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CHAPTER ONE 

LITERATURE REVIEW ON FOREST MANAGEMENT AND  

NORTHERN LONG-EARED BAT ECOLOGY 

 

Central Hardwoods Historic Land Use 

The central hardwoods region extends from Eastern Oklahoma east into central 

Kentucky and from the northern portions in central Missouri and Indiana south to 

northern Arkansas and Alabama. These areas are defined by having similar 

topography, vegetation, and climate (USGS Upper Midwest Environmental Sciences 

Center 2016). Prior to European settlement, it is believed that 20 million of Indiana’s 23 

million acres were comprised of forested lands that were regularly disturbed by fires 

(Whitaker et al. 2012). These fires were intentionally started by Native Americans to 

clear land and were naturally occurring from events like lightning strikes. They played a 

significant role in the ecology of oak-hickory hardwood forests in central North America 

by creating disturbances that altered forest species composition and structural condition 

(Jenkins 2013, Fralish 2004, Brose 2014).  

In southern Indiana, throughout the late 1800’s and early 1900’s the land was 

cleared for small subsistence farms characterized by high ridges, steep slopes, and 

narrow valleys (Jenkins 2013). By the 1900s, only 3.8 million of the original 20 million 

acres of forested land remained in Indiana (Whitaker 2012). During the 1920’s, 

improved forestry and logging practices were implemented and both public and private 

landowners largely abandoned clearcutting practices in favor of single-tree selection 

(Caraman 2013). In the 1930’s, poor agricultural conditions combined with the economic 
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downturn that accompanied the Great Depression forced many landowners to abandon 

or divest their holdings (Sieber and Munson 1992, Jenkins 2013).  

Lands that were sold or abandoned during this time were established as State 

Forests or other public lands under the Weeks Act of 1911 (Jenkins 2013, Brose 2014). 

These newly found public lands were managed in ways that disturbed them less 

frequently and less severely. Fire was suppressed, there was a reduction of grazing in 

forests, and less farming on marginal lands. These lands, in turn, reverted to forested 

habitat through efforts of the Civilian Conservation Corps (CCC). These efforts included 

forest fire suppression, erosion control plantings, and the incorporation of timber stand 

improvement (TSI) and logging on State Forests (Sieber and Munson 1994, Jenkins 

2013). Stands on public lands were managed with single-tree selection that allowed little 

to no additional light through the canopy onto the forest floor (Caraman 2013). 

Unfortunately, this type of management was not successful in regenerating oaks. 

Oaks are a fire-dependent group that thrive when exposed to periodic, low 

intensity surface fires (Brose and Van Lear 2004). Young oaks invest heavily in root 

development at the expense of height. Whereas shade-tolerant species like maples 

aggressively grow tall. These competing growth strategies put oaks at a competitive 

disadvantage for scarce sunlight resources (Hicks et al. 2004). In this system, when a 

limited space is opened in the upper canopy (due to harvesting or a natural disturbance 

event), tall, shade-tolerant species will succeed in competing for that space. However, 

when periodic, low-intensity surface fires run through an area, aboveground portions of 

shade-tolerant trees are killed, and the resulting oak seedling sprouts, with their large 

root-mass and energy stores, have a distinct advantage (Hicks et al. 2004). Instead, 
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management by removal of overstory oak species in combination with no large-scale 

disturbances (agricultural plots, grazing, settlements, or fire) accelerated succession 

toward shade-tolerant species (Ruffner and Groninger 2006, Fralish 2004). 

Indiana’s historic management practices shifted the forests from oak-hickory 

dominance to other shade-tolerant communities. IDNR foresters were primarily 

concerned with the regeneration of the historic oak-dominant forests because oak mast 

production is a valuable resource for many wildlife species and oaks plays a keystone 

role in the ecological relationships in the central hardwoods forest (Fralish 2004). 

Realizing that historical management strategy of single-tree selection, small 

regeneration openings, and fire suppression were creating an understory dominated by 

shade tolerant tree species, they desired to investigate alternative silvicultural 

management that would aid in returning the forests to their historic oak-hickory 

dominance while simultaneously gaining information on ecosystem functions.  

Values of Oak Ecosystems  

Oak species play a keystone role in the ecosystem because of the array of benefits 

that sustain a healthy ecosystem. They produce mass amounts of foliage which is the 

base of the food chain in the central hardwood biome (Fralish 2004). Oaks are among 

the top species of native woody-plant able to support native butterfly and moth species 

(Lepidoptera)- whose larvae serve as food for other insects, birds, and small mammals 

(Tallamy and Shroshire 2009, Brose 2014). Additionally, oak bark, which is rough and 

furrowed, supports an increased diversity of insects due to its rough texture which 

provides protection from predators and weather as opposed to beech and maples which 

have considerably smother bark. Bird densities are also higher in all seasons in oak 
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stands compared to maple stands (Rodewald and Abrams 2002). Oak leaves play an 

important role both in aquatic environments (Rubbo and Kiesecker 2004) and on forests 

floors (Brose 2014). 

Spring flowering of oak trees and fall acorn masting are particularly important events 

(Brose 2014). Acorns are a valuable food source for wildlife and more than 100 

vertebrate species regularly consume them because they are relatively large, readily 

digestible, easily stored, and high in nutrition (Brose 2014, Kirkpatrick and Pekins 2002, 

McShea and Healy 2002). Seasonal fluctuations in oak mast production influences 

population levels and distributions of wildlife species including white-tailed deer 

(Wentworth et al. 1992), black bear (Pelton 1989), and numerous small mammals and 

birds, including ground and tree squirrels, jays, woodpeckers (McShea2000, Rodewald 

2003).  

Oak species possess characteristics to wildlife including: a long lifespan, resistance 

to rot, and large size, with broad and open crowns. These characteristics allow an oak 

forest, once established to maintain stable plant communities (Brose 2014). When oak 

trees are injured, they tend to compartmentalize rot which continues survival (Shigo 

1984). These damaged spots may become cavities which then have the potential to 

support wildlife (Bose 2014). Oak canopies have high heterogeneity, that is, these 

canopies usually uneven, discontinuous, and have large branches which make good 

habitat for birds and bats. In oak forests, sunlight penetrates to the forest floor which 

allows diverse herbaceous and shrub communities to develop and these, in turn, 

provide additional food and habitat for wildlife (Brose 2014). In addition to all the 
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ecosystem services oaks provide, they also are of economic importance in North 

America through timber production.  

Bats and Their Importance 

There are more than 1300 species of bats in the world. They are the second most 

diverse order of mammals in the world, only rodents are more diverse (Fenton & 

Simmons 2014). Bats are the only mammal capable of true flight and are found on 

every continent except Antarctica (Willig et al. 2003). Temperate bats are the slowest 

reproducing mammal for their body size, typically having only one pup per year (Barclay 

& Harder 2003). Worldwide, bats provide important ecosystem services. They pollinate 

flowers and disperse the seeds of many plant species; they feed on vertebrates, such 

as frogs or fish; few species feed on blood, and others on insects.  

In North America, there are 45 species of bats and in the Eastern United States all 

18 of the bat species are insectivores (Pierson 1998). A single bat can consume the 

equivalent of its’ own body weight in insects each night (O’Shea and Bogan 2003, 

Taylor 2006, Kunz et al. 2011). Bats are nocturnal, capable of flight, and roost in cryptic 

locations which make them difficult for researchers to study.  

Worldwide, bats play a valuable role in nutrient cycling and seed dispersal due to 

their ability to fly. Unlike birds, bats tend to cover more area because they use different 

locations for roosting and foraging, and redistribute nutrients while in flight (Horner et. 

al. 1998). This in turn, redistributes important nutrients, such as nitrogen and 

phosphorous, from nutrient-dense areas (e.g. lakes and rivers) to areas with less 

nutrients (e.g.upland landscapes; Buchler 1975).  
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In contrast to terrestrial nutrient cyling, guano from cave-roosting bats is the 

primary organic input to cave ecosystems and supports many organisms including 

endemic cave salamanders, fish populations, and invertebrate communities (Kasso and 

Balakrishnan 2013). Bat guano has long been mined and used as a fertilizer for 

agricultural crops (Hutchinson 1950). There are nearly 950 bat guano products on the 

market, and much of the harvesting of guano is done sustainably, during a portion of 

their lifecycle when they migrate elsewhere (Kasso and Balakrishnan 2013). Given bats’ 

ecological and economic importance worldwide, they should be included in regional 

conservation and habitat management planning. 

In the forests of Eastern North America, bats are the primary night time predators of 

flying insects and limit arthropod damage on herbacious plants, including agricultural 

crops (Whitaker and Hamilton 1998, Kalka et al. 2008, Boyles et al. 2011). They 

consume common pests such as cucumber and potato beetles (Chrysomelidae), corn 

earworm and cutworm (larval form of Noctuidae), and grain moths (Pyralidae); 

leafhoppers (Cicadellidae ), and mosquitoes (Culicidae; Kunz et al. 2011, Kunz et al. 

1995, Whitaker 1972). In the cotton-dominated landscape south-west of San Antonio, 

Texas, it is estimated that the economic savings due to bats’ pest control services is 

between $12/acre and $173/acre (Cleveland et al. 2006). Maine and Boyles (2015) 

found that bats in southern Illinois increased corn yields by 1.4% by direct surpression 

of corn earworm larvae. These studies demonstrate the economic benefit of bats as the 

primary predator of nighttime insects, but both studies fall short of encompassing the 

total economic and environmental benefits bats play in recudicng the use of insecticides 

used to manage agricultural pests.  
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While there are no studies estimating the economic savings that bats contribute to 

forest health, we can infer that because 27 of the North American bats are forest 

obligates for at least a portion of their life cycle and bats are known to eat up to their 

body weight in insects each night during the maternity season, that they are providing a 

valuable ecological resource in the form of pest management within our forested 

ecosystems (Aubrey et al. 2003, Fenton 2003).  

Threats to Bats 

Prior to 2000, the greatest cause of bat mortality worldwide was intentional 

killings of bats by humans because bats were considered sources of zoonotic disease, 

nuisances, or competitors for fruit crops. In Asia, Africa, and on some islands, bats are 

still killed and eaten (Owen et. al. 2016). Another global threat to bats is depletion, 

fragmentation or destruction of forests and subsequent habitat loss. This impacts all bat 

species in Eastern North America, which depend on forests for a portion of their 

lifecycle.  

 The biggest threat to bats in North America currently is the disease white-nose 

syndrome (WNS) which is caused by the fungus Pseudogymnoascus destructans (P.d.) 

which has resulted in the loss of millions of cave-hibernating bats (Blehert et al 2009, 

Frick et al. 2010). White-nose syndrome is considered the most ravaging wildlife 

disease of mammals in recorded history, causing unprecedented mortality, above 90% 

for multiple species, three years after first detection and threatening regional and/or 

range-wide extenction for some species (Langwig et al. 2012, Frick et al. 2010, Frick et 

al. 2015). This disease primarily affects hibernating bats, and more than half of the 47 

species that live in the US and Canada (whitenosesyndrome.org). Eleven bat species 
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have been confirmed with white-nose syndrom in North America; these include the Big 

brown bat (Eptesicus fuscus), Cave bat (Myotis velifer), Eastern small-footed bat 

(Myotis leibii), Gray bat (Myotis grisescens), Indiana bat (Myotis sodalis), Little brown 

bat (Myotis lucifugus), Northern long-eared bat (Myotis septentrionalis), Southeastern 

bat (Myotis austroriparius), Tricolored bat (Perimyotis subflavus), and the Yuma bat 

(Myosit yumanensis;). Seven additional species have tested positive for Pd but not 

shown signs of symptoms associated with WNS, these include: the Western small-

footed bat Myotis ciliolabrum Eastern red bat (Lasiurus borealis), Silver-haired bat 

(Lasionycteris noctivagans), Rafinesque’s big-eared bat (Corynorhinus townsendii), and 

the Mexican free-tailed bat (Tadarida brasiliensis; Bure and Moore 2019).  

 White-nose syndrome was first documented at Howes Cave near Albany, New York 

in 2006 and spread down the appalachain mountianchain in the following years (Blehert 

et al. 2009). To date, WNS has been confirmed in 35 states and 7 Canadian provinces, 

and 3 additional states have tested positive for Pd but not confirmed mortalities due to it  

 Similar to many other fungi, Pd grows best in cool, dark, and damp places. In 

contrast to other fungi, Pd can be transferred from environment-to-bat but can also 

persist dormant in environmental substrates and hibernacula for decades, complicating 

later re-intrduction efforts (Reynolds et al. 2015). These cool, dark, damp conditions are 

the same conditions found in winter bat hibernacula, when bats have lowered immune 

responses (Carey et al. 2003). The U.S. Fish & Wildlife Service has published 

decontamination protocols for cavers, researchers, and the public in order to slow the 

spread of P.d. spores to undocumented areas and recommends against caving 

anywhere during the bat hibernation period (White-nose Syndrome Disease 
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Management Team, 2020). The primary way this fungus affects bats is by depleting 

their energy reserves during hibernation, causing them to arouse and leave the 

hibernaculum during winter prior to abundant food sources being present on the 

landscape. 

The effects of WNS are exacerbated by human disturbance to winter hibernaculum, 

which also causes bats to arouse during hibernation. This, in turn, reduces energy 

stores which may lead to a bat not being able to survive the winter or reduces 

reproductive success. Each arousal from torpor uses 68 days worth of stored “torpor-

energy” (Thomas 1990). Speakman et al. (1991) found in a laboratory experiment that 

tactile disturbances reduced energy stores and reproductive success, and that non-

tactile (light, noise, and temperature), when taken independently, had negligible effect. 

However, Thomas (1995) demonstrated that in natural populations, light, sound, and 

temperature fluxuations happen in conjunction with the presence of humans and do 

cause arousal in at least a portion of the population. Therefore, caves and mines with 

known bat colonies, especially threatened and endangered species, on public lands 

have been gated to exclude public entry during periods when bats are present (Fant et 

al. 2009).  

In juxtaposition to the detrimental effects to cave-dwelling bats caused by WNS and 

hibernaculum disturbance, wind farm construction negatively impacts migratory tree-

bats, especially the hoary bat (Lasiurus cinereus), easter red bat (Lasiurus borealis), 

and the silver-haired bat (Lasionycteris noctivagans; Arnett et al. 2007). Bat fatalities 

tend to peak in late summer and early fall, corresponding to times of bat migration. In 

North America, fatalities at wind turbine facilites increased when wind speeds were 



10 
 

lower and barometric pressure dropped as a cold weather front moved through (Arnett 

et al. 2007). Cryan et al. (2014) observed bat behavior at wind turbines and found bat 

approaches to turbines were greater on the downwind side of turbines, supporting the 

resource-based hypotheses of bats being attracted to wind turbines in search of shelter, 

social interactions, and insects. Efforts to minimize bat fatalities at these facilities by 

feathering cut-in speeds of blades and curtailing wind-speed thresholds during the late 

summer and fall, when bat fatalities have historically been highest. 

National response plans to WNS have been established in the US and Canada and 

controlling the spread of Pd and mitigating the devastating effects of WNS are top 

research needs. Different avenues are being researched, including the USGS Center 

for Wildlife Health attempting to develop a vaccine and various groups testing of 

compounds that could inhibit the growth of Pd under (Burse and Moore 2019) . There is 

currently no way to combat WNS in cave ecosystems, thus it is imperative that suitable 

habitat remain on the landscape in order for species to have the potential to recover. 

Combinations of disease spread and other extrinsic threats decrease population sizes 

and are then compounded by bat’s slow population growth which limits their ability to 

recover from these population crashes, thereby increasing their risk of local extinction 

(Racey and Entwistle 2000). In their landmark study Frick et al. (2015) modelled local 

extinction rates; the northern-long-eared bat at 69% extinction from local hibernacula, 

eastern small-footed bats 21% local extinction, Indiana bat 17% local extinction, Big-

brown bats 11% local extinction, Eastern Pipistrelle bat 10% local extinction and the 

little brown bat with 6% local extinction. Currently, no species affected by WNS have 

shown substantial signs of recovery, and WNS continues to be confirmed in new 
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locations across the U.S. and Canada (Jachowski et al. 2014) The enormous loss of bat 

populations may lead to a dramatic restructuring of forest bat communities, especially 

as recoveries of affected species are likely to be slow due to long generation times and 

low reproductive rates (Jachowski et al. 2014, Jones et al. 2009, Badin 2014, Thalken 

and 2017). This is of increasing importance as more land managers must manage for 

threatened and endangered species.  

Methods Used to Survey for Bats 

The most used method of capturing bats in the Eastern US is with ground-level mist 

nets or harp traps outside of a known colony. Monofilament nylon mist nets are 

suspended between two poles cycle were captured using high mist net systems 

(Gardner et al. 1989). Ropes hold the poles and net in place and are adjusted until there 

is sufficient bagging in the net pockets to entrap bats encountered. Nets are placed 

across a potential flight corridor, often a road, trail, or stream crossing in the forest 

which may be used as a flight corridor between the roosting location and foraging 

grounds.  

Once a capture location is chosen, and the site is set-up, nets are opened at 

dusk and checked for captured bats every 10 minutes until the nets are dismantled. 

Capture and morphological data are recorded, including species, gender, age, 

reproductive status, right forearm length, body mass, white-nose syndrome wing score 

(Reichard and Kunz 2009), time captured, and height in net the bat was located. Bands 

with individual codes on them may be used to tell individuals apart.  

Radio tracking studies are done to locate a bats’ roosting or foraging location. 

Radio transmitters weighing 0.5 g or less, are attached using animal-approved 
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adhesives on the dorsal surface between the scapulae when the transmitter was equal 

to or less than 5% of their body weight (Aldridge and Bringham, 1988). Bats are radio 

tracked and areas that the bats use are recorded over several days until the signal fails 

of the radio-transmitter falls off the animal. Yagi antennas are used to track bats and are 

attached to a telemetry receiver via a coaxial cable. When the antenna is pointed in the 

direction of the animal, a signal is sent to the receiver. Once the general direction of the 

bat is located, biologists can home on the location of a roost tree or use multiple 

telemetry stations to triangulate a foraging bat. Radio tracking bats to maternity roost 

trees are especially important because maternity roost trees are generally considered to 

be a limiting feature for bat presence in forested landscapes. Radio tracking studies with 

bats often contrast distribution of bats with pseudo-absence (presence-absence survey) 

or contrast the distributions of presence records with available sites (use- availability 

survey; Pearce and Boyce 2006) 

Acoustic bat detectors are used to research bats without handling them. Devices 

record the bats echolocation calls and with the help of computer software, relative 

activity and species can be determined. While automated bat call identification 

programs can differentiate many species, they still struggle to differentiate important 

species such as the endangered Indiana bat from the non-listed little brown bat. Finally, 

hibernacula surveys are done intermittently in order to monitor populations of cave-

roosting bats but also balance the negative impacts of disturbance to bats with the 

positive impacts of researchers having data.  

Forests and Bats 
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Of the 45 species of US bats, 27 rely on forests or wooded habitat for some portion 

of their life cycle (Pierson 1998). Bats use forests for roosting, foraging, mating, rearing 

young during the spring, summer, and fall. Additionally, migratory tree bats hibernate in 

foliage during winter (Barclay and Brigham 1996, Kunz and Lumsden 2003, Barclay and 

Kurta 2007). Roosts provide protection from predators and the elements, they provide 

space for social networks, and a place to rear young (Kunz and Lumsden 2003, Hollis 

2004). Eleven of the 14 species in the Midwestern United States roost in trees during a 

portion of the maternity season (Lacki et al. 2007). During summer months, bats spend 

more time roosting than any other activity; often, more than half of their time is spent in 

roosts (Brigham et al. 1997). Bats switch roosts frequently, and it is hypothesized that 

this is likely to avoid predators, to deter parasitism, as a response to better foraging 

areas, in response to roost microclimates, or to gain knowledge of alternate roosts in 

case of permanent loss of the primary roost, (Fenton 1997, Kerth and Redckardt 2001, 

Weller and Zabel 2001, Jung et al. 2004, Lewis 1996, Waldien et al. 2000, Lacki 2007). 

Roost availability has generally been considered the limiting factor in many bat studies.  

Forest Management and Bats 

Forested habitats are used by all bats in Eastern North America for at least a portion 

of their lifecycle (Lacki et al. 2007). Therefore, forest management activities may have 

important effects on bat use due to the increasing structural complexity by adding edges 

and openings with harvests and skid trails, by reducing clutter for foraging bats by vine 

thinning and selective harvesting, or by altering the number of available roosting sites 

(Grindal and Brigham 1999, Silvis et al 2016). The combined effects of such 
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management activities across a larger scale have the ability to influence the way a 

species perceives its’ environment (Pearce et al. 2008).  

Bats with high wing loading ratio (body mass to wing area) and larger bodies are 

less maneuverable and have lower frequency echolocation calls (Aldridge 1987, 

Broders et al. 2006). Open areas are typically used by larger-bodied, faster flying 

species, such as the eastern red bat (Lasiurus borealis), hoary bat (Lasiurus cinerius) 

and big brown bat (Eptesicus fuscus; Hogburg et al. 2002, Purtriquin and Barclay 2003, 

Owen et al. 2004). In contrast, small, maneuverable bats, like the myotids tend to forage 

along edges of clear cuts and into forest interiors (Silvis et al. 2016, Ford et al. 2005, 

Ford et al. 2003, Menzel et al. 2002). For myotids, edge habitat is preferred foraging 

habitat, likely due to combination of abundant prey and easily navigated space, while 

forested habitat may be an important prey source area and provide roosting habitat for 

bats (Grindal and Bringham 1999, Silvis et al. 2016). Importantly, both Indiana bats and 

northern long-eared bats, two bat species currently on the threatened and endangered 

species list, have been documented in managed forest systems and may display a 

positive association between foraging and managed forest conditions (Divoll 2020, 

Silvis et al. 2016, Womack et al. 2013, Johnson et al. 2010). Additionally, Bergeson et 

al. (2021) concluded that forest management does not affect female northern long-

eared bats’ choice of roosts and that these bats are not negatively impacted by forest 

management in south-central Indiana forests.  

 Due to the diversity in the way bat species use their habitat, specific type of 

management activity may benefit one species over in the short-term but have 

undesirable impacts in the long-term or vice versa. For instance, Ford et al. (2016) 
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found that for northern long-eared bats the short-term effects of prescribed fire are 

slightly or moderately positive in impact to day-roost habitat. These types of activities, 

pooled across a larger area, have the potential to alter how a bat perceives and selects 

for habitat (Pearce et al. 2008). Therefore, maintaining a diverse mosaic of habitat types 

typically yields greater bat species diversity (Ober and Hayes 2007, Adams et al. 2009, 

Caldwell et al. 2019). 

Habitat Use by Bats 

Many bat studies support the fact that management efforts at the stand scale such 

as managing stand age, tree density, understory and midstory condition, snag 

availability, and water sources can improve roost availability (Menzel et al. 2002, 

Grindal and Bringham 1999, Zimmerman and Glanz 2000, Erickson and West 2003). 

Researchers recognize that bat habitat selection occurs at multiple spatial scales, 

however, less research has addressed bat habitat selection at the landscape scale and 

there is a need for information on how management efforts at the stand scale influence 

bats’ habitat preferences. Erickson and West (2003) point out the need for greater 

breadth of landscape conditions, including diversity in landscape compositions (forest 

age and structure) in study design.  

Landscape features that are important to the forest-obligate bat species include trails 

and roads that provide easily-maneuverable flight corridors between roosting locations 

and foraging and drinking locations (Palmeirim and Etheridge 1985, Zimmerman and 

Glanz 2000, Menzel et al 2002), high-elevation ponds (Lacki 1996, Wilhide et al. 1998), 

edge habitat and riparian corridors that have differing vertical structure from the 
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surrounding forest (Grindal 1996, Hogber et al. 2002, Hayes and Adam 1996, Verboom 

et al. 1999, Warren et al. 2000). 

Bat foraging activity was significantly higher around linear landscape features, such 

as skidder trails and along edges of harvested areas than areas in forests with an intact 

canopy where flight and orientation are likely easier (Menzel et al. 2002, Grindal and 

Bringham 1999). Bats in Eastern North America forage on insects (Kunz 1973) and 

insect abundances are frequently higher in clearings than forested habitat and influence 

bat activity (Dodd et al. 2012, Grindal and Bringham 1999).  

Ecology of Northern Long-Eared Bat 

 The northern long-eared bat, Myotis septentrionalis (Trouessar 1897), is in the 

mammalian Order: Chiroptera, family: Vespertilionidae. This forest-obligate species was 

formerly considered a subspecies of Keen’s Myotis (Myotis keenii; van Zyll de Jong 

1979). However, the two species occupy ranges that do not overlap, with Myotis keenii 

found in the Western United States (Caceres and Barclay 2000). The northern long-

eared bat is distributed widely throughout eastern US and Canada, the southern range 

dips into northern Florida, westward the range extends to Montana and Wyoming in the 

United States and Alberta and British Columbia in Canada, the northern most portion of 

the range in Canada extends into the southern part of the Northwest Territories. This 

species is less common at western extremes of its’ range in the United States because 

of its’ strong preference for forested habitats, although they have been documented 

roosting in anthropogenic structures (Caceres and Barclay 2000, Lausen 2009, Burke 

1999, Krynak 2010).  
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The northern long-eared bat is a small to medium-sized bat, weighing between 5-

9 grams. It is distinct from other sympatric species in Eastern North America based on 

their long ears and long, pointed tragus (Caceres and Barclay 2000). Females are 

generally larger than males, with light- to medium- brown pelage and membranes, and 

forearm 34-38 mm (Caceres and Barclay 2000). In the years since the discovery of 

WNS, northern long-eared bat populations have decreased by 98% (Turner et al. 2011). 

Male and female northern long-eared bats begin visiting hibernacula, swarming, 

and mating from late July to early October (Whitaker and Rissler 1992). They begin 

hibernating in caves and mines in September to early November (Caceres and Barclay 

2000). In contrast to other federally listed species, like the Indiana Bat which forms large 

clusters in hibernaculum, this species is difficult to study during hibernation because it 

resides solitarily, deep in crevices (Whitaker and Rissler 1992). Females store sperm 

over winter and fertilize a single egg in the spring (Caceres and Barclay 2000).  

Bats emerge from hibernation between March and May, once insects are present 

on the landscape, where they roost in cavities and crevices of dead or dying trees or 

under loose bark (Caceres and Barclay 2000). Females begin to form maternity 

colonies during gestation and typically give birth between mid-May and mid-June; but in 

northernmost reaches of the species’ range, as late as mid-July. Pups can fly in three 

weeks, and adulthood is reached between late July and late August (Owen et al. 2002, 

Caceres and Barclay 2000).  

The northern long-eared bat is small-bodied, with a longer tail and larger wing area 

than other myotids, making it maneuverable during slow flight (Caceres and Barclay 

2000, Owen et al. 2003). The northern long-eared bat tends to have a large range in 
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choice of summer roost trees, including hardwood and coniferous forests (Silvis et al. 

2016). This bat occupies a larger range of tree sizes and tree heights than other 

myotids (Silvis et al. 2016). This indicates that nearby available foraging resources and 

structural composition may be more important to roost selection (Carter and Feldhamer 

2005, Lacki et al. 2009, Thalken et al. 2017).  

The northern long-eared bat is considered a gleaning bat, meaning it consumes prey 

off of leaf, water, and other surface objects as well as in flight. This contrasts with other 

myotid species that primarily feed in flight (aerial hawking), by catching prey, scooping it 

into their patagium and then into their mouth (Faure et al. 1993) This bat feeds primarily 

on Coleoptera and Lepidoptera (Brack and Whitaker 2001, Carter et al. 2003), but also 

includes Neuroptera, Diptera, Hemiptera, Homoptera, Tricoptera, and Hymenoptera 

(Whitaker 1972, Carter et al. 2003), and is generally considered an opportunistic forager 

(Kunz 1973). Additionally, the northern long-eared bat has shown a preference for 

vernal pool habitats (Brooks and Ford 2005, Owen et al. 2002, Huie 2002).  

Gleaning bats, like the northern long-eared bat, effect on reduced insect herbivory 

can be considerably stronger than those of birds (Kalka et al. 2008). Bats concentrate 

their foraging to specific areas high in prey, therefore reducing the cost associated with 

searching for food (Broders et al. 2006). Northern long-eared bats forage within forest 

stands and on forested hillsides and ridges, and near recently burned or harvested 

areas (Putriquin and Barclay 2003, Owen et al. 2003, Divoll 2019). They are also 

documented using scattered woodlots in otherwise agrarian landscape (Brack and 

Whitaker 2001, Owen et al. 2003). Lactating females are typically found to use roosts 

closer to water sources (Adams and Hayes 2008, Sasse and Pekins 1996) and forage 
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earlier and for longer duration than females in other reproductive conditions (Barclay 

1989). 

Northern long-eared bats roost in live trees or snags and form small maternity 

colonies, in cavities and crevices or under bark (Sasse and Pekins 1996, Carter and 

Feldhamer 2005, Foster and Kurta 1999, Badin 2014, Barclay and Kurta 2007, Lacki 

and Schwierjohann 2001). In New Hampshire, Sasse and Pekins (1996) found that 

mean maternity colony size was 11 individuals and after parturition maternity colony 

size decreases (Lacki and Schwierjohann 2001, Lacki et al. 2009). Maternity-colony 

roost sites may be more limiting than bachelor roosts, and result in higher commuting 

costs between roost and foraging area (Broders and Forbes 2004, Broders et al. 2006). 

In Michigan, during the lactation period, Foster and Kurta (1999) found that 25% of 65 

emergence counts at various roosts sites yielded only a single individual.  

These bats use a wide range of tree species, including both hardwoods and 

pines, and are typically considered roost generalist with regards to tree species 

(Broders and Forbes 2004, Carter and Feldhamer 2005, Foster and Kurta 1999, Menzel 

et al. 2002, Owen et al. 2002, Silvis et al. 2016). Roosts are often situated on ridge and 

mid-slope positions, and less frequently in lower-slope areas (Lacki et al. 2009, Lacki 

and Schwierjohann 2001). Lacki et al. (2009) reviewed 7 peer reviewed published 

studies and found that of 230 roosts, tree diameter averaged 30.0 +_ 5.4 cm and 

ranged from 65.0 to 12.7 cm. Average height for roosts was 6.95 m (range 3.7 to 10.8 

m). Prior northern long-eared bat surveys at the Hardwood Ecosystem Experiment 

found the roost height average to be 8.4m (range 1.2 to 27.4m; Badin 2014). These 
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bats have been found roosting in man-made structures (Henderson and Broders, 2008, 

Whitaker et al. 2006).  

Northern long-eared bats have a fission-fusion social dynamic in which 

individuals congregate in large groups and diffuse into smaller roosting groups 

(Garroway and Broders 2007, Johnson et al. 2012). Like other myotids, northern long-

eared bat maternity colonies use “primary” roosts and “secondary” roosts, with primary 

roosts being used more frequently and more intensely and secondary roosts being used 

only limitedly (Johnson et al. 2012).  

The northern long-eared bat has a smaller roosting area than other Myotis species, 

with reported averages of 8.6(± 9.2 SD) ha (Broders et al. 2006) and 5.4 (± 1.1 SE) ha 

(Badin 2014). Most habitat relationships of the northern long-eared bat are unknown 

and models of day-roost habitats and their distribution on the landscape are of particular 

interest (Menzel et al. 2002, Owen et al. 2003, Ford et al. 2006, Johnson et al. 2009, 

Silvis et al. 2012, Ford et al. 2016).  

The northern long-eared bat was once extremely common, and most numerous bats 

in mist-net surveys in Central and Eastern Forests (Carter et al. 2003, Broders and 

Forbes 2004, Carter and Feldhamer 2005, Lacki and Schwierjohann 2001, Menzel et al. 

2002, Ford et al. 2005). However, due to WNS followed by subsequent northern long-

eared bat population declines, and with models predicting local extinction for this 

species (Frick et al. 2015), the northern long-eared bat was added to the US Fish and 

Wildlife Service Threatened Species list (81 FR 1900). (WSA 1973, as amended; U.S. 

Office of the Federal Register 2015). 

Presence-only Modelling 
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Presence-only data, which is data where there is no information on locations where 

a species is absent or about areas that the species does not use, are common in radio-

tracking studies. Presence-only models are typically formulated to describe the 

distribution of presence-only records, to contrast the distribution of presence records 

with records of pseudo-absence (i.e., models predict the relative probability of an area 

unit being used given its environmental characteristics) or to contrast the distribution of 

presence records with available sites (e.g., portions of a species home range that are 

used more heavily or frequently than other areas; Pearce and Boyce 2006).  

Historically, many field biology studies contrasted presence with pseudo-absence in 

order to model how a species uses an area (Guisan and Zimermann 2000). These 

models use environmental attributes associated with known locations and randomly 

sample other locations that are presumably unused by the species. However, because 

sites were not actually searched, some pseudo-absence locations may contain 

presences which sullies the sample of true absences (Graham et al. 2004, Pearce and 

Boyce 2006). Presence-only data provide information for true absences because 

presence-only data is concerned with the probability of suitable habitat for a given 

species based on the environment (Jiménez-Valverde et al. 2008, Elith et al. 2011).  

Radio-telemetry studies often conduct use-availability studies where all the 

landscape is considered available to a species, but some areas are used more heavily 

than others. (Frair et al. 2004, Guisan and Zimermann 2000, Pearce and Boyce 2006). 

Examples of this approach in bat studies are widespread and typically contrast trees 

used by bats as maternity roosts with random trees that are presumably available, but 
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unused (Sasse and Pekins 1996, Foster and Kurta 1999, Owen et al. 2002, Carter and 

Feldhammer 2005, Badin 2014).  

Presence-only Modelling Sampling Considerations 

Species distribution models can be hypersensitive to the scale of the resolution 

(pixel size) and the extent (domain) (Soberon and Peterson 2005). The choice of scale 

used in modelling is dependent on the ecology of the species and the objectives of the 

investigator (Boyce et al. 2003) and the scale at which a study is designed when 

examining species response to environmental variables is important (Addicott et al. 

1987). Ecological theory of scale emerged in the 1980’s with the hierarchical model and 

identified that no single scale was appropriate for the study of all ecological problems 

(Allen and Starr 1982) and that each level of the hierarchy has distinct attributes and is 

not just a summation of the smaller parts (Grolley 1989). For example, ecological 

properties at the scale of a tree crevice or cavity, to a tree, then to a stand, to a forest, 

and finally to vegetation across a region, or continent carry much different information 

depending on the extent of the scale. The problem of scale is minimized when the 

methods of data collection and effort are known so that post-hoc adjustments can be 

made to the dataset (Pearce and Boyce 2006) as opposed to using historic records. 

At the finest scale bats select the individual roost trees, while selection of suitable 

foraging habitat occurs at larger forest-stand scale (Brooks and Ford 2006). Landscape 

scale habitat selection occurs where small-scale and medium-scale habitat needs are 

optimized (Jaberg and Guisan 2001). Acoustic surveys of bats at multiple scales have 

found local, small scale tree and stand characteristics account for a larger part of the 



23 
 

observed variability in habitat than large-scale landscape features across eastern forest 

types (Loeb and O’Keefe 2006, Ford et al. 2006, Brooks and Ford 2006).  

Most research has focused on characteristics of individual roost trees, and preferred 

foraging habitats in relation to stand structure. While it is generally acknowledged that 

pooled small-scale disturbances across time and space alter how a bat perceives its 

habitat, there has been little success at teasing out the scale at which these 

disturbances become negatively impactful. For best conservation and management of 

bat species into the future, especially in the face of WNS syndrome devastating bat 

populations, adequate knowledge of habitat use by bats at variable geographic scales is 

needed, as well as how limiting factors vary across these scales (Ford et al. 2005).  

There are many gaps in our understandings of how bats use their habitat and even 

more uncertainty about how forest management influences bat habitat selection (Brooks 

and Ford 2006, Ford et al. 2006). For instance, the Western long-eared myotis (Myotis 

evotis) selected large snags when surrounded by mature forests, but when captured 

around intensively managed forests they selected stumps (Waldien et al. 2000). Such 

studies demonstrate the need to investigate roost-selection in a variety of landscape 

conditions and at variable scales.  

 The other most common types of errors committed are spatial and temporal 

autocorrelation. Spatial autocorrelation results from areas adjacent to areas of interest 

that are more similar to one another, and therefore adjacent sampling areas are not 

independent (Augustin et al. 1996). Temporal autocorrelation is most commonly 

associated with GPS radiotelemetry and the ability to collect huge sets of data on 

animal locations in a short time period, such as multiple times per day (Frair et al. 
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2004). Adjustments for autocorrelation must be used if data are not randomly sampled. 

Randomly resampling a subset of records from the existing data set within each 

environmental stratum strengthens statistical models (Guisan and Zimmerman 2000).  

MaxENT  

Maximum entropy species distribution modelling (Maxent; Phillips et al. 2005) is a 

presence only habitat suitability modeling approach that estimates distribution based on 

known sample locations. Given a set of known locations and predictor variables (such 

as topographic, climatic, biogeographic, or remotely sensed variables) MaxEnt can 

predict areas of equal, less than optimal, or more than optimal suitable habitat than 

where the species is typically found. Maxent uses two input environments; a samples 

file, which is a .csv (comma separated value) text file containing presence locations and 

an environmental layers input, which consist of environmental variables of interest. 

These environmental variables of interest, or covariates, are ESRI ArcGIS grid files that 

have been converted to ASCII files and can be either continuous data or categorical 

data (Phillips and Dudik 2008). Maxent randomly permutes the covariates behind the 

scenes with the presence, essentially performing all pair-wise combinations of the 

covariates to fit the model (Elith et al. 2011). Maxent incorporates a GIS into outputs 

which results in a simple visual representation of predicted occurrence.   
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Abstract:  

This study presents the findings of a habitat suitability model for the northern long-eared 

bat maternity roosting habitat (Myotis septentrionalis) in a three-county region in 

southern Indiana. The northern long-eared bat was added to the endangered species 

list in 2015 and understanding its’ habitat selection at the landscape scale is important 

to aid in minimizing population declines. Female northern long-eared bats were 

captured and fitted with transmitters in Morgan Monroe and Yellowwood state forests 

during the 2012-2015 summer maternity season. These bats were tracked to day roosts 

where location and habitat information was recorded. We used ArcMap to plot roost tree 

locations and extract landscape-level environmental variables. MaxEnt was used to 

evaluate which environmental variables of interest were of greatest importance to 

northern long-eared bats in our study. Our final model included a map indicating areas 

most suitable to northern long-eared bats. Our model indicated that elevation, distance 

to roads, and distance to regeneration openings had the most influence on which 

habitats bats used for roosting. 
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INTRODUCTION 

Northern long-eared bats  

 Northern long-eared bats (Myotis septentrionalis) were once among the most 

numerous bats caught in mist-net surveys in Central and Eastern forests (Carter et al. 

2003, Broders and Forbes 2004, Carter and Feldhamer 2005, Lacki and Schwierjohann 

2001, Menzel et al. 2002, Ford et al. 2005, Sheets et al. 2013). This species is a forest 

obligate for summer roosting and is considered a roost generalist. They use a range of 

hardwood and conifer species alike, occupy a large range of tree sizes and heights, and 

show elasticity in tree features where they use cavities and crevices more often than 

exfoliating bark (Lacki et al. 2009, Badin 2014, Silvis et al. 2016). Northern long-eared 

bats feed by gleaning and tend to use vernal ponds more than other myotid species 

(Caceres and Barclay 2000, Huie 2002). Populations of the northern long-eared bat 

have experienced rapid decline and modelling efforts predict they will become extinct 

due to white-nose syndrome (WNS), a disease that is caused by the fungus 

Pseudogymnoascus destructans (Lorch et al. 2011, Frick et al. 2015). This population 

decline led the United States Fish and Wildlife Service (USFWS) to add northern long-

eared bats to the list of threatened wildlife species (Endangered and Threatened 

Wildlife and Plants 2015). 

The addition of the northern long-eared bat to the Threatened and Endangered 

Species list led to an increased interest in their ecology including their habitat use. Land 

management and mitigation efforts focus primarily on conserving hibernaculum and 

critical maternity roosting habitat and hibernaculum. The USFWS regulations, through 

the final 4(d) rule determination, aims to limit the unintended harm to threatened species 

(Endangered and Threatened Wildlife and Plants 2016). Researchers have explored 
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northern long-eared bat habitat use at individual roost, or microhabitat scale (Lacki et al. 

2009, Silvis et al. 2016); however, northern long-eared bat roosting preferences at the 

larger scale are less understood (Silvis et al. 2012, Owen et al. 2004). Conservation 

efforts for known maternity roost trees focus on seasonal tree clearing restrictions 

around known maternity colonies including a buffer zone. Forest management typically 

takes place at the stand scale; therefore, information most useful for managing habitat 

for various threatened and endangered species at the stand scale is most useful for 

these managers. 

 Bats are a challenging group to study because they are nocturnal and flight 

enables them to cover long distances over large topographical areas (Miller et al. 2003). 

While land managers are tasked with conserving habitat for threatened and endangered 

species, but habitat conservation at the individual roost scale is labor intensive, time 

consuming, and expensive and population declines due to WNS will only exacerbate 

these problems (Silvis et al. 2012). Gaining further insights of how this bat species uses 

its’ habitat for maternity roost selection at the stand scale will provide important 

information to land managers about how management activities may influence bat 

roosting preferences, as managers are typically asked to protect maternity roosts (Perry 

et al. 2008, Silvis et al. 2016). Additionally, species information at the stand-level scale 

provides interactive habitat management plans across taxonomic groups and especially 

for species of greatest conservation concern.  

In 2006, baseline data collection on the HEE began which included an inventory 

of bat species and established bat mist-net sites (Sheets et al. 2013). Sheets et al. 

(2013) found that at interior forested sites, the northern long-eared Myotis were more 
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likely than other species to have high capture rates. In 2013 and 2014, acoustic bat 

surveys were conducted on the HEE in order to compare bat activity under differing 

forest management techniques (Caldwell et al, 2019). Northern long-eared bats and 

Indiana/little brown bats were most active at harvest edges and in adjacent forests. 

They concluded that bat assemblages benefit from diverse silvicultural management 

that provides edge habitat and maintains adjacent forested stands (Caldwell et. al. 

2019).  

Species Distribution Modelling 

Species distribution models (SDMs) aim to predict the distribution of species 

across a defined area based on relationship between the species occurrence records 

and environmental variables of interest (Guisan et al. 2002). SDMs incorporate the use 

of geographic information systems (GIS) to associate points of species occurrence with 

ecological and topographical data. This type of modeling has been an increasingly 

important tool in ecological applications as it enables land managers to predict species 

distributions (Elith et al. 2006, Peterson 2008).  

Bats are a challenging animal to study because they are nocturnal and flight 

allows them to travel long distances. Therefore, mist-net surveys for bats, especially in 

areas with severe WNS declines are difficult, complicated, and costly. Habitat modeling 

of bats is also difficult. Most researchers assume pseudo-absence when modeling 

because true absence data are hard to identify. This is due to bat transmitters often 

remaining attached only for a few days, bats switching roosts frequently, and using 

different types of roosts during various parts of their lifecycles (Graham et al. 2004, 

Jimenex-Valverde et al. 2008, Ford et al. 2016, Bergeson et al. 2021). However, studies 
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with northern long-eared bat habitat selection have found that models created using 

roost locations performed better than models based solely on acoustic data (Ford et al. 

2016, Pauli 2014).  

Modelling at the stand scale and incorporating pseudo-absence records would 

weaken the modelling effort, so I sought to use a presence-only modelling approach. I 

chose MaxEnt which would focus on the probability of suitable maternity roosting habitat 

based on environmental factors (Elith et al. 2011, Ford et al. 2016). With the rapid 

decline of the northern long-eared bat and other species heavily impacted by WNS, 

utilizing present and historical data in modeling efforts may help us identify and 

conserve habitat of particular importance.  

Study Objectives 

The objective of this study was to create a stand-scale habitat suitability model of 

northern long-eared bat maternity roosting habitat in two adjacent managed forests in a 

three-county region in Southern Indiana. Our goal was to identify the environmental 

variables that are most important to northern long-eared bat within our study area at the 

stand scale to understand which forest management practices might best promote 

conservation of this endangered bat. We also sought to identify important environmental 

variables in the final model that could then be applied outside of southern Indiana in 

other landscapes in the Central Hardwoods region of the midwestern USA with similar 

features (Carman 2013). We hypothesized that areas of importance for summer 

roosting habitat would be concentrated at higher elevations and be closer to roads and 

trails, as this is what prior surveys in other locations have found (Silvis et al. 2012, Lacki 

and Schwierjohann 2001, Johnson et al. 2009). With decreasing populations and 
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likelihood of captures, models may become an important alternative for informing future 

management actions. 

 

MATERIALS AND METHODS 

This study was conducted in Morgan-Monroe State Forest (MMSF) and 

Yellowwood State Forest, (YWSF) in south-central Indiana (Figure 1). The study area 

encompasses 19,151 ha of public land in Morgan, Monroe, and Brown counties. These 

forests are in the Central Hardwoods region (Carman 2013), and are characterized by 

mixed upland hardwoods, of which, 43% is composed of oak and hickory species 

(Quercus spp. and Carya spp.; Haulton 2013). However, maples (Acer spp.), tulip 

poplars (Liriodendron tulipifera), American beech (Fagus grandifolia), are also common 

in the understory and midstory. This region is characterized by dry ridges with steep 

ravines that contain ephemeral streams. There are few natural water features located 

on these lands aside from these ephemeral streams (Homoya et al. 1985). Indiana 

Department of Natural Resources (IDNR) foresters added man-made ponds (400-

1200m2) to provide increased water sources for wildlife.  

Historically, lands within this area were regularly disturbed by naturally occurring 

fires and fires intentionally set by Native Americans (Jenkins 2013). These forests were 

also disturbed when cleared to be converted into short-term subsistence farms (Jenkins 

2013). During the Great Depression, these landholdings were sold or abandoned and 

were later established as public land by the Indiana legislature during the 1920s and 

1930s (Jenkins 2013). Since becoming public lands, IDNR foresters have managed 

lands by assigning tracts, or management units that are easily defined areas and 
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uniform in species composition and/or age class. Stands within both YWSF and MMSF 

have been primarily managed using selection silviculture (Kalb and Mycroft, 2013).  

However, forest managers have a wide array of harvesting techniques that can 

be implemented for a desired outcome. Timber harvesting techniques include single-

tree selection, shelter-wood cuts, group cuts, and clear cuts depending on the type of 

forest and goals of the land manager. After harvest, managers employ additional 

techniques to regenerate the forest; these include natural reseeding in shelter-wood and 

seed-tree harvests, stump sprouting or coppice sprouts, prescribed burns, and planting 

of seedlings (Caraman 2013, Broders 2014). As new stands establish, additional timber 

stand improvements (TSI) like vine thinning, girdling undesirable tree species, or 

application of herbicides to kill shrubs and vines may be employed to direct and speed 

succession toward a targeted seral stage.  

 Even-age timber harvesting refers to management that produces stands of a 

uniform age by clear-cutting or shelter-wood cuts. Clear-cutting management removes 

all trees, regardless of size-class. Shelterwood cuts are a management technique 

where natural tree reproduction occurs under the shelter of old trees which are removed 

by successive cuttings to admit gradually more light to the maturing seedlings. Uneven-

aged timber harvesting refers to single-tree or small-group selection to produce a stand 

with a mosaic of ages within a stand. The Indiana Department of Natural Resources 

Division of Forestry is tasked with multiple-use management of state forests which 

includes management for recreation, timber production, watershed protection, and 

providing habitat for game and nongame wildlife.  
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In 2006, a collaborative group consisting of Indiana Department of Natural 

Resources (IDNR) foresters, IDNR Division of Fish & Wildlife Diversity Section, IDNR 

Division of State Parks and Reservoirs, and researchers from Purdue University, 

Indiana State University, Ball State University and Drake University established the 

Hardwood Ecosystem Experiment (HEE) in order to assess best management practices 

for silvicultural practices and wildlife, with the goal of re-establishing an oak-hickory 

dominant forest. The HEE is designed to be a 100-year project that looks at the 

differences in varying silvicultural treatments as it relates to wildlife and timber 

management within MMSF and YWSF. State Forest property occurring outside of the 

HEE management units will be managed under objectives set by the Indiana Division of 

Forestry using a variety of management tools such as prescribed fire, understory 

mechanical treatments, and both even- and uneven-age silviculture (Kalb and Mycroft 

2013).  

The HEE study area consists of nine different 81 – ha study units with three 

different replicates each of even-aged, uneven-aged, and control treatments, 

surrounded by state forest that receives single-tree selection (Kalb and Mycroft 2013). 

Even-aged units received two treatments of 4.1 – ha clearcut and three-stage 

shelterwood cuts, whereas uneven-aged units received a series of patch cuts (0.4-2 ha) 

interspersed with single-tree selection throughout the remainder of the unit. Control 

units will remain unmanaged for the duration of the 100-year study (Kalb and Mycroft 

2013). Prior to 2006, HEE units had been historically managed using primarily selection 

harvesting (Haulton 2013). 
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Sampling and species occurrence records 

Mist netting was conducted from mid-May through July from 2012 thru 2015. 

Bats were captured using high mist-net systems (Gardner et al. 1989). In 2012 and 

2013, we used the historic capture sites established on the HEE study areas by Sheets 

in 2006 (Sheets and Whittaker 2013). In Indiana, WNS was first detected in 2011. 

Typically, three years after confirmation of WNS in an area, impacts on bat populations 

are seen (Langwig et al. 2019), and this was the case at the HEE. Due to lower than 

desired target-species capture at historic netting sites, in 2014 and 2015 we increased 

our netting effort to sites on the surrounding State Forest property, concentrating mist-

netting efforts around manmade upland ponds and over trails, roads, and streams. Mist 

nets (Avinet, Dryden, NY) were opened at dusk and we monitored nets every 10 

minutes for 3-6 hours. Once captured, we recorded capture and morphological data 

including time captured, height in net bat was located, species, sex, age, reproductive 

status, right forearm length, body mass, white-nose syndrome wing score (Reichard and 

Kunz 2009). A 2.9 mm uniquely coded aluminum band was attached to the forearm of 

each bat (Porzana Ltd., East Sussex, UK) for individual identification. We attached radio 

transmitters (Holohil LB-2X 7-day 0.31-g, Holohil LB-2X 21-day 0.32-g, Holohil LB-2N 

21-day 0.42-g Carp, Ontario, Canada or Blackburn 21-day 0.30-g Nacogdoches, TX, 

USA) using animal-approved adhesives (Perma-Type surgical cement, Plainville, CT; 

Ruscoe Livestock Identification Tag Cement Akron, OH; or VetOne Surgical Adhesive 

Meridian, ID) on the dorsal surface between the scapulae when the transmitter was 

equal to or less than 5% of their body weight (Aldridge and Bringham 1988). Adult 

females and juveniles of both sexes were targeted due to their propensity to roost in 
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maternity colonies. All captured bats were released at the mist-netting site. We followed 

recommended National White-Nose Syndrome Decontamination Protocols (White-nose 

Syndrome Disease Management Team 2014) and USFWS Indiana Bat Survey 

Guidelines (USFWS 2014). Field work was conducted under federal permits held by 

J.M. O’Keefe (TE206872), T.C. Carter (TE02560A) K.L. Caldwell (TE21831B-0), and 

J.R. Karsk (TE64238B-0), as well as State of Indiana permits held by S.M. Bergeson, 

K.L. Caldwell, T.C. Carter, T.J. Divoll, and J.R. Karsk. All work was approved by Ball 

State University IACUC (Protocol # 109929-5).  

 We tracked female and juvenile northern long-eared bats to their day roosts each 

day until the transmitter failed or was recovered. To locate day roosts, we first used a 

car-mounted five-element Yagi antenna attached to a telemetry receiver (model R2000 

Advanced Telemetry Systems, Inc., Isanti, Minnesota) via a coaxial cable. Once the 

general area of the bat was located, we identified exact bat locations using a three-

element Yagi antenna and a telemetry receiver (model TRX-1000 WR Wildlife Materials, 

Inc., Murphysboro, Illinois). At each roost tree located, we recorded the location with a 

GPS (Garmin model 60CSx, Olathe KS) and microhabitat characteristics of roost tree 

including genus and species (when identifiable). Individual maternity roosts were treated 

as occurrence samples in our predictive model.  

Maximum entropy modeling 

We used Maximum Entropy (MaxEnt) species distribution modeling, a presence-

only modeling approach that estimates distribution based on known sample locations 

(Phillips 2004, Phillips et al. 2006). Maxent incorporates a geographic information 

system (GIS) in the outputs, thus allowing a simple representation of predicted 
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occurrences based on associated environmental variables (Baldwin 2009). Maximum 

entropy modelling is an application of Occam’s razor, the theory that the simplest 

explanation is usually the right one, because the distribution with the maximum entropy 

is the one that makes the fewest assumptions about the true distribution (Yang et al. 

2013). Maximum entropy aims to ensure that the estimated probability of unknown 

distribution involves fewer number of constraints but more choices (Yang et al. 2013).  

MaxEnt (v3.3.3k) uses two input environments, a sample file with a list of 

presence locations and environment files, which contain the GIS files of environmental 

variables. Our presence locations were individual maternity roost tree locations. We 

randomly reduced our total number of maternity roost trees to include only one 

maternity roost tree per tract, within the state forests to reduce spatial autocorrelation. 

Individual tract boundaries were delineated in GIS shapefiles provided by the Indiana 

Division of Forestry. MaxEnt is less sensitive to small sample sizes than other statistical 

methods and generates response curves in relation to environmental variables input 

(Khanum et al. 2013, Mohammad-Reza Abolmaali et al. 2014). 

Environmental Data 

We entered the following environmental layers into MaxEnt as predictors of the 

distribution of summer roosting habitat: distance to HEE regeneration openings (clear 

cuts and patch cuts), distance to flight corridors (roads and trails), elevation, aspect, and 

slope. We used elevation, slope, and aspect as our topographic variables as they are 

often used in landscape level analyses for bat habitats (Bellamy and Altringham 2013, 

Hammond et al. 2016, Thalken et al. 2018, Divoll, 2020). We used distance to roads, 

distance to hiking trails, and distance to HEE regeneration openings as features that we 
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thought may be important to bat species as foraging habitat. We obtained an INDOT 

Roads shapefile raster GIS layers from IndianaMap (http: //maps.indiana.edu) and used 

the IDNR hiking trails GIS layer for our trails. The Euclidean Distance tool was also 

used to create the distance to harvest, distance to roads, and distance to trail layers. 

Only regeneration openings done for the HEE experiment, and not harvests on other 

YWSF and MMSF property, were included in the modelling effort. We obtained the 

Digital Elevation Model (DEM) shapefile raster GIS layers from IndianaMap (http: 

//maps.indiana.edu). We used the Aspect function in ArcGIS and input the DEM 

shapefile to output the compass direction of the slope aspect. We used the Slope 

function in the Spatial Analyst toolbox ArcGIS to quantify slope of each cell.  

All layers were reduced to 30 m cell resolution to be used by land managers with 

access to similar environmental layers and clipped to the same extent. These were then 

transformed from ESRI grid format into ASCII files and imported as environmental 

layers in MaxEnt. We set the program to run with 70% of our sample locations to train 

the model and 30% of our sample locations for the fit testing. Test roosts were kept as a 

separate file, so the same set of maternity roosts were used to train and test our model 

in order to limit bias (Hammond et al. 2016). One hundred replicate runs were run with 

linear, quadratic and hinge features selected in the modeling process to avoid overfitting 

and to keep models comparable (Yang et al. 2013, Hammond et al. 2016, Elith et al. 

2011). Other MaxEnt parameters were kept as default settings (Elith et al. 2011).  

In MaxEnt, the fit of the model is measured at the occurrence sites, using a log 

likelihood. For a set of observations, the average log likelihood is estimated (Phillips et 

al. 2006). A complex model will have a high log likelihood but may not generalize well 
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and regularization of the model is a tradeoff between model fit and model complexity. 

This means MaxEnt fits a penalized maximum likelihood model, called the Area Under 

the Curve (AUC; Phillips et al. 2006, Elith et al. 2011) which is closely related to other 

commonly accepted penalties for model complexity such as Akaike’s Information 

Criterion (AIC; Akaike 1974). Penalizations are methods for adjusting for the simplest 

model and to avoid overfitting the data. The AUC value is a measure of a model’s 

goodness-of-fit and varies from 0 to 1(Phillips et al. 2006). An AUC value closer to1 

indicates a better fit; however, for species with a broad distribution the AUC values tend 

to be lower than 1 (Yang et al. 2013).  

When fitting a model, MaxEnt applies a jackknife test to evaluate the importance 

of the variables and to show each variable if the model was run in isolation compared 

with all variables together (Yang et al. 2013). The data from the Jackknife test are then 

used for MaxEnt to produce a table that calculates permutation importance of the 

variables and the percent contribution of each variable to the model. The permutation 

importance is calculated for each environmental variable in turn, as the model is re-

evaluated on the permuted (rearranged) data, the resulting drop in training AUC is 

normalized to percentages. The AUC value is an indicator of goodness-of-fit, with large 

decreases in AUC values indicating that the model depends heavily on that variable 

(Phillips et al. 2006). Species response curves are produced to further explore the 

relationships between the habitat suitability of target species and each environmental 

variable. Species response curves have a range of values from 0 to 1. 

MaxEnt produces a graph of average Omission Rates on test data compared to 

the predicted Omission Rates of a random model. The Omission Rates of the test data 
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are used to inform the Receiver Operating Characteristic (ROC; Phillips et al. 2006). 

The ROC curve plots Specificity (fraction of the total study area where the bat is 

predicted to be present) against Sensitivity (1-Omission Rate) for the model (Philips et 

al. 2006). 

 

RESULTS 

Occurrence samples  

  We captured 214 northern long-eared bats over 112 mist-net nights. We 

attached radio transmitters to 69 of those bats, 61 female adults and 8 juveniles. Of the 

adult bats, 21 were pregnant, 27 were lactating, 5 were post-lactating, and 8 were non-

reproductive at the time of capture and tracking. Bats were tracked to the maternity 

roost each day until the transmitter fell off (average 5.3 days: range 1-13 days). We 

located a total of 175 maternity roost trees between 2012 and 2015 (2012, n = 40; 2013, 

n = 33; 2014, n = 82; 2015, n = 20), and 139 were identifiable to genus or species.  

Sassafras (Sassafras albidum), oak species (Quercus spp.), and maple species 

(Acer spp.) were the most frequently used maternity roost trees in our study (Table 1). 

We used ArcGIS to randomly reduce our 175 roost locations by removing duplicate 

roosts in State Forest management tracts. We were left with 74 sample locations 

(Figure 1).  

Results from the jackknife test indicated the northern long-eared bat distribution 

was largely affected by elevation (AUC = 0.79), distance to roads (AUC = 0.78; Figure 

2). Variables with the higher permutation importance were distance to roads (44.7%), 

elevation (36.9%), and distance to HEE regeneration openings (6.5%; Table 2). These 



63 
 

same three features comprised more than 80% of the variable contribution to our model 

(Table 2). Elevation contributed 36.3% to the model, distance to roads contributed 

33.5%, and distance to harvest contributed 12.1% to the model. These three variables 

were therefore identified as the main factors affecting the spatial distribution of northern 

long-eared bat maternity roosts. Other variables contributed less than 20% to our model 

were distance to trails (5.2%), eastern aspect (8%), northern aspect (4%) and slope 

(0.8%; Table 2).  

The response curves from our model indicated that northern long-eared bats in 

our study area preferred habitats at higher elevations and closer to roads and HEE 

regeneration openings (Figure 3). The default output for MaxEnt is cloglog, which is 

considered the easiest output to conceptualize because it gives an estimate between 0 

and 1 of probability of presence (Phillips, 2017). Roosts had higher predicted suitable 

habitat within 250m of HEE regeneration openings. The species response curve for 

distance to major roads resulted in normal distribution, indicating that areas between 

2000ft and 4500ft (roughly 1/2mi-3/4mi) to roads locations were more likely to have 

suitable northern long-eared bat roosts present (Figure 3). The species distribution 

curve in response to elevation indicated that higher elevations are more likely to have 

suitable habitat. Average elevation in YWSF is 192m and average elevation in MMSF is 

241m; our graph levels off at 300m (Figure 3), the highest elevations available in our 

range and higher than the average elevation within the two state forests.  

The test of omission and predicted area for northern long-eared bats indicated 

the MaxEnt model average omission rate on the test data aligned closely with the 

predicted omission, indicating the model is a good fit (Figure 4). The model MaxEnt 
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produced performed better than a random mode (Figure 5). The Omission Rates of the 

test data are used to inform the Receiver Operating Characteristic curve. The average 

AUC value of the model demonstrates the model performed well with both training 

(0.9245) and test data sets (0.865; SD = 0.119).  

 The 95% Confidence level species distribution map (Figure 6) showed areas at 

higher elevation, closer to roads, and closer to HEE regeneration openings within the 

study area were recognized as highest potential suitable habitats for northern long-

eared bat maternity colonies in the current conditions.  

 

DISCUSSION 

 The spatial model for northern long-eared bat maternity roosting habitat was 

successful in predicting important habitat within our study area with the environmental 

variables we provided (Figure 6). The final output map predicted areas that were 

important to northern long-eared bats during the time of our study. Distance from roads 

and elevation contributed nearly 70% to our final habitat suitability model (Table 3).  

We hypothesized that areas of importance for summer roosting habitat would be 

closer to roads and trails, similar to what surveys in other locations have found (Silvis et 

al. 2012, Lacki and Schwierjohann 2001, Johnson et al. 2009). In our model, northern 

long-eared bat optimal maternity roosting habitat is located between 2000 ft (0.6 km) 

and 4500 ft (1.37 km) from roads. This is consistent with prior studies which have found 

northern long-eared bat movement distances between summer roosts average <0.8 km 

(Badin 2014, Silvis et al. 2012) but have been documented covering distances up to 2 

km (Foster and Kurta 1999). We neglected to incorporate the vast network of IDNR “fire 
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trails” in either the roads or trails parameters of our model. These fire trails are 

restricted-access, unimproved two-track roads that run primarily on the ridgetops and 

are used intermittently by authorized personnel and could be used as travel corridors by 

foraging bats. Based on the results these may have been another important potential 

flight corridor for bats. These unimproved roads link up to the paved road system within 

YWSF and MMSF and are frequently built on the ridgelines to provide access to remote 

forested areas. 

We hypothesized that female northern long-eared bat suitable habitat would be 

concentrated at higher elevations. Elevation influences bat species distributions and 

female northern long-eared bats have demonstrated preference for upland habitats 

(Thalken 2018, Ford et al. 2016, Kryanak 2010). Elevation is a variable commonly used 

in modeling suitable bat roosting habitat (Hammond et al. 2016, Jaberg and Guisan 

2002, Cryan et al. 2000) because elevation gradients can influence the temperature at 

the roost and can impact insect availability at different elevation gradients (Cryan et al. 

2000). For adult female northern long-eared bats, roosts at higher elevation reflect their 

need to inhabit structures possessing warmer microclimates in order to reduce the 

energy cost during the reproductive season (Thalken 2018, Hammond et al. 2016)  

We did not include other harvests outside of the HEE regeneration openings but 

still within YWSF and MMSF. Studies in other areas have found roosts were more likely 

to be located near regeneration openings (Perry et al. 2008) or in close proximity to 

forest edges (Krynak 2010). Bergeson et al. (2021), working with the same roost 

location data set we collected from Morgan-Monroe State Forest and Yellowwood State 

Forest, found that 11 roosts were located in state forest harvest openings and 3 were 
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within shelterwood cuts. On the two state forests, roost locations were approximately 

0.2 km closer to harvest openings and 0.5 km closer to shelterwood cuts than random 

points located throughout the study area (Bergeson et al. 2021), which supports our 

model’s results. They found that female northern long-eared bats use roosts closer to 

first-stage shelterwoods and harvest openings, but do not roost within those sites more 

than expected based on availability and concluded that state forest timber harvest 

openings did not negatively affect bats’ use of roosts, likely because roost availability is 

not limited in this landscape. Silvis et al. (2010) found similar results in their study on 

roost availability and network characteristics and space use. They found that networks 

of northern long-eared bats were robust to experimental roost removal and required 

>20% roost removal to cause network fragmentation and concluded that tolerance of 

roost loss may be adaptive strategy for coping with the ephemeral conditions in dynamic 

forest habitats (Silvis et al. 2010).  

Previous surveys on northern long-eared bats in Morgan-Monroe and 

Yellowwood state forests found roosts were not more likely to be closer to water than 

random locations (Badin, 2014). Therefore, we did not include distance to water 

resources because we targeted pond locations to capture bats. However, acoustic 

monitoring of bat occupancy on the HEE indicated that foraging northern long-eared 

bats had the highest occupancy on the forest edges (Caldwell et al. 2019). Additionally, 

a study on foraging area using the same set of radio-tagged bats as our study, found 

that nearly all roosts (99%) used by northern long-eared bats were included in those 

bats’ foraging area (Divoll, 2019) and that northern long-eared bats used recently 

thinned areas, patch cuts, clear cuts, and small forest ponds while foraging. Their 
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findings support the results of our model, where areas closer to harvest openings had a 

higher probability of suitable habitat.  

 

MANAGEMENT IMPLICATIONS 

 Our goal of informing land managers of habitat suitable for the northern long-

eared bat was successful. We recommend land managers clearly define the desired 

objective and scale of any predictive model early in the development process. With 

clearly defined objectives, we recommend model creation and comparison based on 

known occurrence data for bats. Radio telemetry studies are expensive to conduct and 

are not always logistically feasible due to the large effort required to thoroughly survey 

even a small area for roost sites (O’Farrell and Gannon 1999). This model confirmed 

published bat preferences for habitat at higher elevations and closer to flight corridors 

(Thalken 2018, Ford et al. 2016, Kryanak, Silvis et al. 2012, Lacki and Schwierjohann 

2001, Johnson et al. 2009). These important environmental variables from our final 

model can be applied outside of southern Indiana in other managed forest landscapes 

in the Central Hardwoods Ecoregion of the midwestern USA with similar features 

(Carman 2013). 

 MaxEnt, as with all modelling applications, is sensitive to the data used to create 

the model and will weight the model towards areas and environmental conditions that 

have been better sampled (Phillips et al. 2006). With northern long-eared bat population 

declines from WNS, models using pseudo absence data could pose a problem, as 

animals may not be present in high quality habitat due declines from non-habitat 

reasons. 
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 We paired our roost locations down to one roost per tract, although a tract is a 

man-made unit. We feel our modelling would have been improved if we had instead 

used one random roost location per bat. We failed to incorporate the IDNR restricted 

access, unimproved road network, which likely provides excellent flight corridors for 

many species of bats, including the northern long-eared bat. We also only incorporated 

regeneration openings on the HEE and failed to incorporate regeneration openings 

within the larger Morgan-Monroe and Yellowwood state forests. However, our model 

results of suitable roosting habitat in closer proximity to harvests is supported by work 

done by Bergeson et al. (2021) with the same radio-transmittered bats and including all 

of the timber openings within MMYW state forests. They found that northern long-eared 

bats use roosts closer to first-stage shelterwoods and harvest openings, but do not 

roost within shelterwoods or harvest openings more than is expected based on their 

availability. 

 Habitat suitability models are sensitive to the scale at which they are analyzed 

(Thalken et al. 2018, O’Keefe et al. 2009). When Bellamy and Altringham (2013) studied 

bats at various spatial scales and found that foraging bats were generally most strongly 

associated with variables measured at small spatial scales and distance measures. 

Small-scale bat-habitat relationships will reflect the decisions made by bats from local 

roosts on where to feed within their home range. Relationships at larger scales are 

more likely to reflect the carrying capacity of a locality (Bellamy and Altringham 2013).  

In our study area, roost availability was not limited (Bergeson et al 2021). In landscapes 

where roosts are limited, active forest management could have a significant impact on 

suitable habitat for female northern long-eared bats.  
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TABLES 

Table 1: Trees identifiable to species from the 139 maternity roosts that were used by 
northern long-eared bats over a 4-year period in south central Indiana, USA. 

Roost Tree Species Live Dead % All Roosts 

Sassafras (Sassafras albidum) 18 23 29.5 

Oak species (Quercus spp.) 22 16 27.3 

Maple species (Acer spp.) 19 9 20.1 

Hickory species (Carya spp.) 9 1 7.2 

Tulip poplar (Liriodendron tulipifera) 4 4 5.8 

Beech (Fagus grandifolia) 5 0 3.6 

White ash (Fraxinus americana) 3 0 2.2 

Elm species (Ulmus spp.) 2 0 1.4 

Black gum (Nyssa sylvatica) 1 0 0.7 

Black walnut (Juglans nigra) 0 1 0.7 

Dogwood (Cornus spp.) 1 0 0.7 

Birch species (Betula spp.) 1 0 0.7 

 

  



79 
 

Table 2: Environmental variables used in species distribution modeling process. The 
most important environmental variables are in bold. The permutation importance is 
calculated for each environmental variable in turn, as the model is re-evaluated on the 
rearranged data, and the resulting drop in training AUC is normalized to percentages. 
Large decreases in AUC values indicate that the model depends heavily on that 
variable and is an indicator of goodness-of-fit (Phillips et al. 2006). 
 

Variable Type Percent contribution Permutation 
importance 

Harvest Distance 12.1 6.5 
Elevation 36.3 36.9 
Distance from roads 33.5 44.7 
Distance from trails 5.2 1.5 
Slope 0.8 2.5 
Aspect north 4 3.1 
Aspect east 8 4.7 
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FIGURES 

 
Figure 1: Location of study area in south-central Indiana. Background map shows extent 
of forested land within the area, Morgan Monroe State Forest and Yellowwood State 
Forest are outlined in black, with roost locations represented as blue circles. Image 
created using ArcGIS 10.3.1. 
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Figure 2: Results of a jackknife test on MaxEnt AUC results. Teal indicates AUC 
jackknife results without the variable, blue indicates AUC jackknife results with only the 
respective variable applied. Red indicates the AUC jackknife results when all variables 
are applied.  
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Figure 3: Myotis septentrionalis response 
curves from MaxEnt in relation to (a) distance 
to harvests (b) distance to roads, (c) distance 
to trails, (d) aspect- eastness, (e) aspect- 
northness (f) elevation (g) slope. Cloglog on 
the Y axis is a MaxEnt output which gives an 
estimate between 0 and 1 of probability of 
presence, where 0 is low probability and 1 is 
high probability.  
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Figure 4: Test omission rate and predicted area as a function of the cumulative 
threshold, averaged over the replicate runs in MaxEnt.  
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Figure 5: Receiver operating characteristic (ROC) curve for data averaged over the 
replicate runs for MaxEnt results. The average test AUC for the replicate runs was 
0.865 (SD = 0.119).  
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Figure 6. 95% confidence level for 45 statistical models generated in MaxEnt where 
warmer areas in red (1) indicate high probability of suitable northern long-eared bat 
maternity roosting conditions, green represents conditions of intermediate habitat 
suitability, and areas in blue (0) indicate low predicted probability of suitable conditions. 
Due to our harvest data set including only the harvests done for the HEE and not the 
entire MMYW state forest system and our roads data set only including public roads and 
leaving out unimproved fire-trails, this model is largely dependent on elevation range. 
Areas shown in red on this map are largely areas within the same elevation range as 
the HEE openings.  
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