptic 

nature of bats and the rarity of M. sodalis and M. septentrionalis make detection 

challenging, even with passive acoustic detectors (Kuenzi and Morrison 1998, USFWS 

2016, King 2019). Habitat factors like vegetation density, clutter, and canopy influence 

detection probability, and previous studies have demonstrated that the likelihood of 

detection decreases with distance from the microphone (Weller and Zabel 2002, Broders 
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et al. 2004, Kaiser and O’Keefe 2015). Therefore, nondetection is not a reliable indicator 

that a species is absent from a site, and could bias results if efforts are not taken to more 

accurately reflect the true presence/absence of a target species (MacKenzie et al. 2006). 

Occupancy models are a widely-used framework to account for this issue by estimating 

detection probability (p) through repeated surveys. Site occupancy (ψ) is then estimated 

concurrent with p, and covariates can be easily incorporated to assess the use of various 

habitat types (MacKenzie et al. 2002, MacKenzie 2005).  

Our objectives were to estimate within and among site occupancy of M. sodalis 

and M. septentrionalis on national wildlife refuges in northern Missouri to determine 

these species’ geographic distribution and habitat use at multiple spatial scales. Because 

bats are capable of traveling long distances across a variety of habitat types, it is 

important to examine habitat relationships at multiple spatial scales in order to determine 

the drivers of occupancy (Murray and Kurta 2002, Womack et al. 2013). Furthermore, 

our data will provide baseline information on the current geographic distribution of M. 

sodalis and M. septentrionalis in Missouri to assist long-term monitoring efforts and help 

land managers better understand how changes to landcover impact this imperiled species.  

 

Methods 
 
Study sites 

Research was conducted during the maternity seasons of 2017 and 2018 at five 

sites contained on three National Wildlife Refuges (NWRs) in northern Missouri: Swan 

Lake, Loess Bluffs, and the Baltimore Bottom, Berger Bend, and Overton Bottoms units 

of Big Muddy NWR (Figure 2.1). All sites were located within the M. sodalis Ozark 
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Central Recovery Unit, as designated by USFWS based on differences in genetics, 

population trends, and broad-scale habitat associations (USFWS 2007). Delineation of 

these recovery units aims to develop management practices specific to the requirements 

of each regional population (USFWS 2007). No such recovery units have been 

established for M. septentrionalis, however, all sites were located within the Midwest 

portion of the species range, a six-state region that includes Missouri, Illinois, Iowa, 

Indiana, Ohio, and Michigan (USFWS 2015). As of 2019, M. sodalis population within 

the Ozark-Central Recovery Unit was estimated at 276,317 individuals (King 2019). 

Although less is known about current M. septentrionalis population size, general 

estimates from USFWS suggest there are “several million” bats in the Midwest (USFWS 

2015).  

Loess Bluffs NWR was established in 1935 as a migration stopover and breeding 

ground for migratory birds (USFWS 2005). It is located in the Missouri River floodplain 

of Holt County, in northwest Missouri, and consists of 3,000 hectares. Like Swan Lake, 

refuge habitat is dominated by wetlands, but Loess Bluffs includes ~ 400 hectares of 

bottomland hardwoods and more than 400 hectares of wet prairie (USFWS 2005; Figure 

2.2). A distinctive feature of the refuge is the presence of Loess Hills, a habitat unique to 

the Missouri River Valley created by wind deposited silt-soil particles. Loess Hills 

support rare native prairie vegetation and wildlife, but also present management 

challenges as the substrate can erode into refuge streams and be deposited in managed 

marshes (USFWS 2005). Refuge management at Loess Bluffs NWR is focused on 

preservation of wetlands and moist-soil units. Additional focus includes grassland 

management through controlled burns and a goal of reducing croplands in order to 
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increase habitat diversity for grassland birds and the state endangered prairie massasauga 

rattlesnake. Three species of bats have been observed on the refuge, including M. 

lucifugus. Another five species, including M. sodalis and M. septentrionalis, are 

presumed likely to utilize refuge forests for summer habitat (USFWS 2005). 

Swan Lake NWR was established to preserve breeding habitat for migratory birds 

in 1937 (USFWS 2011). Located in Chariton County near the confluence of the Grand 

and Missouri Rivers, the refuge consists of 4,368 hectares. Refuge habitat is dominated 

by wetlands and open water lacustrine ecosystems however, it also contains more than 

1,200 hectares of bottomland hardwoods, 400 hectares of native prairie, and ~ 550 

hectares of agricultural fields (USFWS 2011; Figure 2.2). Current refuge management is 

primarily focused on moist-soil units, which are regularly flooded and drained to 

encourage growth of native wetland vegetation that provides food and habitat for 

migratory waterbirds. Other management initiatives include controlled grassland burns 

and agricultural practices that retain food for wildlife (USFWS 2011). Refuge forests are 

not currently managed. Mist net surveys in 2003 reported eight species of bats, including 

M. sodalis and M. septentrionalis (USFWS 2011). The bottomland hardwoods of Yellow 

Creek are documented maternity habitat of M. sodalis, and wildlife management goals on 

the refuge aim to investigate Swan Lake’s importance as a habitat for endangered species 

and determine whether long-term monitoring would benefit future management efforts 

(USFWS 2011). 

Big Muddy NWR was established in 1994 following severe flooding along the 

Lower Missouri River the previous year. Today, the refuge consists more than 7,000 

hectares contained on 11 distinct units along the Missouri River floodplain within 
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Missouri. The primary refuge goals include reconnecting the river to its floodplains, 

promoting diversity of native vegetation, restoring historic hydrology, and protecting 

endemic fish and wildlife species (USFWS 2013). Refuge habitat consists primarily of 

croplands within the Missouri River floodplain but also includes dense forests of riparian 

tree species, along with small patches of planted grasslands (Figure 2.2). Current 

management at Big Muddy is focused on replanting grasslands, establishing bottomland 

hardwood communities, restoring and creating shallow water habitat, and removal of 

invasive plants and noxious weeds. Bat species occupancy on Big Muddy units is 

unknown, however, gray bats (Myotis grisescens) and M. sodalis are believed to use 

Lower Missouri River bluff caves as hibernacula, and summer occupancy is probable in 

all 20 counties of the Refuge Acquisition Area (USFWS 2013). 

Acoustic Sampling 

We recorded echolocation calls of bats at 87 sites during the summer maternity 

seasons (May 1 – August 15) of 2017 and 2018 (Figure 2.2). We selected sites with 

stratified random sampling by first classifying refuge habitat as forest, water, or open 

using geospatial data from the National Land Cover Database (NLCD) 2016. We then 

generated three random points in each habitat type on each refuge using ArcGIS 5.1 to 

ensure survey sites covered a representative sample of general habitat types present and 

to attain a spatially balanced sample of each refuge. A minimum distance of 100 m was 

required between selected points, and randomly generated points < 100 m from another 

point were regenerated. This resulted in a total of 9 sites selected on each refuge during 

each season. However, due to limited space, only seven sites were surveyed at Berger 

Bend each season (Figure 2.2). Separate sites were surveyed in 2017 and 2018 due to the 
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limitations of inferring temporal trends over a single year and to maximize the total area 

surveyed on each refuge. For purposes of site selection, grasslands, shrub, and croplands 

were all considered open habitat, and herbaceous wetlands were considered water. For 

our analysis, we examined occupancy-habitat relationships at more detailed classification 

scales and focused on habitat types that have been demonstrated to be of importance to 

Myotis species in previous research (Kurta and Whitaker 1998, Broders et al. 2003, Ford 

et al. 2006, Hein et al. 2009).  

We used ANABAT SD1 detectors and Zero-Crossing Analysis Interference 

Modules with Compact Flash memory storage (CF ZCAIM; Titley Scientific, Columbia, 

MO) to record bat calls at each site. We placed detectors in plastic Pelican 1400 cases 

(Pelican Products, Torrance, CA) on raised, 1.5 m PVC platforms to avoid water damage. 

Detectors were powered by external 12-volt batteries, and microphones were attached to 

ANABAT units through a hole in the Pelican cases. We placed microphones in a PVC 

cover to protect them from water damage, and the cover was oriented at a 45° angle in the 

direction of least clutter to maximize detection (Weller and Zabel 2002, Dodd et al. 

2012). Detectors were programmed to automatically record from 1800 hours to 0600 

hours (Bender et al. 2015).  

We deployed three detectors at each site during the same sampling period for a 

minimum of two nights, and each detector served as an independent observer in order to 

estimate detection probability (MacKenzie et al. 2006, Dodd et al. 2012). At each site, we 

placed detectors at least 30 m apart to avoid interference, and detectors for each site were 

selected randomly to minimize bias (Seidman and Zabel 2001, Sheets et al. 2013, Bender 

et al. 2015). We deployed the first detector at the GPS point generated during site 
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selection, and the remaining detectors were placed in the most suitable locations ≥ 30 m 

from the first detector. If the original GPS point generated during site selection was 

unsuitable, the first detector was deployed in the nearest suitable location within the 

habitat. Points were considered unsuitable if vegetative clutter was too dense to attain 

high quality recordings, if landcover at the site did not correspond with the intended 

classification, if the site was within 100 m of another survey site, or if any other factors 

were likely to interfere with recording high-quality calls (i.e. river noise, trains, etc.).  

We recorded site-level habitat data, including canopy cover, ground clutter, forest 

basal area, and snag basal area at each site (Ford et al. 2005, Starbuck et al. 2014, Bender 

et al. 2015; Table 2.1). Canopy cover was measured in the center of the three detectors 

using a convex spherical crown densiometer, and ground clutter was visually estimated 

on a scale of 1-4 (0-25%, 26-50%, 51-75%, 76-100%). Basal area (tree density; m2/ha), 

snag basal area (density of dead trees; m2/ha), and tree species composition were 

determined at the center of the three detectors using variable radius plots with a 10 factor 

wedge prism (Carroll et al. 1999, Hutchinson and Lackey 2000, Bohn 2018). Additional 

landscape metrics were calculated by buffering points at 500 m, 1 km, and 3 km scales in 

the program FRAGSTATS (version 4.2.1; University of Massachusetts, Amherst, MA) 

using NLCD 2016 land use/landcover layers (Table 2.1).  

Analysis 

Acoustic data were classified using Analook software (version 4.2g; Titley 

Scientific, Columbia, MO). First, a broad, inclusive filter was applied to all files to 

identify calls within the known frequency range of the target species (minimum 

frequency ≥ 30 kHz). Calls which passed the initial filter were then manually identified 
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by two observers using call characteristics including minimum frequency, duration, 

slope, and characteristic frequency (Yates and Muzika 2006, Starbuck et al. 2015). Only 

calls which were mutually agreed upon by both observers were used to establish the 

presence of M. sodalis. To ensure accuracy, any calls with fewer than 5 pulses were 

discarded due to ambiguity associated with the limited data (Britzke and Murray 2000, 

Dodd et al. 2012, Bender et al. 2015). Using mutually agreed upon calls, we then created 

separate M. sodalis and M. septentrionalis detection histories by assigning a 1 or a 0 to 

each detector at each site on each night. Individual detectors and recording nights at each 

site were treated as independent observations in order to estimate detection history. 

Detectors with at least one confirmed call of the target species were assigned a 1, and 

detectors with no confirmed calls were assigned a 0.  

We analyzed presence/absence data using single-species, single-season occupancy 

models in a Bayesian framework with non-informative priors. Occupancy models 

estimate the “proportion of area, patches, or sample units that [are] occupied,” as outlined 

in Mackenzie et al. (2006) and can be used to evaluate the relationship between site 

covariates and site occupancy (ψ). A key component of this analytical approach is the 

assumption of imperfect detection and the estimation of detection probability (p) using 

repeated surveys to produce more accurate estimations of ψ. We evaluated the 

relationship between habitat characteristics and ψ using predictive variables from past 

studies of each species (Yates and Muzika 2006, Hein et al. 2009, Dodd et al. 2012, 

Bender et al. 2015, Starbuck 2015). Models were run in program R (version 3.3.1) using 

code adapted from Kéry and Schuab (2012). Prior to estimating ψ, we evaluated the 

relationship between environmental covariates and p using data aggregated from the 
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Missouri Historical Agricultural Weather Database and U.S. Naval Observatory’s 

Astronomical Applications Department (Tables 2.2, 2.3). Average wind speed, 

barometric pressure, minimum temperature, amount of precipitation, and hours of 

moonlight were calculated from 20:00 hours to 06:00 hours, consistent with the time 

during which bats were active and ANABAT detectors were programmed to record. The 

top ranked detection model was then used in all future ψ models.  

Next, we evaluated ψ with models at three spatial scales: 500 m landscape, 1 km 

landscape, and 3 km landscape. We evaluated three models at the 500 m scale (Table 2.4, 

2.6). The 500 m landscape model included percent landscape composed of wooded 

wetlands, herbaceous wetlands, and forest; distance to nearest wooded wetland, 

herbaceous wetland, and forest; and number of wooded wetland, herbaceous wetland, and 

forest patches. The 500 m site model included amount of canopy closure, amount of 

clutter, distance to nearest road, and distance to nearest water. The 500 m forest model 

included basal area, snag basal area, distance to nearest road, and distance to nearest 

water. Distance to water was calculated using ArcGIS 5.1 and NLCD 2016 landcover 

classifications. At the 1 km scale, we evaluated a single landscape model that included 

percent landscape composed of wooded wetlands, herbaceous wetlands, and forest; 

distance to nearest wooded wetland, herbaceous wetland, and forest; and number of 

wooded wetland, herbaceous wetland, and forest patches. We evaluated two models at 

the 3 km scale. The 3 km connectivity model included wooded wetland, herbaceous 

wetland, and forest shape; wooded wetland, herbaceous wetland, and forest connectivity; 

and wooded wetland, herbaceous wetland, and forest cohesion. The shape metric 

compared actual patch perimeter to minimum possible patch perimeter, given the total 
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number of occupied cells, to quantify shape complexity (McGarigal 2015). The 

connectivity metric measured the number of functional joinings (separated by ≤ 100 m) 

between patches of the same class (McGarigal 2015). The cohesion metric used total 

patch perimeter of a given class, total patch area of a given class, and total area of the 

landscape to quantify the physical connectedness of a given class on the landscape 

(McGarigal 2015). Our 3 km landscape model included percent landscape composed of 

wooded wetlands, herbaceous wetlands, and forest; distance to nearest wooded wetland, 

herbaceous wetland, and forest; and number of wooded wetland, herbaceous wetland, and 

forest patches. Parameters whose 90% credible intervals did not overlap 0 were 

considered significant predictors of occupancy at each spatial scale (Johnson et al. 2004, 

Hein et al. 2009, McDonald et al. 2015). The predictive performance of each model was 

then evaluated using K-fold cross validation and the logarithmic scoring rule (Stevens 

and Conway 2019). 

Results 

We surveyed 44 sites in 2017 and 43 sites in 2018. Separate sites were surveyed 

in each season. All sites were surveyed with three detectors for ≥ 2 nights for a total of 

581 detector nights. All three detectors were functional at 76 sites and at least two 

detectors were functional at all sites. We recorded 104,766 call files and 73,094 files with 

at least five pulses. M. sodalis was detected at 29% of water sites, 3% of open sites, 17% 

of forest sites, and 35% of wooded wetland sites. M. sodalis was not detected at any 

herbaceous wetland sites. Additionally, M. sodalis was confirmed at two of five refuges 

surveyed (Big Muddy - Berger Bend and Swan Lake) and 13% of sites across all refuges. 

M. septentrionalis was detected 29% of water sites, 6% of open sites, and 24% of wooded 
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wetland sites. M. septentrionalis was not detected at any upland forest sites or herbaceous 

wetland sites. Additionally, M. septentrionalis was confirmed at three of five refuges 

surveyed (Big Muddy - Berger Bend, Loess Bluffs, and Swan Lake) and 8% of sites 

across all refuges. We detected both species at a site at 6% of sites across refuges.  

Several M. sodalis detection models received similar support, but the model with 

the lowest WAIC value included minimum temperature, barometric pressure, average 

wind speed, and moon minutes (Table 2.2). Thus, minimum temperature, barometric 

pressure, average wind speed, and moon minutes were included in all candidate ψ models 

for M. sodalis. Mean p for M. sodalis was 0.536. The M. septentrionalis detection model 

with the lowest WAIC value included a single covariate: amount of precipitation (Table 

2.3). Amount of precipitation was included in all candidate ψ models for M. 

septentrionalis. Mean p for M. septentrionalis was 0.077. 

Three candidate ψ models for M. sodalis received similar support: 3 km 

landscape, 3 km connectivity, and 500 m landscape. However, the 3 km landscape model 

performed best (Table 2.4). Predicted M. sodalis ψ at individual sampling locations on 

each refuge ranged from 0.0300 to 0.0639 at Baltimore Bottoms; 0.1840 to 0.3306 at 

Berger Bend; 0.0103 to 0.0980 at Loess Bluffs; 0.0221 to 0.0876 at Overton Bottoms; 

and 0.1540 to 0.5870 at Swan Lake. The primary drivers of M. sodalis occupancy in the 

top performing model (3 km landscape) were percent of landscape composed of wooded 

wetlands, distance to nearest wooded wetland, forest connectivity, forest shape, and 

wetland connectivity (Table 2.5, Figure 2.3).  

M. sodalis ψ was negatively associated with distance to nearest wooded wetland, 

proportion of forested landscape and forest connectivity. Predictive probability plots, 



65 
 

which illustrate occupancy probability across the range of available options for a single 

covariate, show the probability of M. sodalis occupancy at a site that is 85 m from the 

nearest wooded wetland as twice that of a site that is 150 m from the nearest wooded 

wetland and four times that of a site that is 210 m from the nearest wooded wetland 

(Figure 2.4). Similarly, our models predict a landscape (3 km) with no connected forested 

patches is twice as likely to be occupied by M. sodalis as a site where 10 percent of 

forested patches are connected (Figure 2.4). Additionally, a landscape (3 km) composed 

of 10 percent forest is twice as likely to be occupied as a landscape composed of 40 

percent forest (Figure 2.4).  

M. sodalis occupancy probability was positively associated with forest shape, 

wetland connectivity, and percent of landscape composed of wooded wetlands. 

Probability plots predict a landscape (3 km) composed of 20 percent wooded wetlands is 

twice as likely to be occupied by M. sodalis as a landscape composed of 7 percent 

wooded wetlands and four times as likely to be occupied as a landscape with no wooded 

wetlands (Figure 2.5). Additionally, our models predict M. sodalis occupancy in a 

landscape (3 km) with no connected wetlands is half that of a landscape where just 1 

percent of wetlands are connected (Figure 2.5). Finally, our plots demonstrate a sharp 

increase in M. sodalis occupancy probability as forest complexity increases (Figure 2.5).  

For M. septentrionalis, the 500 m landscape, 3 km landscape, and 3 km 

connectivity models received similar scores, but the 500 m landscape model performed 

best (Table 2.6). Predicted ψ at individual sampling locations ranged from 0.0748 to 

0.2936 at Baltimore Bottoms; 0.2291 to 0.6182 at Berger Bend; 0.0395 to 0.9079 at 

Loess Bluffs; 0.0510 to 0.5091 at Overton Bottoms; and 0.0311 to 0.7970 at Swan Lake. 
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The primary drivers of M. septentrionalis occupancy were wetland shape (3 km) and 

percent of landscape composed of wooded wetlands (500 m) (Table 2.7, Figure 2.6).  

M. septentrionalis occupancy was positively associated with percent of 500 m 

landscape composed of wooded wetlands. Predictive probability plots show a landscape 

(500 m) composed of 20 percent wooded wetlands was twice as likely to be occupied as a 

landscape composed of 10 percent wooded wetlands and more than four times as likely to 

be occupied as a landscape with no wooded wetlands (Figure 2.7). Occupancy was 

negatively associated with wetland shape (3 km landscape), and predictive plots illustrate 

a steep decline in probability of occupancy as wetland complexity increases (Figure 2.7).  

Discussion 
 
 Our results show that wooded wetlands are critical habitat for both M. sodalis and 

M. septentrionalis in northern Missouri. Additionally, forest edge and herbaceous 

wetlands are important landscape features for M. sodalis. Alternatively, M. 

septentrionalis ψ was negatively associated with herbaceous wetlands. Previous studies 

examining landscape- and local-level habitat relationships with Myotis ψ are prevalent 

throughout the literature, but results are mixed and sometimes contradictory, with 

examples of both positive and negative relationships between Myotis ψ and riparian and 

forested habitat (Yates and Muzika 2006, Bender et al. 2015, Womack et al. 2013, Pauli 

et al. 2017). This discrepancy among Myotis ψ habitat relationships could be explained in 

part by regional variation in habitat use. For example, in Indiana, Kaiser and O’Keefe 

(2015) found a significant negative correlation between distance to nearest agricultural 

land and M. sodalis ψ, and a study in the same region by Sparks et al. (2005) showed that 

M. sodalis regularly foraged over agricultural lands. Conversely, a range of studies in 
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other areas have found that riparian forested habitat is strongly associated with increased 

M. sodalis ψ (Murray and Kurta 2002, Carter 2006, Bergeson et al. 2013). Murray and 

Kurta (2004) reported more than 90% of foraging activity occurred in forest habitats 

despite agricultural lands comprising substantially more of the landscape, and Menzel et 

al. (2005) found a negative relationship between M. sodalis ψ and proportion of 

agricultural lands. In addition, limited detections of the target species may result in low 

predictive power and model bias (Sparks et al. 2005, Carter 2006, MacKenzie et al. 2006, 

Kaiser and O’Keefe 2015). The nature of Myotis echolocation calls often makes species 

identification challenging, which can confound occupancy/habitat relationships, as some 

species, such as the little brown bat, are more often associated with riparian habitats 

(Coleman et al. 2014) while species such as northern long-eared bat are more often 

associated with upland forests (Broders et al. 2006). Misidentification of calls or pooling 

of all Myotis detections therefore reduces the ability of models to accurately identify 

habitat preferences for each species. Furthermore, Myotis bats use high-frequency (~ 40 

kHz) search-phase echolocation calls, which attenuate more quickly than lower-

frequency calls utilized by species including big brown bat, resulting in a reduced 

distance traveled and fewer detections by acoustic bat detectors (Limpens and 

McCracken 2004).  

Myotis sodalis 

 Our models predicted greater ψ at sites with more wooded wetlands, greater forest 

complexity, and increased wetland connectivity. These relationships are consistent with 

previous research northern and southern portions of M. sodalis’ range that identified 

riparian habitat and forest edge as important foraging and roosting habitat for this species 
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(Kurta and Whitaker 1998, Broders et al. 2003, Ford et al. 2006, Hein et al. 2009, 

Jachowski et al. 2014). Our study areas were dominated by open habitat and bottomland 

hardwood forests, classified in NLCD 2016 landcover layers as wooded wetlands. In a 

companion study (Chapter 1), we identified wooded wetlands as critical roosting habitat 

for M. sodalis, and the increased detections in this habitat were likely linked to the 

species’ reliance on bottomland hardwoods for roosting, consistent with research that has 

identified greater rates of bat activity in proximity to roosts (Barclay and Kurta 2007). In 

addition, the morphology of Myotis species, including short, rounded wingtips and a low 

aspect ratio (wingspan2/wing area), is associated with slower, more maneuverable flight 

which facilitates foraging in forests and environments with moderate clutter (Norberg and 

Rayner 1987). Therefore, it is unsurprising that M. sodalis would use riparian forests on 

national wildlife refuges in Missouri. These bottomland hardwood stands offer numerous 

benefits to bat species adapted for flight in such environments, including high prey 

density due to the prevalence of standing water and shelter from nocturnal predators 

(Fuki et al. 2006). This habitat association is further validated by the negative 

relationship we observed between M. sodalis ψ and distance to nearest wooded wetland . 

While the distance to nearest wooded wetland is not necessarily linked to the proportion 

of wooded wetlands on the landscape, the fact that ψ decreased with distance to wooded 

wetlands nonetheless reflects a strong preference for bottomland hardwoods in this 

species. Surprisingly, connectivity of wooded wetlands was not a significant predictor of 

ψ in any of our models, despite the importance of other wooded wetland metrics that 

indicate a strong preference for this habitat. The connectivity metric was calculated by 

the number of connections between corresponding patch types, divided by the number of 



69 
 

possible connections, and reported as a percentage. In our study areas, wooded wetlands 

primarily consisted of large continuous tracts of bottomland hardwood forests adjacent to 

rivers and streams. Since wooded wetlands were contained in large tracts, rather than 

dispersed patches, it is likely that the connectivity index was low at all sites and therefore 

not a significant factor in predicting ψ, despite the importance of this landscape feature. 

In areas where wooded wetlands are more dispersed, connectivity would likely be a more 

significant predictor of M. sodalis ψ, as previous studies have demonstrated that 

connectivity of landscape features is an important factor in predicting levels of bat 

activity. For example, Frey-Ehrenbold (2013) demonstrated that bat activity was 

significantly higher in more connected landscapes, particularly in short-range 

echolocating species, and Lookingbill et al. (2010) found that activity levels of some bat 

species relied heavily on the connectivity of wetland networks in the eastern U.S. 

 As with riparian forests, previous research has identified positive associations 

between forest edge and M. sodalis foraging and maternity habitat consistent with our 

model predictions that ψ was positively associated with greater forest shape values 

(Menzel et al. 2001, Hein et al. 2009, Sheets 2010, Jachowski et al. 2014). The shape 

index is calculated by dividing patch perimeter by minimum possible perimeter given the 

number of total raster cells, directly reflecting the edge/area ratio, with increasing values 

representing greater edge per unit area (Yates and Muzika 2006). Forest edge has long 

been recognized as important both as commuting and foraging habitat for bats because it 

offers open commuting routes with easy access to cover from predators. Additionally, 

forest edge likely provides greater prey species richness due to the edge effect produced 

by the interface of vegetation types (Yahner 1988, Grindal and Brigham 1999, Hogberg 
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et al. 2002, Ewers and Didham 2006). In our study areas, forest cover was largely limited 

to isolated patches interspersed with otherwise open habitat. Therefore, increased activity 

at forest patches with higher shape index values likely reflects a preference for patches 

that maximize total amount of edge in a landscape where this feature is highly limited. 

This pattern is supported by the negative relationship between ψ and proportion of 

forested landscape predicted by our model, further suggesting that M. sodalis use forest 

patches for edge habitat rather than opportunities to forage in forest interior.  

 Our models also predict M. sodalis ψ increases with greater wetland connectivity. 

The relationship between greater activity and standing water has been documented in 

numerous bat species, including M. sodalis, for decades (Humphrey et al. 1977, LaVal 

and LaVal 1980, Clark et al. 1987, Owen et al. 2004, Brooks and Ford 2005). The affinity 

for roosting and foraging near water could be attributed to several factors, including the 

availability of drinking water and increased insect abundance (Kurta and Whitaker 1998). 

Although open water was not included in our models, many of the previous studies which 

examined Myotis activity and riparian habitat have noted that bat activity was greater 

over lakes and ponds than wetlands, and the presence of vegetation in wetlands, which 

may obstruct the ability of bats to skim the surface, has been hypothesized as one reason 

bats may prefer open water habitats to wetlands dominated by herbaceous vegetation 

(Owen et al. 2004, Ford et al. 2005, Carter 2006, Bergeson et al 2013). In our study, 

landcover was predominantly characterized as open, consisting either of grasslands or 

agriculture, and wetlands were generally composed of small linear patches of ephemeral 

water in low-lying areas, often near forest edge. In this case, M. sodalis may select for 

herbaceous wetlands because other suitable foraging and drinking habitat at our sites was 
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limited. Often, open water habitat at our sites, such as lakes and ponds, was either 

nonexistent or situated in the middle of large patches of open habitat that M. sodalis 

actively avoids crossing. Additionally, our models suggest that ψ was not directly related 

to the proportion of herbaceous wetlands present but rather to their configuration on the 

landscape. Frey-Ehrenbold et al. (2013) demonstrated that bat activity in the Swiss 

Central Plateau was directly related to landscape connectivity, with shorter-range 

echolocating bats being particularly sensitive to habitat fragmentation, and Pinaud et al. 

(2018) similarly demonstrated that fragmentation of highly-used landscape features 

significantly decreased activity of the horseshoe bat. In northern Missouri, large tracts of 

wetland habitat appears to be less important than wetland configuration, with a small 

proportion of highly connected wetlands providing sufficient habitat for M. sodalis to 

forage and drink without having to commute across open areas where the species may be 

vulnerable to predation.  

 The negative relationship our models predict between M. sodalis ψ and proportion 

of forested landscape was somewhat surprising, as M. sodalis is known to forage in 

forested habitat across its range (Sparks et al. 2005, Carter 2006, Kaiser and O’Keefe 

2015). However, in our study bottomland hardwood forests in northern Missouri were 

classified as wooded wetlands, and the forest category was largely restricted to upland 

forests or early succession woodlots surrounded by agriculture or grasslands. This 

distinction is critical because the forest habitat in our study area does not reflect the 

habitat generally described in studies that have reported high activity in forests (Carter 

2006, Bergeson et al. 2013). Previous studies have primarily taken place in riparian 

forests more comparable to the wooded wetland habitat of northern Missouri, where 
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large-diameter tree species provide heavy canopy cover, resulting in low understory 

clutter and ample space for forest-adapted bats to maneuver. Conversely, the upland 

forests and early succession woodlots of our study sites were highly cluttered, with high 

stem-density and heavy understory vegetation that would make flight challenging for all 

but the most clutter adapted species. Taking this distinction into consideration, it is 

unsurprising wooded wetland habitat was a better predictor of M. sodalis ψ compared to 

upland forest. Yates and Muzika (2006) reported that M. sodalis ψ was positively 

associated with proportion of nonforested landscape, speculating that the high percentage 

of forest in their study area (90%) led to a need for M. sodalis to diversify its habitat by 

foraging in open spaces. However, in that study, the forested landscape was described as 

upland deciduous, and our models suggest that upland forests may be inherently less 

suited to support M. sodalis foraging compared to riparian forests. This conclusion is 

further supported by the author’s finding that, at the local-site level, M. sodalis 

occupancy was positively associated with the density of large diameter snags similar to 

those found in the wooded wetlands of our study area (Yates and Muzika 2006).  

 Consistent with the relationship to proportion of forested landscape, our models 

show a negative relationship between M. sodalis ψ and forest connectivity. If our 

hypothesis that forested habitat in the study area was too cluttered and dense for M. 

sodalis to navigate is accurate, forest patches may act as a barrier to commuting routes. In 

this case, connected forest patches would divide the landscape and force M. sodalis to 

expend valuable energy reserves navigating long distances around forests to access more 

suitable foraging areas. In addition, there may be some correlation between forest 

connectivity and total proportion of forests on the landscape in our study area. Among 
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our study areas, forests consisted of small patches rather than large continuous tracts, and 

it is logical to assume that as the number of patches increased, so too would the 

likelihood that there would be connections among them. Collectively, model predictors 

from our study strongly suggest that non-riparian forested habitat at our sites is likely not 

suitable habitat for M. sodalis.  

Myotis septentrionalis 

 The primary driver of M. septentrionalis ψ in our models was proportion of 

wooded wetlands on the landscape. Northern long-eared bats are widely known to forage 

in forest interior and beneath dense canopy, and the wooded wetlands in our study area 

represent the best-available forested habitat on the landscape (LaVal et al. 1977, Owen et 

al. 2003, Ford et al. 2005). In an acoustic study of bat occupancy in southern Missouri, 

Yates and Muzika (2006) found that the primary driver of M. septentrionalis occupancy 

was forest shape, with occupancy inversely related to shape index. Their results indicate 

that M. septentrionalis was less likely to occur as the complexity of forest area increased, 

which the authors interpreted as a preference for areas with more core forest area and less 

forest edge (Yates and Muzika 2006). As previously discussed, wooded wetlands in our 

landscape overwhelmingly consisted of large continuous tracts of bottomland hardwood 

forests adjacent to rivers and streams. This habitat is consistent with the findings of Yates 

and Muzika (2006), providing a high area/edge ratio and dense canopy. Additionally, the 

bottomland hardwood forests of our study sites offer numerous roosting opportunities and 

ample access to water which may also drive M. septentrionalis occupancy. While wooded 

wetland shape was not a significant predictor of M. septentrionalis ψ in our models, 

counter to the notion that amount of core interior habitat drives use of this landscape 
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feature, the nature of these patches in our study region may explain this inconsistency. At 

our sites, complex patches of wooded wetlands were rare on the landscape, with a range 

of shape index values from 1.24 – 2.06 and a mean shape value of 1.56. A shape value of 

1 indicates a maximally compact patch, and shape index values increase > 1 without 

limit. This demonstrates high availability of core area at wooded wetlands and illustrates 

the rarity of complex wooded wetland patches on national wildlife refuges in northern 

Missouri. It is reasonable to assume that amount of core area is sufficient throughout the 

landscape and not a limiting factor for M. septentrionalis ψ. Instead, because the wooded 

wetlands present provide a high area/edge ratio, their proportion on the landscape is the 

limiting factor.  

 Counter to results of previous studies, neither proportion of forest on the 

landscape nor any of the forest characteristics we measured were significant predictors of 

M. septentrionalis ψ. However, as we have already discussed, the habitat classifications 

in our models are somewhat misleading, as wooded wetlands were predominantly 

composed of bottomland hardwood forests and the forest category was largely limited to 

dense stands with high clutter, which is generally considered unsuitable to bats (Brigham 

et al. 1997, Sleep and Brigham 2003). Additionally, upland forest stands were often 

composed of small patches with high shape values, indicating low area/edge ratios. 

Taking these factors into consideration, it is less surprising that forest was not important 

in predicting M. septentrionalis occupancy and our results are more consistent with prior 

studies of this species. Had we included wooded wetlands in forest classifications, it is 

likely that measures of shape and connectivity would have been better predictors of M. 
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septentrionalis occupancy, as the forested landscape would have included sufficient 

variation to identify the species’ preference for forests with greater core area.  

 The only significant predictor of M. septentrionalis ψ other than proportion of 

wooded wetlands on the landscape was wetland shape. Our models indicate that M. 

septentrionalis was less likely to occur as wetland shape increases. It is unclear whether 

this indicates a preference for wetlands sites with greater core area, as this species is not 

typically associated with wetland habitat (Harvey et al. 1999, Owen et al. 2003, 

Lookingbill et al. 2010, Pauli et al. 2017). In fact, Pauli et al. (2017) reported that M. 

septentrionalis may actively avoided areas like wetlands that are saturated with streams, 

and a study by Lookingbill et al. (2010), which focused on the effect of wetland networks 

on bat activity, reported that M. septentrionalis ψ had the weakest relationship with 

wetlands of any species the authors detected in the study area. Additionally, none of the 

other metrics we used to evaluate the relationship of wetlands with M. septentrionalis ψ 

were significant predictors, including proportion of wetlands on the landscape. Therefore, 

it is unlikely that this relationship in indicative of a preference for core wetland area. 

Instead, it could reflect a tendency for M. septentrionalis to actively avoid herbaceous 

wetlands in our study area. If this were the case, wetlands with lower shape values, which 

reflect greater core area and more compact wetlands, would be easier to avoid for 

foraging M. septentrionalis, as opposed to wetland patches that were more complex and 

spread across the landscape. However, the effect of wetland composition on M. 

septentrionalis occupancy in this region warrants further examination and should be a 

priority for future research. 

Limitations 
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The low number of detections for both species, but particularly M. septentrionalis, 

was undoubtedly the primary limitation to our study. M. septentrionalis was only 

detected at seven of 87 sites surveyed, and of the sites with detections, the species was 

only confirmed during a single night at six. Additionally, of the three detectors deployed 

at each site, M. septentrionalis was only detected by > 1 detector at a single site. This 

resulted in an extremely low detection probability (0.077) which almost certainly inflated 

ψ for this species and may have biased model results (Mackenzie et al. 2002). Because 

both species are rare and detection of bats is impacted by numerous environmental 

factors, this is a problem inherent to acoustic surveys (Jung et al. 1999, Weller and Zabel 

2002). However, M. septentrionalis’ affinity for forested habitat makes detection of this 

species even more challenging, as forested habitat contains a variety of clutter that 

interferes with the ability of acoustic detectors to record high-quality echolocation calls 

(Patriquin et al. 2003, O’Keefe et al. 2014, Loeb et al. 2015). To compound this issue, 

our sites were selected randomly, and although we made every attempt to place our 

detectors in the most suitable locations at those points, many of the forested sites were 

highly cluttered and the range of detection was therefore likely limited (Patriquin et al. 

2003, O’Keefe et al. 2014). To compensate for this issue, we attempted to quantify the 

amount of clutter at each site on a scale of 1-4 (Loeb and O’Keefe 2006). However, this 

scoring gradient was likely insufficient to capture the effect of clutter on detection 

probability, and clutter was not a significant parameter in our M. septentrionalis detection 

models. Unfortunately, there currently is no widely-accepted method for quantifying this 

important factor in acoustic studies of bat occupancy, and published studies comparing 

the efficacy of various methods are limited (Avina et al. 2007, O’Keefe et al. 2014).    
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Our ability to characterize drivers of Myotis occupancy was also limited by the 

landcover classifications used to quantify landscape characteristics. Many of our study 

sites were located in floodplains that contain a high concentration of ephemeral wetlands, 

the inundation status of which varied greatly based on seasonal precipitation, and which 

may not be captured by landcover layers generated from remote sensing technology. 

Additionally, one site, Loess Bluffs National Wildlife Refuge, was largely comprised of 

managed wetland units with water control structures that allowed managers to flood and 

drain individual units to promote the growth of vegetation important to waterfowl and 

migratory birds. The seasonal changes to landcover in these units and the potential for 

inconsistent application of management efforts may have resulted in inaccurate 

classification of landcover, particularly herbaceous wetlands, at this site.  

Management Implications 
 
 The proportion of wooded wetlands on the landscape was the most important 

predictor of occupancy for both M. sodalis and M. septentrionalis, highlighting the 

importance of wooded wetlands for a number of threatened bat species. One factor that 

likely makes these bottomland forests such important habitat was the presence of large-

diameter snags for roosting, along with the tendency of these forests in our study region 

to consist of mature stands with heavy canopy that provides relatively open understory 

for foraging. Land managers who wish to preserve and promote habitat for Myotis bats 

could focus on preserving existing riparian forests and implementing management efforts 

to protect and retain snags. Additionally, the acquisition of additional land along 

floodplains of the Missouri river is likely to ensure habitat is preserved, as these areas 

feature a mixture of riparian forest and ephemeral wetlands, both of which were 
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positively associated with Myotis occupancy. Further, our models indicate that forest 

edge is an important landscape feature for M. sodalis, and management efforts that 

promote forest complexity, and therefore increase forest edge, are likely to be beneficial 

to this species. Finally, while forest interior in non-riparian stands was not an important 

model predictor for either species, we believe that management efforts which promote 

more open forest stands would increase the likelihood of both species using this habitat, 

as previous studies have shown that Myotine bat species are more likely to utilize recently 

harvested forest stands that provide open foraging habitat (Owen et al. 2004, Sheets 2010, 

Loeb and O’Keefe 2011). However, these efforts, if implemented, should be pursued with 

caution, as the results of our previous chapter suggest that small diameter snags used as 

alternate roosts are critical to the success of summer maternity colonies, and forest 

management efforts that reduce the number of small diameter trees may negatively 

impact maternity habitat suitability.    
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Table 2.1. Model parameters used to evaluate occupancy of Indiana bats (Myotis sodalis) 

and northern long-eared bats (Myotis septentrionalis) at national wildlife refuges in 

northern Missouri during the summers of 2017 and 2018. 

  

Covariate Abbreviation Description 

Forest: percent 
landscape 

f_percent_land Percent of total landscape (500 m, 
1 km, 3 km) composed of forest 

Herbaceous wetland: 
percent landscape 

wet_percent_land Percent of total landscape (500 m, 
1 km, 3 km) composed of wetlands 

Wooded wetland: 
percent landscape 

w.wet_percent_land Percent of total landscape (500 m, 
1 km, 3 km) composed of Wooded 
wetlands 

Forest: number 
patches 

f_number_patches Total number of forested patches 
on the landscape (500 m, 1 km, 3 
km) 

Herbaceous wetlands: 
number patches 

wet_number_patches Total number of wetland patches 
on the landscape (500 m, 1 km, 3 
km) 

Wooded wetlands: 
number patches 

w.wet_number_patches Total number of Wooded wetland 
patches on the landscape (500 m, 1 
km, 3 km) 

Forest: nearest 
neighbor 

f_neighbor Euclidian distance (m) from focal 
patch to nearest forested patch  

Herbaceous wetlands: 
nearest neighbor 

wet_neighbor Euclidian distance (m) from focal 
patch to nearest wetland patch  

Wooded wetlands: 
nearest neighbor 

w.wet_neighbor Euclidian distance (m) from focal 
patch to nearest Wooded wetland 
patch  
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Forest shape f_shape Patch perimeter divided by 
minimum patch perimeter for a 
maximally compact patch. Shape 
indexes were calculated by 
averaging patch shape values for 
the landscape surrounding each site 
(500 m, 1 km, 3 km). Mean values 
were used for modeling occupancy. 
Values increase with increasing 
shape complexity.  

Herbaceous wetlands 
shape 

wet_shape Patch perimeter divided by 
minimum patch perimeter for a 
maximally compact patch. Shape 
indexes were calculated by 
averaging patch shape values for 
the landscape surrounding each site 
(500 m, 1 km, 3 km). Mean values 
were used for modeling occupancy. 
Values increase with increasing 
shape complexity. 

Wooded wetlands 
shape 

w.wet_shape Patch perimeter divided by 
minimum patch perimeter for a 
maximally compact patch. Shape 
indexes were calculated by 
averaging patch shape values for 
the landscape surrounding each site 
(500 m, 1 km, 3 km). Mean values 
were used for modeling occupancy. 
Values increase with increasing 
shape complexity. 

Forest connectivity f_connect The number of functional joinings 
between forested patches on the 
landscape (500 m, 1 km, 3 km). 
Higher values indicate increased 
connectivity.  

Herbaceous wetland 
connectivity 

wet_connect The number of functional joinings 
between wetland patches on the 
landscape (500 m, 1 km, 3 km). 
Higher values indicate increased 
connectivity. 
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Wooded wetlands 
connectivity 

w.wet_connect The number of functional joinings 
between Wooded wetland patches 
on the landscape (500 m, 1 km, 3 
km). Higher values indicate 
increased connectivity. 

Forest cohesion f_cohesion Measure of the physical 
connectedness of forest patches on 
the landscape (500 m, 1 km, 3 km). 
A higher cohesion index reflects a 
higher degree of aggregation.  

Herbaceous wetlands 
cohesion 

wet_cohesion Measure of the physical 
connectedness of wetland patches 
on the landscape (500 m, 1 km, 3 
km). A higher cohesion index 
reflects a higher degree of 
aggregation. 

Wooded wetlands 
cohesion 

w.wet_cohesion Measure of the physical 
connectedness of Wooded wetland 
patches on the landscape (500 m, 1 
km, 3 km). A higher cohesion 
index reflects a higher degree of 
aggregation. 

Basal area ba The average surface area per acre 
occupied by tree stems.  

Snag basal area snag_ba The average surface area per acre 
occupied by dead tree stems.  

Distance to road road_distance Distance (m) to the nearest paved 
road.  

Distance to water water_distance Distance (m) to the nearest 
permanent water.  

Canopy cover canopy Total canopy cover at a given 
survey site.  

Clutter clutter Amount of clutter (0-25%, 26-50%, 
51-75%, 76-100%) at a given 
survey site.  

 



92 
 

Table 2.2. Candidate models to estimate detection probability of Indiana bats (Myotis 

sodalis) at five national wildlife refuges in northern Missouri. Model name, model 

covariates, and WAIC score are included.  

 

Model Type Candidate Model WAIC Δ WAIC 

Temp_Pressure_Moon_Wind Min_Temp + Avg_Pressure + 
Moon_Mins + Avg_Wind 

360.80   

Full Min_Temp + Avg_Pressure + 
Moon_Mins + Avg_Wind + 
Precip 

360.92 0.12 

Temp_Pressure_Moon Min_Temp + Avg_Pressure + 
Moon_Mins 

361.40 0.6 

Temp_Pressure_Precip Min_Temp + Pressure + Precip 362.86 2.06 

Temp_Pressure Min_Temp + Avg_Pressure 363.12 2.32 

Temp_Wind_Pressure Min_Temp + Avg_Wind 
Avg_Pressure  

363.71 2.91 

Pressure_Wind_Moon_Precip Avg_Pressure + Moon_Mins + 
Avg_Wind + Precip 

364.05 3.25 

Pressure_Moon_Wind Avg_Pressure + Moon_Mins + 
Avg_Wind 

366.17 5.37 

Pressure Avg_Pressure 367.24 6.44 

Temp Min_Temp 367.26 6.46 

Wind_Precip Avg_Wind + Precip 367.34 6.54 

Temp_Wind Min_Temp + Avg_Wind 368.25 7.45 

Wind_Pressure Avg_Wind + Pressure 368.30 7.5 

Wind Avg_Wind 368.98 8.18 

Moon Moon_Mins 369.38 8.58 

Precip Precip 369.46 8.66 

Precip_Pressure Precip + Avg_Pressure 369.55 8.75 
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Table 2.3. Candidate models to estimate detection probability of northern long-eared bats 

(Myotis septentrionalis) at five national wildlife refuges in northern Missouri. Model 

name, model covariates, and WAIC score are included.  

 

Model Type Candidate Model WAIC Δ WAIC 

Precip Precip 268.71  

Temp_Pressure_Moon_Wind Min_Temp + Avg_Pressure + 
Moon_Mins + Avg_Wind 

272.09 3.38 

Pressure_Moon_Wind Avg_Pressure + Moon_Mins + 
Avg_Wind 

272.71 4 

Pressure_Wind_Moon_Precip Avg_Pressure + Moon_Mins + 
Avg_Wind + Precip 

278.15 9.44 

Pressure Avg_Pressure 282.53 13.82 

Temp_Wind_Pressure Min_Temp + Avg_Wind 
Avg_Pressure  

282.69 13.98 

Temp Min_Temp 283.02 14.31 

Temp_Pressure_Moon Min_Temp + Avg_Pressure + 
Moon_Mins 

284.28 15.57 

Wind Avg_Wind 289.15 20.44 

Wind_Pressure Avg_Wind + Pressure 291.46 22.75 

Full Min_Temp + Avg_Pressure + 
Moon_Mins + Avg_Wind + 
Precip 

291.62 22.91 

Temp_Wind Min_Temp + Avg_Wind 295.90 27.19 

Wind_Precip Avg_Wind + Precip 296.08 27.37 

Moon Moon_Mins 298.43 29.72 

Temp_Pressure Min_Temp + Pressure 306.78 38.07 

Precip_Pressure Precip + Avg_Pressure 312.47 43.76 

Temp_Pressure_Precip Min_Temp + Pressure + Precip 316.73 48.02 
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Table 2.4. Results of K-fold cross validation for seven a priori single-species, single-

season Myotis sodalis occupancy models. Research was conducted on five National 

Wildlife Refuges in northern Missouri during the maternity seasons of 2017 and 2018. 

Model performance was quantified using the logarithmic scoring rule, where lower scores 

indicate better predictive performance.  

 

Model Type Candidate Model Logarithmic 
Score 

3_km_Landscape f_percent_land + wet_percent_land + 
wet_number_patches + w.wet_percent_land + 
w.wet_number_patches + f_number_patches + 
w.wet_neighbor + f_neighbor + wet_neighbor 

57.12 

3_km_Connectivity f_shape + w.wet_shape + wet_shape + 
f_connect + w.wet_connect + wet_connect + 
f_cohesion + w.wet_cohesion + wet_cohesion 

58.20 

500_m_Landscape f_percent_land + wet_percent_land + 
wet_number_patches + w.wet_percent_land + 
w.wet_number_patches + f_number_patches + 
w.wet_neighbor + f_neighbor + wet_neighbor 

59.53 

1_km_Landscape f_percent_land + wet_percent_land + 
wet_number_patches + w.wet_percent_land + 
w.wet_number_patches + f_number_patches + 
w.wet_neighbor + f_neighbor + wet_neighbor 

68.25 

500_m _Basal_Area ba + snag_ba + water_distance + road_distance 72.34 

500_m_Site canopy + water_distance + road_distance + 
clutter 

85.36 
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Table 2.5. Parameter estimates and standard error from the top ranked occupancy models 

used to evaluate Indiana bat (Myotis sodalis) occupancy at five national wildlife refuges 

in northern Missouri during the summers of 2017 and 2018.  

 

 3 km Landscape 3 km Connectivity 500 m Landscape 

Parameter Estimate SE Estimate SE Estimate SE 

Forest: percent 
landscape  

-0.8213 0.0066 — — -0.5106 0.0062 

Wetland: percent 
landscape  

-0.1032 0.0065 — — 0.2993 0.0044 

Wooded wetland: 
percent landscape  

1.1532 0.0062 — — 1.3347 0.0043 

Forest: number 
patches  

-0.0113 0.0042 — — -0.2882 0.0064 

Wetlands: number 
patches  

-0.0159 0.0039 — — -0.1740 0.0047 

Wooded 
wetlands: number 
patches  

-0.0193 0.0066 — — -0.0175 0.0045 

Forest: nearest 
neighbor  

-0.4368 0.0069 — — 0.2020 0.0043 

Wetlands: nearest 
neighbor  

0.3171 0.0046 — — 0.1211 0.0042 

Wooded 
wetlands: nearest 
neighbor  

-0.8438 0.0064 — — -0.1737 0.0059 

Forest shape  — — 0.9235 0.0058 — — 

Wetlands shape  — — -0.6655 0.0062 — — 
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Wooded wetlands 
shape  

— — -0.1347 0.0059 — — 

Forest 
connectivity  

— — -0.9476 0.0062 — — 

Wetland 
connectivity  

— — 1.3070 0.0063 — — 

Wooded wetlands 
connectivity  

— — 0.2054 0.0063 — — 

Forest cohesion  — — 0.0234 0.0076 — — 

Wetlands 
cohesion  

— — -0.1008 0.0074 — — 

Wooded wetlands 
cohesion  

— — -0.2133 0.0074 — — 
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Table 2.6. Results of K-fold cross validation for seven a priori single-species, single-

season Myotis septentrionalis occupancy models. Research was conducted on five 

National Wildlife Refuges in northern Missouri during the maternity seasons of 2017 and 

2018. Model performance was quantified using the logarithmic scoring rule, where lower 

scores indicate better predictive performance.  

 

Model Type Candidate Model Logarithmic 
Score 

500_m_Landscape f_percent_land + wet_percent_land + 
wet_number_patches + w.wet_percent_land + 
w.wet_number_patches + f_number_patches + 
w.wet_neighbor + f_neighbor + wet_neighbor 

20.55 

3_km_Landscape f_percent_land + wet_percent_land + 
wet_number_patches + w.wet_percent_land + 
w.wet_number_patches + f_number_patches + 
w.wet_neighbor + f_neighbor + wet_neighbor 

21.51 

3_km_Connectivity f_shape + w.wet_shape + wet_shape + 
f_connect + w.wet_connect + wet_connect + 
f_cohesion + w.wet_cohesion + wet_cohesion 

21.93 

500_m_Basal_Area ba + snag_ba + water_distance + road_distance 22.12 

1_km_Landscape f_percent_land + wet_percent_land + 
wet_number_patches + w.wet_percent_land + 
w.wet_number_patches + f_number_patches + 
w.wet_neighbor + f_neighbor + wet_neighbor 

23.48 

500_m_Site canopy + water_distance + road_distance + 
clutter 

25.81 
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Table 2.7. Parameter estimates and standard error from the top ranked occupancy models 

used to evaluate northern long-eared bat (Myotis septentrionalis) occupancy at five 

national wildlife refuges in northern Missouri during the summers of 2017 and 2018.  

 

 500 m Landscape 3 km Landscape 3 km Connectivity 

Parameter Estimate SE Estimate SE Estimate SE 

Forest: percent 
landscape  

-0.5296 0.0071 -0.5370 0.0071 — — 

Wetland: percent 
landscape  

0.2375 0.0071 0.2417 0.0072 — — 

Wooded wetland: 
percent landscape  

1.5889 0.0064 1.5905 0.0064 — — 

Forest: number 
patches  

-0.4807 0.0077 -0.4662 0.0077 — — 

Wetlands: number 
patches  

0.4357 0.0092 0.4401 0.0092 — — 

Wooded 
wetlands: number 
patches  

-0.6284 0.0069 -0.6240 0.0070 — — 

Forest: nearest 
neighbor  

-0.1247 0.0061 -0.6240 0.0070 — — 

Wetlands: nearest 
neighbor  

-0.5281 0.0067 -0.5598 0.0066 — — 

Wooded 
wetlands: nearest 
neighbor  

-0.2431 0.0070 -0.2377 0.0070 — — 

Forest shape  — — — — -0.5296 0.0071 

Wetlands shape  — — — — 0.4357 0.0092 



99 
 

Wooded wetlands 
shape  

— — — — 0.2375 0.0071 

Forest 
connectivity  

— — — — 1.5889 0.0064 

Wetland 
connectivity  

— — — — -0.4807 0.0077 

Wooded wetlands 
connectivity  

— — — — -0.6284 0.0069 

Forest cohesion  — — — — -0.2431 0.0070 

Wetlands 
cohesion  

— — — — -0.5281 0.0067 

Wooded wetlands 
cohesion  

— — — — -0.1247 0.0061 
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Figure 2.1. Research sites for a study of Indiana bat (Myotis sodalis) and northern long-

eared bat (Myotis septentrionalis) occupancy conducted during the summers of 2017 and 

2018 in northern Missouri. Overton Bottoms, Berger Bend, and Baltimore Bottom are 

units of the larger Big Muddy NWR complex.  
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Figure 2.2. Acoustic detector sites at Baltimore Bottoms, Berger Bend, Loess Bluffs, 

Overton Bottoms, and Swan Lake National Wildlife Refuges for a study of Indiana bat 

(Myotis sodalis) and northern long-eared bat (Myotis septentrionalis) occupancy. Sites 

were surveyed during the summer maternity seasons of 2017 and 2018.  

  

Baltimore Bottoms NWR Berger Bend NWR

Loess Bluffs NWR Overton Bottoms NWR

Swan Lake NWR Detector Site
Water
Open

Wooded Wetland
Herbaceous Wetland
Developed

Forest



102 
 

 

 
 
Figure 2.3 Parameter estimates and 95% credible intervals for the top scoring models 

used to evaluate Indiana bat (Myotis sodalis) occupancy at five national wildlife refuges 

in northern Missouri during the maternity seasons of 2017 and 2018.   
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Figure 2.4. Predicted occupancy probability (+ 95% CI) of Indiana bats (Myotis sodalis) 

as a function of the percent of landscape (3km) composed of forest, forest connectivity, 

and distance to nearest wooded wetland.   
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Figure 2.5. Predicted occupancy probability (+ 95% CI) of Indiana bats (Myotis sodalis) 

as a function of the percent of landscape composed of wooded wetlands, wetland 

connectivity, and forest shape.  
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Figure 2.6. Parameter estimates and 95% credible intervals for the top scoring models 

used to evaluate northern long-eared bat (Myotis septentrionalis) occupancy at five 

national wildlife refuges in northern Missouri during the maternity seasons of 2017 and 

2018.   

 

 

  



106 
 

 
 

Figure 2.7. Predicted occupancy probability (+ 95% CI) of northern long-eared bats 

(Myotis septentrionalis) as a function of the percentage of landscape (500 m) composed 

of wooded wetlands and wetland shape.  
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Appendix 1. Predicted site occupancy probability of Indiana bats (Myotis sodalis) at 

Baltimore Bottoms NWR.  
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Appendix 2. Predicted site occupancy probability of Indiana bats (Myotis sodalis) at 

Berger Bend NWR.  
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Appendix 3. Predicted site occupancy probability of Indiana bats (Myotis sodalis) at 

Loess Bluffs NWR. 
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Appendix 4. Predicted site occupancy probability of Indiana bats (Myotis sodalis) at 

Overton Bottoms NWR. 
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Appendix 5. Predicted site occupancy probability of Indiana bats (Myotis sodalis) at 

Swan Lake NWR. 
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Appendix 6. Predicted site occupancy probability of northern long-eared bats (Myotis 

septentrionalis) at Baltimore Bottoms NWR. 
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Appendix 7. Predicted site occupancy probability of northern long-eared bats (Myotis 

septentrionalis) at Berger Bend NWR. 
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Appendix 8. Predicted site occupancy probability of northern long-eared bats (Myotis 

septentrionalis) at Loess Bluffs NWR. 
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Appendix 9. Predicted site occupancy probability of northern long-eared bats (Myotis 

septentrionalis) at Overton Bottoms NWR. 
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Appendix 10. Predicted site occupancy probability of northern long-eared bats (Myotis 

septentrionalis) at Swan Lake NWR. 

 


