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Abstract 

 

Declining oak (Quercus spp.) regeneration in eastern forests of North America has 

become a concern to wildlife biologists and foresters as the loss of oaks as a major 

overstory component impacts wildlife habitat and timber resources.  Consequently, 

specialized forest treatments utilizing a combination of mechanical thinning and 

prescribed fire have been developed to favor oak regeneration over that of more shade-

tolerant species.  Despite increasing and widespread use of these techniques, little is 

currently known about the effects these activities have on bats (Chiroptera), which are 

sensitive to changes in forest canopy coverage and clutter.  This study quantified bat 

activity levels in response to changes in canopy clutter resulting from overstory thinning 

and prescribed burning.  Bat activity levels were acoustically monitored using Anabat II 

bat detectors from May to September in 2006, 2009 and 2010 in two Ohio state forests 

across 12 treatment areas and 96 plots.  Measures of individual tree crowns were made on 

all plots in 2006 and on a subsample of 30 plots during 2009 and 2010 to estimate 

changes in canopy volume.  Bat activity was negatively correlated with structural 

volume, and was greater in harvested stands than control stands in all years.  Total 

activity did not change between 2006 and 2009, despite increases in understory structural 

volume.  In contrast, activity levels following prescribed fire were significantly lower, 
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and were not related to decreases in clutter.  Activity levels within burned stands were 

greater than levels within unthinned, unburned control stands.  Species specific responses 

to fire were variable, with big brown bats (Eptesicus fuscus) being more fire tolerant than 

red bats (Lasiurus borealis) and Myotis bats.  The results of this study suggest that while 

prescribed burning may decrease bat activity within thinned stands, activity will still be 

greater than in unthinned stands.  
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Introduction 

 

Oak (Quercus spp.) forests are one of the dominant forest types in the United 

States, covering approximately 50% of the eastern region of the country (Abrams and 

Downs 1990, Smith et al. 2001, Spetich et al. 2002).  In recent decades however, the 

dominance of oaks in eastern forests has been declining as other species of trees have 

increased in abundance and replaced oak growth in mid- and understory layers of forests 

(Brooks 2003, Pierce et al. 2006).  Witness tree data from Ohio in 1787 indicate that 

Quercus alba L., Carya Nutt. Spp., Quercus velutina Lam., and Fagus grandifolia Ehrh 

accounted for 74% of all trees.  Comparatively, United States Department of Agriculture 

Forest Service Forest Inventory and Analysis (FIA) data indicate that oaks decreased 

from 55.4% of all trees in 1787 to 35.3% in 2001.  White oaks (Quercus alba) in 

particular, decreased from 40% to 14.5% of all trees (Dyer 2001).   

 Decline in oak abundance and dominance significantly impacts forest ecosystems, 

as shifting canopy composition from shade-intolerant to shade-tolerant tree species alters 

habitat quality and quantity for both wildlife and understory vegetation.  Dominance of 

shade tolerant species, rather than shade-intolerant oaks, can decrease plant diversity as 

shade-intolerant, open-canopy adapted species decline (Sutherland and Hutchinson 

2003); Rogers et al. (2008) found a 15% decrease in the number of species present in a 
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forest with overstory dominance shifting from oak to maple.  Furthermore, hard mast 

produced by oaks is one of the most important food resources for wildlife, as acorns can 

be immediately consumed or stored for later use; forests dominated by oaks have also 

been found to have greater abundances and diversity of bird species (Rodewald and 

Abrams 2002, McShea et al. 2006).  Loss of oaks as a major overstory component in 

Ohio forests will create substantial economic losses as well, as oak timber commands 

high commercial value (Sutherland and Hutchinson 2003).  Together, forest ecosystem 

health and economic opportunity are strong motivators for forest managers to apply 

methods aimed at regenerating oaks at broad spatial scales. 

 While the combination of shelterwood harvesting and prescribed burning is an 

effective technique for regenerating oak forests, reducing understory clutter and creating 

canopy openings, few studies have investigated the effects that this activity has on bats 

(Fenton 1997, Loeb and Waldrop 2008).  Because bats are highly mobile, long lived, and 

very sensitive to habitat changes, they are excellent indicators of environmental health, 

and thus it is important to consider the effects of prescribed burning on bat populations 

(Fenton 1997, Fenton 2003, Boyles and Aubrey 2006).  Furthermore, the onset of white-

nose syndrome and the subsequent reduction in bat population numbers in the eastern 

United States (Frick et al. 2010) necessitates a better understanding of bat-habitat 

relationships if bat species are to be managed and conserved effectively.   

 Research on the effect that shelterwood harvesting has on bats was originally 

begun by Titchenell (2007), who monitored bat activity in the first season post-harvest in 

two southeastern Ohio state forests.  This study continues that research, investigating the 
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effect that forest regeneration following shelterwood harvesting has on bat activity, and 

begins the second phase of the study, which  focuses on the response of bats to prescribed 

fire.  The effect of forest regeneration on bats and the effect of prescribed fire on bats are 

addressed separately in this thesis, as they are fundamentally different in the way they 

affect habitat.  The effects of regenerating vegetation on bat activity are addressed first, in 

Chapter 2, with Chapter 3 then focusing on the effects of prescribed fire.  This ordering 

follows the recommendations for sequence of treatment application to regenerate oaks, 

and I believe that the effects of harvesting on bats provide useful insights into bat-habitat 

interactions that can be applied in Chapter 3. 

  



4 

 

 

 

 

Chapter 1:  Review of the Literature 

 

There are approximately 1,100 species of bats worldwide (Fenton 2003), 11 of 

which are known to occur in Ohio.  Bats are unique among mammals in their ability to 

fly, and their perception of habitat, which occurs at both landscape and local scales as 

small as individual roost tree preferences.  The ability of bats to fly comes from unique 

evolutionary adaptations of the hand and arm bones, and bats are frequently characterized 

by this morphology.  Bats are well known for their ability to echolocate, but bats are not 

the only mammals to possess this capability.  They are, however, the only animals that 

navigate at night, in flight, by echolocation.  The ability of bats to navigate their 

environment is strongly related to their morphology and the structure of their 

echolocation passes (Aldridge and Rautenbach 1987).  Bat echolocation passes are 

ultrasonic, ranging in frequency from 8 to 210 kHz (Fenton and Bell 1981).  Call types 

fall into two large groups, low- and high-duty cycle, which classify the way in which 

incoming and outgoing passes are separated in time (Fenton et al. 1995).  Individual 

passes can be further described by their frequency characteristics; passes may be either 

constant frequency (CF) or frequency modulated (FM) (Schnitzler and Kalko 1998).  Call 

frequency within a FM call varies with time, and may either increase or decrease, while 

in a CF call frequency is kept constant.  Frequently, individual passes will contain both 

components, providing different types of information to an echolocating bat.  The exact 
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parameters of a bat call vary widely, and are unique to individual species (Fenton and 

Bell 1981).  Bat morphology is largely characteristic of specific habitat types, and is 

frequently described in terms body size, wing loading and aspect ratio, which are 

measures of wing area and shape (Aldridge and Rautenbach 1987). 

 Bats species exhibit great variety in body size and call structure, and have varying 

combinations of passes and morphologies.  Both call frequency and call structure are 

related to habitat and foraging strategy.   Species with high frequency passes typically 

inhabit more structurally cluttered habitat, while species with low frequency passes tend 

to use more open habitat (Siemers and Schnitzler 2004).  Bats with higher wing-loadings 

and aspect ratios are generally less maneuverable in flight and are typically large-bodied 

(Hodgkison et al. 2004, Siemers and Schnitzler 2004).  Bats with low wing-loading and 

aspect ratios typically utilize understory habitats, while bats with higher wing-loading 

and aspect ratios use the midstory and overstory areas for foraging (Aldridge and 

Rautenbach 1987).  The specific combination of call structure and morphology 

determines in large part what habitats a bat can inhabit, and is strongly related to feeding 

strategy.  These characteristics make bats sensitive to changes in forest structure; and this 

is currently of great importance in the context of oak-forest management. 

 Oak (Quercus spp.) forests account for approximately 50% of the forest habitat in 

the eastern United States (Abrams and Downs 1990, Smith et al. 2001, Spetich et al. 

2002).  Declining oak regeneration has become common in recent decades across this 

region (Brooks 2003, Pierce et al. 2006).  This is currently of great concern to land 

managers, as the decline in oak abundance and dominance significantly impacts forest 
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ecosystems, as the hard mast produced by oaks is one of the most important wildlife food 

resources in eastern forests (Rodewald and Abrams 2002, McShea et al. 2006).  Loss of 

oaks and oak mast will likely reduce the wildlife diversity of eastern forests (Rogers et al. 

2008) and the diversity of tree species, as shade-intolerant species are incapable of 

regenerating under closed-canopy forests of shade tolerant species (Sutherland and 

Hutchinson 2003). 

 The decline in abundance of oak in the mid and understory is largely attributed to 

decline in natural disturbance patterns within oak forests (Abrams 1992, Brooks 2003, 

Spetich and He 2008).  Fire, ice storms, and human activity are the principle historic 

sources of disturbance in oak forests, though introduced pathogens and insects, such as 

oak wilt and gypsy moths (Lymantria dispar), have become more prominent in oak forest 

disturbances in recent decades (McShea et al. 2006, Copenheaver et al. 2006).  Ice storms 

play a minor role in ecosystem disturbance; while individual mortality is not uncommon, 

large landscape scale mortality capable of creating significant gaps in the forest canopy is 

comparatively rare (Copenheaver et. al. 2006).  The most commonly cited reason for the 

decline in dominance of oak regeneration, however, is the removal of fire as an agent of 

disturbance.  Fire plays an important enough role in oak regeneration that oaks promote 

fire through their leaf litter, which decays slowly and remains curly, creating a porous 

fuel bed that is receptive to ignition sources (Van Lear et al. 2000, Alexander et al. 2008, 

Rogers et al. 2008). 

 Fire serves an important role in oak forests, as frequent, low intensity fires reduce 

competition from other less fire tolerant species, such as maple and beech (Fagus spp.) 
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and create open gaps in the forest canopy.  Fire intolerant species typically have thin 

bark, and even low to moderate intensity fires can top-kill a small number of mature trees 

and remove saplings from the understory (Signell et al. 2005, Hutchinson et al. 2008).  

Oaks, in contrast, have thicker bark and are more likely to survive fires of moderate 

intensity than are maples and beech through compartmentalization of fire damage, thus 

preventing subsequent infections and decay (Smith and Sutherland 1999, Hutchinson et 

al. 2008).  Increased light availability on the forest floor is imperative to establishment of 

oaks in the understory, as oaks are shade-intolerant, and require more light than maple 

species to become significantly established.   

 Burning can temporarily reduce canopy cover by 3-10% in upland oak forests, 

though some data indicates that openness remains under 6% (Hutchinson et al. 2005, 

Wang et al. 2005, Alexander et al. 2008).  Hutchinson et al. (2005) found similar results 

in a separate study in Ohio with respect to mortality in large trees.  Trees >25 cm 

diameter at breast height (DBH) were largely unaffected by fire, while trees <25 cm DBH 

were reduced by as much as 31% on burned treatment plots.  While death of large 

overstory trees is rare in low to moderate intensity fires and canopy gaps are created 

infrequently, Alexander et al. (2008) found mortality rates of small to mid-sized red 

maples after single and repeated wildfire to be approximately 60%.   

 In contrast, incidences of fire had no impact on red oak survival, though white 

oaks on burned plots exhibited mortality twice as high as those on unburned plots.  Even 

small reductions in canopy closure and understory competition can allow oaks to rise in 

abundance and dominance over fire intolerant species, growing to heights that permit 
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them to become established in the understory.  Experimental evidence suggests that this 

foothold is tenuous during any single year, and that repeated fires are required to keep 

competition from fire intolerants low and create further openings in the forest canopy 

(Elliott et al. 1999, Glasgow and Matlack 2007). 

 A number of studies have analyzed different techniques for regenerating oaks.  

Many of these studies focus on the combined use of mechanical thinning or harvest and 

prescribed fire.  Brose et al. (1999a) found that on upland hardwood sites with 75% oak 

overstory composition and 200 trees/ha, a 50% reduction in basal area combined with 

prescribed fire favored oak regeneration over competing species.  The study also found 

that under most conditions prescribed fire alone did not regenerate oaks to greater 

abundances.  Seasonality of fire played an important role in future forest development; 

high-intensity spring fires regenerated into oak-dominated stands after only one burn, 

whereas areas with low-intensity fire were dominated by non-oak species.  Areas 

experiencing mixed intensity burning and burning during other seasons were found to 

generate forests of mixed hardwoods, indicating that shelterwood harvest followed by 

prescribed burning is a technique of variable effectiveness.  Brose et al. (1999b) found 

that summer burning decreased densities of red maple, sweetgum (Liquidambar 

styraciflua), and yellow-poplar (Liriodendron tulipifera) in a Piedmont region by as 

much as 82-96%, while oak density decreased by only 11%.  Fire intensity is critical in 

controlling red maple and yellow-poplar growth, as intense fire results in poor sprouting 

by maple and poplar while promoting oak growth rate.  A 7-year study by Iverson et al. 

(2008) found that a combination of thinning and burning increased density of oaks 50-
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140 cm in height, and that 8.5-19% canopy openness provides a 50% chance of 

successful oak competition in regenerating forests.  Albrecht and McCarthy (2006) also 

found combining prescribed fire and mechanical thinning to efficiently reduce understory 

competition and provide a greater light abundance on the forest floor. 

 Mechanical thinning and shelterwood harvest followed by prescribed fire can 

successfully regenerate oaks and reduce understory competition, but such treatments are 

not universally effective.  Hutchinson et al. (2005) for example, indicated that repeated 

prescribed fires inconsistently promote of oak growth, and Albrecht and McCarthy 

(2006) found that maple sapling density reduction by a single fire lasted only one 

growing season.  Furthermore, oak seedling densities may be unresponsive to single 

burns, and fire applied after mechanical thinning may promote early-successional 

regeneration and sprouting of oak competitors (Albrecht and McCarthy 2006).  Oak 

stands must have a basal area of at least 100 ft
2
/ac, a mean stand age of at least 80 years 

and an oak stocking index of 70 to 80 on Piedmont sites.  If these pre-existing conditions 

do not exist then applying the shelterwood-burn technique should be delayed 2-3 years 

after a good acorn crop.  This will ensure that oak seedlings are established and able to 

take advantage of the reduction in understory competition caused by the prescribed fire 

(Brose et al. 1999b).  Repeated burning is also necessary to suppress oak competitors in 

the understory, as a number of studies have found that single burns do not significantly 

retard competition (Elliot et al. 1999, Albrecht and McCarthy 2006, Iverson et al. 2008). 

 Prescribed fire seasonality should be considered carefully, as fires during different 

seasons have differing effects on oak regeneration.  Spring and summer burns are 
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recommended because they have higher intensities than winter burns.  Increased intensity 

helps reduce oak competitors, such as maple, that typically resprout from the root collar, 

and buds damaged by intense fire produce weaker sprouts than those lightly damaged or 

undamaged by low-intensity fire (Brose et al. 1999, Glasgow and Matlack 2007).  

Topography also must be considered when planning prescribed burns as it can influence 

fire intensity and tree mortality (Elliott et al. 1999). 

 Following proper protocols, combined mechanical thinning and prescribed fire 

can be highly effective in promoting oak regeneration in forests where oak dominance is 

senescing.  To successfully regenerate oaks using this method, mechanical thinning must 

remove enough overstory trees to allow sufficient light to reach the forest floor to sustain 

oak growth.  Oak seedlings must already be present in the understory to ensure that 

regeneration is possible, and prescribed fire should be applied immediately after the 

thinning to remove understory competition from species such as maple, beech, and 

yellow-poplar.  Immediate application of fire will reduce these competitors and stimulate 

oak regeneration.  Repeated application of fire ensures that non-oak species will 

experience comparatively weak resprouting when compared to oak resprouts.  Forest 

managers should plan the season of the burn to meet management goals and consider 

topography as it can affect burn intensity and thus local effectiveness of the burn.  

Thinning and burning have benefits beyond supporting wildlife, such as the reduction of 

exotic pathogens and increasing understory vegetation richness by as much as 61% 

(Coleman et al. 2008, Holzmueller et al. 2008).  Furthermore, oak timber has substantial 

market value and revenue raised from harvest can support future management activities. 
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 Shelterwood harvesting and prescribed fire clearly affect forest structure and 

composition, and may be vital to the preservation of oak forest ecosystems.  Little is 

known, however, of the effects that these forest management methods have on bats.  

Furthermore, lack of information on the relationship between bats and their habitat has 

been identified as a critical area of research in conservation and management of forest 

bats (Arnett 2003, Fenton 2003).  While research on the relationship between bats and 

habitat structure has increased in recent decades, much of the research has been in 

western or northern pine forests (Miller et al. 2003, Brooks 2009).  Additional research in 

bat-habitat relationships in the eastern United States is currently critical, as the spread of 

white-nose syndrome (WNS), an emerging infectious disease of bats, is causing mass 

mortality of cave roosting bats in the region (Frick et al. 2010).  Bats are an important 

part of the faunal assemblage of forests in the eastern United States, and a better 

understanding of the effects of forest management on bats are needed if bats are to be 

conserved (Fenton 2003, Brooks 2009). 

 Research on bat-habitat relationships have been greatly aided in recent decades 

with the commercial availability of acoustic bat detectors (Brooks and Ford 2005).  These 

detectors allow for rapid assessment of species presence and of relative levels of activity 

(O'Farrell and Gannon 1999).  Use of acoustic detectors is based upon the ability of 

researchers to identify individual species by their unique call characteristics (Fenton and 

Bell 1981).  Studies using acoustic detectors have a number of inherent sources of 

variability, including (i) differences in detectability of bat species, (ii) night-to-night 

variability in bat activity, (iii) differences between multiple bat detectors in their ability to 
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detect passes, (iv) horizontal heterogeneity in bat activity within a site, and (v) vertical 

heterogeneity in bat activity at a site (Fischer et al. 2009).  Additionally, because passes 

cannot be identified to individual, age, or sex, data from acoustic studies cannot be used 

to measure bat population size, age, or sex structure.  Within the context of these 

limitations, data from acoustic studies provide useful information on bat use of individual 

habitats. 

 Studies of bat-habitat interactions have found bat activity to be more closely 

related to local habitat features, such as vegetation density, than landscape features such 

as elevation or slope (Erickson and West 2003, Loeb and O'Keefe 2006), although a 

number of factors are important, such as presence of streams or open water (Ford et al. 

2005, Carter 2006, Ober and Hayes 2008).  Vegetation density, and understory structural 

clutter in general, can significantly impede maneuverability and foraging efficiency of 

bats (Siemers and Schnitzler 2004).  Because of this, it is expected that bat activity 

should be greatest in areas of low clutter, and indeed, this is what a number of studies 

have found (Krusic et al. 1996, Brooks and Ford 2005).  Studies of bat activity in thinned 

and unthinned stands have found the same pattern, with increased activity in thinned 

stands compared to unthinned stands (Crome and Richards 1988, Grindal and Brigham 

1998, Owen et al. 2004, Peters et al. 2006).  However, the exact relationship between 

bats and clutter is not clear, as illustrated by Tibbels and Kurta (2003), who found that bat 

activity was greater in forest openings than within thinned or unthinned stands of red 

pine.  This may in part be related to multiple factors associated with habitat type; Loeb 
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and Waldrop (2008) suggest that low levels of bat activity within monoculture pine 

plantations may be due to limited understory vegetation.   

Few studies have looked at the effect that the vertical stratification of clutter has 

on bats, although activity levels have been monitored at different heights above the forest 

floor (Menzel et al. 2005, Loeb and Waldrop 2008).  Results of these studies provide 

evidence that different levels of clutter may result in the vertical stratification of bats by 

clutter tolerance (Hodgkison et al. 2004, Adams et al. 2009).  Bats are important 

predators of nocturnal insects (Whitaker 1995) and exhibit a wide range in foraging 

strategies, from aerial-hawking to foliage gleaning in the eastern United States.  This 

wide range in foraging strategies is matched by wide ranges in morphology, from the 

more open-adapted hoary bat (Lasiurus cinereus) to the clutter-adapted northern bat 

(Myotis septentrionalis).  Morphology based predictions of the responses of individual 

bat species to clutter appear to hold true in the eastern United States.  Large-bodied 

species such as the big brown bat (Eptesicus fuscus), silver-haired bat (Lasionycteris 

noctivigans), and hoary bat (Lasiurus cinereus) exhibit lower activity levels in cluttered 

habitats than uncluttered habitat, while activity of small-bodied species such as the 

eastern pipistrelle (Perimyotis subflavus) and Myotis genus show higher levels of activity 

in more cluttered habitats (Patriquin and Barclay 2003, Ford et al. 2005, Menzel et al. 

2005). 

 The lack of information on bat-habitat interactions is particularly true for the 

relationship between bats and burned habitats.   Only a handful of studies to date have 

investigated the effect of fire on bats; these studies have largely focused on bat activity 
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with respect to habitat changes (Boyles and Aubrey 2006, Perry et al. 2007, Loeb and 

Waldrop 2008).  These studies suggest that prescribed fire can alter bat activity through 

changes in forest composition with respect to clutter and snag dynamics (Keyser and 

Ford 2005, Boyles and Aubrey 2006, Perry et al. 2007, Loeb and Waldrop 2008).  

Specifically, Boyles and Aubrey (2006) found that fire affects bats primarily through its 

influence on snag dynamics; prescribed fire increases bat activity because fire creates 

additional snags through damage and mortality of trees.  Johnson et al. (2009) and Lacki 

et al. (2009) found similar patterns, with northern bats using burned stands preferentially 

for roosting, apparently benefitting from increased solar radiation at roost trees.  Perry et 

al. (2007) found that five of the six bat species in their study preferred to roost in or near 

stands that had undergone partial harvest, midstory removal, and burning.  In contrast, 

Loeb and Waldrop (2008) found that bat activity within burned stands in the first year 

post-fire was not different than activity levels within unburned stands, and that activity 

decreased in all burned areas in the second year post-fire.  This is counter to what may be 

expected from the results of studies on bat activity, which indicate that bat activity 

increases with decreasing clutter in harvested stands.  Bat activity may be highly variable 

in response to fire, as Fischer and Wilkinson (2005) suggest, as fires vary greatly 

according to intensity, season, and area.  High degrees of dissimilarity between fires may 

benefit bats, as Patriquin and Barclay (2003) and Hodgkison et al. (2004) found that 

heterogeneous habitat at a landscape level supports a higher diversity of bat species than 

homogeneous forests. 
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 Research is needed to determine the possible effects clutter has on habitat use by 

bats in the eastern United States, particularly with regard to the vertical stratification of 

habitat structure and the response of bats to changes in clutter over time.  Similarly, more 

research is needed to understand the effect that prescribed fire has on bats.  The primary 

objectives of this research are to provide information on the relationship between vertical 

stratification of clutter and patterns of bat activity within harvested forests in the eastern 

United States, to assess the short-term response of bats to changes in clutter, and to 

determine how bats respond to prescribed fire, as related to changes in forest clutter.  

Secondarily, this research will help serve as a record of bat activity levels within the 

forests of southern Ohio prior to the arrival of WNS. 
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Chapter 2:  Response of Bats to Shelterwood Harvest of Upland Appalachian Hardwood 

Forests 

 

Introduction 

Interest in bat conservation has increased in recent decades, and is currently an 

issue of critical concern to land managers in the eastern United States, where an emerging 

infectious disease, white-nose syndrome (WNS), has decimated populations of cave 

roosting bats (Frick et al. 2010).  Lack of information on the relationship between bats 

and their habitat has been identified as a critical area of research in conservation and 

management of forest bats (Arnett 2003, Fenton 2003).  Additionally, our understanding 

of bat-habitat relationships may be inaccurate, as some early studies have typically been 

limited by small sample sizes and pseudoreplication (Miller et al. 2003).  While research 

on the relationship between bats and habitat structure has increased in recent decades, 

more is needed in the eastern United States (Miller et al. 2003, Brooks 2009). 

 Shelterwood harvesting is a routine activity within managed forests of the eastern 

United States, and is used on both public and private lands for a variety of purposes.  

Changes in forest structure caused by harvesting are expected to significantly impact 

bats, which have evolved specialized morphologies and echolocation passes based upon 

unique feeding strategies and habitat types (Aldridge and Rautenbach 1987, Siemers and 

Schnitzler 2004). 
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 Because the ability of bats to negotiate clutter is strongly related to their 

morphology (Aldridge and Rautenbach 1987), the responses of individual species to 

harvest related changes in forest structure may therefore vary considerably.  This has in 

fact been found to be the case, as large-bodied species use low clutter areas in relatively 

greater proportion than small-bodied species (Menzel et al. 2005).  Activity of bats 

within thinned stands is generally greater than in unthinned stands (Owen et al. 2004, 

Loeb and Waldrop 2008); even within unthinned stands, bat activity is related to canopy 

gaps and openness (Ford et al. 2005).  In comparison, bat activity is low in clearcuts, with 

bat use highest within clumps of retained trees (Hogberg et al. 2002).   

 Local habitat features, such as forest structure and the presence of riparian areas 

and water, better explain bat presence than landscape features (Owen et al. 2004, Carter 

2006).  Vegetation density and structure in particular, are strongly related to bat activity 

(Loeb and O'Keefe 2006, Ober and Hayes 2008); high stem density may impede foraging 

efficiency and mobility (Siemers and Schnitzler 2004).  Despite this, the exact 

relationship between bats and clutter is not clear, as bat activity in some instances has not 

changed with decreases in clutter (Tibbels and Kurta 2003).  Few studies have looked at 

the effect that clutter in specific height strata has on bats, although activity levels have 

been monitored at different heights above the forest floor (Menzel et al. 2005, Loeb and 

Waldrop 2008).  Results of these studies provide evidence that different levels of clutter 

may result in the vertical stratification of bats by clutter tolerance (Hodgkison et al. 2004, 

Adams et al. 2009).   
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 Research is needed to further address the issue of how the vertical stratification of 

clutter affects habitat use by bats in the eastern United States.  Similarly, surveys of bat 

activity within harvested areas have not thoroughly investigated changes in activity over 

time within the same area.  My objective was to determine the relationship between 

vertical stratification of clutter and the way bats use harvested forests in the eastern 

United States, and to determine how bat activity changes with time since harvest.  I 

predicted that bat activity would be negatively related to clutter volume, and that bat 

activity would decrease with time since harvest in response to increasing clutter volume.  

This research will also help serve as a record of bat activity levels within the forests of 

southern Ohio prior to the arrival of WNS. 

Study Area 

 This study was conducted in Richland Furnace and Zaleski State Forests, Ohio 

(Figure 2.1); both forests lie in the unglaciated Allegheny Plateau region of Ohio, where 

topography is characterized by numerous hills and drainages (Kerr 1985).  Within the 

study area.  Slopes ranged from 10-24%, and elevation ranged from approximately 213 to 

304 m above sea level.  Mean annual temperature and rainfall in the region are 20°C and 

9.68 cm, respectively (NOAA).  Prior to the study, shelterwood harvesting reduced 

overstory stocking to 50% and 70% in two treatment blocks in each forest.  Overstory 

retention levels of 50 and 70% are consistent with harvesting recommendations in the 

published literature for promoting regeneration of oak species (Brose et al. 1999a, 

Iverson et al. 2008).  Trees retained in the overstory were primarily oaks, including 

chestnut oak (Quercus prinus), black oak (Q. velutina) scarlet oak (Q. coccinea), and 
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white oak (Q. alba), and hickories, including pignut hickory (Carya glabra) and shagbark 

hickory (Carya laciniosa).  Understory regeneration was primarily oaks (Quercus spp.), 

red maple (Acer rubrum), sassafras (Sassafras albidum), sourwood (Oxydendron 

arboreum), yellow-poplar (Liriodendron tulipefera) and blackgum (Nyssa sylvatica).   

Methods 

 I used Anabat II broadband ultrasonic bat detectors (Titley Electronics, Ballina 

New South Wales, Australia) to monitor bat activity levels in 4 10-ha treatment blocks 

and 2 10 ha controls in each forest established by Titchenell (2007).  I monitored bat 

activity from June-September in 2009; data on bat activity in 2006 was taken from 

Titchenell (2007), who monitored activity May-August.  To meet assumptions of 

independence between samples, 8 acoustic monitoring stations within each treatment 

block were arranged such that there was a 60 meter buffer between stations and edges, 

with a total of 48 stations per forest.  I monitored 2 treatment blocks simultaneously on 

nights when monitoring occurred; sampling order was random, but no site was monitored 

twice before all sites were monitored.  Treatment blocks monitored in a single night were 

within the same forest due to logistical constraints.  I began monitoring one half hour 

before sunset and continued 3 hours thereafter.  Generally, during each monitoring 

rotation I monitored all sites within one week of each other.  I hung detectors in 

protective water-resistant boxes hung approximately 1.5 meters from ground level facing 

the least obstructed airspace toward the center of the treatment block and upward at a 45° 

angle.  A 45° angle maximizes the available airspace and detects more passes than a 

detector at a lower angle (Weller and Zabel 2002).  Detector sensitivity was generally set 
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to 8, but when wind noise or insect passes were problematic sensitivity was lowered until 

these effects were minimized.  While this may have resulted in a lower call detection rate, 

because passes were recorded to voice activated micro-cassettes such background noise 

would consume all available recording time if sensitivity was not adjusted. 

Call analysis 

 Recorded passes were transferred from micro-cassette to computer using a Zero-

Crossing Analysis Interface module and Anabat version 6.3g (Titley Electronics, Ballina 

New South Wales, Australia).  Bat passes were individually identified in AnaLook 

version 4.9j (Titley Electronics, Ballina New South Wales, Australia) using both 

qualitative measures, including call curvature, slope, and pattern, and quantitative 

measures, including minimum and maximum call frequency, similar to the method used 

by Owen et al. (2004).  Only bat passes that contained two or more calls separated by >1 

s were retained for analysis, and only those that were of sufficiently high quality were 

identified to species.  When multiple species were detected in a single pass they were 

counted separately.  Feeding buzzes were excluded from analysis due to problems in 

reliable identification.  Relative activity levels for each treatment area were determined 

by calculating the mean number of passes per monitoring station per night, from which 

an overall mean for each treatment area was obtained (Gehrt and Chelsvig 2003).  

Because recording quality of tapes is lower than computers (White and Gehrt 2001), 

species with similar call structures were grouped.  Specifically, big brown bats and silver-

haired bats were combined (EFLN), and all Myotis species and eastern pipistrelles 
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combined (MYPI).  Red bats (LABO) and hoary bats (LACI) were not grouped because 

these species have distinctive call structures and frequency ranges. 

Clutter measurement 

 To examine the specific effect of harvest induced vegetation changes on bat 

activity, all monitoring stations also served as vegetation plots.  Following the design of 

Titchenell (2007) each plot was stratified into 0.08 ha overstory (trees greater than or 

equal to 10 cm diameter at breast height [DBH]), 0.04 ha sapling (trees greater than or 

equal to 1.4 m tall and less than 10 cm DBH), and 0.02 ha large seedling (trees 0.3 to 1.4 

m tall) circular sub-plots circumscribed around the monitoring station.  In 2006, for each 

size class, all woody stems were recorded by species and measured for total height, 

height to live crown (HTLC), minimum and maximum crown diameter, and DBH.  Due 

to the high density of regenerated stems and time constraints, in 2009 a sub-sample of 30 

plots were measured, and within each plot only 3 trees of each species in each size class 

were fully measured; all other trees were measured only for total height and DBH. 

Clutter calculations 

 Using the algorithm described by Avina et al. (2007), which calculates crown area 

as the volume of two cones, total crown area for each tree was calculated and used to 

create a total clutter volume in pre-determined height strata as m
3
/ha.  Crown volume 

estimates calculated as the volume of two cones have been found to be effective in 

representing actual crown area (Karlik and McKay 2002).  Strata were classified as 

follows 0-6 m (SIX), 6-9 m (NINE), 9-12 m (TWLV), and 12 and up (TWLVP).  
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Because full measurements were not taken for all trees in 2009, I used linear regression to 

generate estimated values for those trees without measurements for HTLC and crown 

diameter. 

Statistical analysis 

 I used 2-way analysis of variance (ANOVA) using treatment and forest as main 

effects and an interaction term to test for significant differences in total activity levels 

between treatment areas and forests.  Tukey's multiple comparison test was used to 

identify individual differences.  Because total activity levels were not normally 

distributed in either year and variances were not homogenous, I used a log(X+1) 

transformation on total activity to meet these assumptions.  Because no significant 

differences were detected between forests (P > 0.05), a 3-way ANOVA using treatment 

area and year with an interaction term was used to test for differences in total bat activity 

1 and 3 years post-harvest treatment areas.  Tukey's multiple comparison test was used to 

identify differences between individual treatment areas and years. 

 An information theoretic approach was used to evaluate the effect of structural 

volume on total bat activity.  A candidate set of 13 generalized linear models (GLM) 

using a Gaussian distribution was created using the combined 2006 and 2009 data.  Using 

a Gaussian distribution, predictor variables tested were total clutter volumes in the 

different height strata, and a year indicator as predictor variables in the models.  I 

transformed predictor variables by log(x+1) to meet assumptions of normality and 

homogeneity of variance.  Models were ranked using Akaike's Information Criterion 

corrected for small sample size (AICc), the difference between the model with the lowest 
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AICc and the AICc for the ith model (∆i), and Akaike's weights (wi).  Models with the 

lowest AICc, ∆i ≤ 2, and greatest wi were considered to have the best support (Burnham 

and Anderson 2002).  To examine the effects of fire and clutter on individual species 

groups, I used the same set of models used to predict total bat activity were used in 

logistic regression to predict species site use; models were ranked using the same 

information theoretic approach.   

 I used ANOVA testing test was used to test for differences in structural volume 

levels between year and treatment block .  Differences between individual strata were 

determined using Tukey’s multiple comparison test.  Because a log transformation did 

not result in complete homogeneity of variance between retention blocks, the ANOVA 

was performed on ranked data.   

 Individual species groups were extremely non-normal in their distribution, thus I 

used non-parametric Kruskal-Wallace tests to determine differences for each species 

between treatment blocks within years.  When I found significant differences, Mann-

Whitney U tests were used to identify specific differences.  Differences in mean passes in 

individual treatment block retention levels between years were assessed using Mann-

Whitney U tests.  All tests were performed in the R statistical program (version 2.10.1, 

http://www.r-project.org). 

Results 

Bat activity in treatment and control areas 

 Bat activity was monitored for 38 nights in 2006 by Titchenell (2007), for a total 

of 609 detector nights, with 11,581 total bat passes recorded.  Of the passes identified by 
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species, 326 were red bats, 336 were in the EFLN group, and 113 were in the MYPI 

group.  In 2009, bat activity was monitored on 36 nights, for a total of 576 detector 

nights, with a total of 9,190 total bat passes were recorded.  Of the passes identified by 

species, 1,544 were red bats, 1,653 were EFLN, 846 were MYPI, and 171 were hoary 

bats. 

 No differences were detected in bat activity between forests in either year (F1, 90 = 

0.26, P = 0.61, F1, 90 = 3.85, P = 0.053) nor was the interaction of retention and forest 

significant in either year (F2, 90 = 2.07, P = 0.13, F2, 90  = 1.45, P = 0.24).  Mean nightly 

passes differed between harvested treatment blocks and controls immediately post-

harvest (F2,90  = 39.24 , P < 0.001), but not between 50% and 70% retention blocks (P = 

0.963).  Three years post-harvest mean nightly passes differed between treatment blocks, 

(F2, 90 = 64.8, P < 0.001), with more passes detected in the 50% and 70% retention blocks 

than the controls (P < 0.001), however, fewer passes were recorded in the 70% retention 

blocks than the 50% (P = 0.02) (Table 2.1). 

 No difference in mean nightly passes was found between years in controls (P = 

0.479), between 50% retention blocks (P = 0.968), or between 70% retention blocks (P = 

0.557 (Figure 2.2). 

Clutter volume 

 Clutter volume differed between controls and retention blocks immediately post-

harvest (F2, 130 = 38.25, P < 0.001).  Clutter volume did not differ between retention 

blocks (P = 0.157) immediately post-harvest, but controls had more total clutter volume 

than either the 50% (P < 0.005) or 70% (P < 0.001) treatment blocks.  Clutter volume did 
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not differ among strata below 12+ m (P > 0.05) within treatment blocks.  Three years 

post-harvest, clutter volume still differed between controls and retention blocks (F2, 130  = 

8.05, P < 0.001).  Clutter was greater in control blocks than treatment blocks (P < 0.001), 

and clutter volume the 50% and 70% retention blocks did not differ (P = 0.534).  

Between years, clutter volume increased in all treatment blocks as well as controls (F2,260  

P > 0.05).  This was true for all height strata except the 12+ m stratum, which was 

insignificantly lower three years post-harvest (P = 0.629) (Figure 2.3).  The decrease in 

the 12+ m stratum is due to losses of a number of large overstory trees during ice and 

severe wind events between measurement years. 

Bat response to changes in clutter 

 Total mean nightly bat activity was best predicted by the model containing 

volume in the 6-9 m height stratum (β = –0.237, P < 0.001) the year indicator (β = 0.711, 

P = 0.171), and their interaction (β = 0.041, P = 0.637).  No other models received 

substantial support (Table 2.2).   

Species specific responses 

Big brown/silver-haired bats 

 Immediately post-harvest, mean activity by big brow/silver-haired bat was greater 

in 50% and 70% retention blocks than in controls (H = 34.64, df =2 , P < 0.001).  No 

difference in mean activity levels was observed between the 50% and 70% retention 

blocks (U = 0.554, P = 0.570).  Three years post-harvest, big brown/silver-haired bat call 

numbers differed significantly between treatment and control blocks (H = 53.15, df = 2, P 
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< 0.001), with greater numbers of passes recorded in the 50% retention blocks and 70% 

retention blocks than in controls.  No difference was found between 50% and 70% 

retention blocks (U = 0.518, P = 0.941).   

Big brown/silver-haired bat site use was best predicted by the model containing 

clutter volume in the 6-9 m height stratum (β = –0.022, P = 0.075), the year indicator (β = 

1.04, P = 0.247) and their interaction (β = 0.022, P = 0.081).  No other models received 

substantial support (Table 2.2). 

Red bats 

 Red bat activity did not differ between retention blocks immediately post-harvest 

(U = 0.477, P = 0.597), however activity was greater in the retention blocks than controls 

(H = 17.24, df = 2, P < 0.001).  Mean red bat call numbers differed between treatment 

and control areas 3 years post-harvest (H = 49.30, df = 2, P < 0.001), with 50% and 70% 

retention blocks having higher mean nightly passes recorded than control blocks; mean 

numbers of nightly passes did not differ  between treatment blocks (U = 0.401, P = 

0.137).   

 Probability of red bat habitat use was best predicted by the model that contained 

volume in the 6-9 m height stratum (β = –0.002, P = 0.301), the year indicator (β = 4.036, 

P = 0.004) and their interaction (β = 0.001, P = 0.561).  As with big brown/silver-haired 

bats, the increased probability of detection in 2009 is probably due to the larger 

proportion of identified passes in that year.  The only other model to receive substantial 

support was the model containing all the main effects (Table 2.2). 
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Myotis spp. and eastern pipistrelles 

 In the first growing season post-harvest, activity of this group did not differ 

between 70% retention and control blocks (U = 0.573, P = 0.257), but was greater in 50% 

retention blocks than 70% retention blocks (U = 0.371, P = 0.03) and controls (U = 

0.304, P < 0.001).  Three years post-harvest, while no difference was found in 

Myotis/eastern pipistrelle mean nightly call numbers between the 50% and 70% retention 

blocks (U = 0.487, P = 0.941), mean nightly passes differed between treatments, with 

fewer passes in controls than in 50% and 70% retention blocks (H = 13.256, P < 0.001).  

Due to small sample sizes in both years, no meaningful models could be constructed for 

this group. 

Discussion 

 As predicted, bat activity levels were greater in thinned treatment blocks than 

unthinned control blocks in both years.  This pattern of activity is consistent with other 

studies of bat activity in thinned forests (Grindal and Brigham 1998, Owen et al. 2004).  

Overstory thinning is believed to allow increased foraging efficiency and might improve 

insect abundances (Siemers and Schnitzler 2004, Perry et al. 2007, Scanlon and Petit 

2008).  Decreases in clutter following thinning may most benefit large-bodied bats, which 

may be restricted to less cluttered habitats by their morphology (Aldridge and 

Rautenbach 1987, Hodgkison et al. 2004).  Therefore, greater activity of the large-bodied 

big brown/silver-haired bats and red bats in thinned treatment blocks relative to control 

blocks was not surprising, nor were the negative relationships between probability of 

presence of these species and increases in clutter.  In contrast, based on high call 
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frequencies and predictions of morphology, the small-bodied Myotis genus and eastern 

pipistrelles should favor increased canopy clutter.  This pattern was not apparent in this 

study using simple hypothesis tests, which found significantly more activity in the 

thinned treatment blocks. 

Lack of a significant change in bat activity between the first growing season post-

harvest and three years post-harvest, despite significant increases in clutter in all but the 

12+ m height stratumsuggests that forest bats are tolerant of short term increases in 

clutter caused by dense regeneration in forest understories following harvest.  The 

insignificance of the year indicator and the interaction between year and clutter volume in 

the best supported model predicting total bat activity also suggests this, and highlights the 

importance of clutter in the 6-9 m height stratum.  Clutter is clearly an important factor in 

determining bat activity (Patriquin and Barclay 2003, Ford et al. 2005, Loeb and O'Keefe 

2006, Loeb and Waldrop 2008), and it may be that clutter volume did not reach levels 

that would cause a decline in bat activity.  Few studies have attempted to identify specific 

clutter levels at which bat activity begin to decrease, and attempts to do so may be largely 

uninformative, as differences in habitat types may play a significant role in determining 

activity (Tibbels and Kurta 2003).  

 Although only one model received substantial support in predicting mean total 

nightly bat activity, the rankings of the models provide insight into the relative 

importance of each strataum in determining bat activity.  Relatively high rankings of the 

models containing volume in the 6-9 m stratum relative to the 9-12 m, 12+ m, 0-3 m 

strata, which experienced the greatest changes in clutter, suggests that while bats  
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may be tolerant of substantial increases in clutter, it may restrict their use to less cluttered 

areas in the understory.  High ranking of the model containing all of the main effects 

suggests that other height strata are relatively unimportant compared to the 6-9 m height 

strata.   High clutter volumes from regenerating vegetation in the lowest height strata and 

increasing clutter from trees released during harvest in the uppermost strata may form 

functional barriers or bats,  where volume is too great to permit efficient flight and 

foraging.  If such a barrier exists, it likely varies between species based upon morphology 

and call structure and may result in the vertical stratification of bats (Adams et al. 2009), 

with clutter intolerant species using higher strata than clutter tolerant species (Hodgkison 

et al. 2004).  The importance of the 6-9 m height strata in this study suggest that bats are 

selecting for relatively uncluttered airspace within forests.    

The proportion of identified passes in both 2006 and 2009 was strongly skewed 

toward species with lower frequency passes.  Higher frequency passes can be difficult to 

identify reliably because atmospheric attenuation affects these passes more than low 

frequency passes (Fenton and Bell 1981).  This effect may have resulted in the low 

detection rate of species with high frequency passes.  However, the minimum sound 

intensity of passes required for detection is relatively low in thinned forests (Patriquin et 

al. 2003), and both Owen et al. (2004) and Krusic et al. (1996) have documented lower 

activity of small-bodied species in upland habitat relative to riparian corridors.  It is 

unlikely that big brown/silver-haired and red bat activity increased as indicated by total 

identified call numbers between years, without total activity also increasing significantly.  

Accordingly this difference has not been statistically analyzed.  The difference in the 
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proportion of passes identified between years is evidence to this effect (6.9% in 2006 and 

44.0% in 2009), as are the stable proportions of call identifications; in both 2006 and 

2009 big brown/silver-haired bat passes made up 40.9% of all identified passes, while red 

bat passes made up 44.9 and 38.2% of passes in 2006 and 2009, respectively, and the 

Myotis/pipistrelle group accounted for 14.2% of identified passes in 2006 and 20.9% in 

2009.  Proportions of passes identified in this study are low compared to those of other 

studies, but mean nightly activity was greater than has been reported in other studies in 

upland forests (Grindal and Brigham 1998, Owen et al. 2004, Brooks 2009). 

While big brown bats are considered habitat generalists (Whitaker and Hamilton 

1998, Owen et al. 2004) their presence has been found to be negatively related to 

increases in clutter (Brooks and Ford 2005, Ford et al.2005, Brooks 2009), with activity 

levels highest above forest canopies (Menzel et al. 2005).  Big brown bats followed this 

pattern in this study, with probability of big brown bat site use decreasing with increasing 

clutter volume in the best supported model.  Similarly, the relatively high ranking of the 

null model supports the idea that big brown bats are habitat generalists, as it indicates 

relatively weak habitat selection criteria.  In contrast, the high ranking of the model 

containing all the main effects for red bats suggests that they exhibit greater habitat 

selection than big brown bats.  Red bats, though large-bodied, are considered more clutter 

tolerant than similar sized species (i.e. big brown bats) (Elmore et al. 2005, Loeb and 

O'Keefe 2006) and have been found using understory and above canopy areas equally 

(Menzel et al. 2005).  This may have contributed to the importance of year in the model 
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best predicting red bat presence, but it is likely that the much smaller proportion of passes 

identified in 2006 biased the model.  

Management Implications 

 Overstory thinning is a ubiquitous practice in managed forests.  Such thinnings 

are widely believed to benefit bats, and indeed, the decrease in clutter caused by thinning 

has been associated with increased bat activity (Grindal and Brigham 1998, Patriquin and 

Barclay 2003, Loeb and Waldrop 2008).  Decreased clutter allows for more efficient 

flight and echolocation for some bat species, and thinned stands may be areas of greater 

prey abundance for insectivorous bats (Owen et al. 2004, Peters et al. 2006).  My study 

shows that increases in bat activity following thinning at overstory retention levels 

recommended for regenerating oak forests persist several years post-harvest, particularly 

among large-bodied aerial hawkers, despite significant short-term increases in clutter in 

the forest understory.  Within large contiguous unharvested forests, these thinned stands 

may be important landscape features for foraging bats.  However, unthinned and more 

structurally developed forests may be important for other aspects of bat ecology, and 

should remain available within the landscape.  Additionally, some species of bats, such as 

the Myotis genus, are more adapted to closed canopy forests, and thinnings that reduce 

canopy cover may not benefit these species (Hogberg et al. 2002).  Maintaining 

availability of forest stands in different stages of succession across the landscape should 

provide suitable habitat for a range of bat species while allowing other management 

objectives to be met. 
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Caveats 

 Studies of bat activity using acoustic detectors are subject to a number of 

assumptions and sources of variability which are important to articulate (Gannon et al. 

2003).  As identified by Fischer et al. (2009) these are (i) differences in detectability of 

bat species, (ii) night-to-night variability in bat activity, (iii) differences between multiple 

bat detectors in their ability to detect calls, (iv) horizontal heterogeneity  in bat activity 

within a site, and (v) vertical heterogeneity in bat activity at a site.  This study has 

attempted to address each of these issues by design, with the exception of differences in 

detectability.  As previously noted, this may have played a role in the low sample size of 

Myotis bats and eastern pipistrelles, but I am unaware of any current means to ensure 

equal detectability.  Variability in bat activity night-to-night has been addressed through 

repeated measures of the same sites at routine intervals and the averaging of calls.  

Differences between detectors has been addressed in some studies through calibration of 

individual detectors using ultrasonic devices (Gehrt and Chelsvig 2003).  This method 

was not employed, rather, detectors were shuffled randomly among sites, thereby 

averaging the effects of individual detector sensitivities.  I believe that this offers a 

number of advantages of calibration of individual detectors, in particular, when detector 

sensitivity has to be adjusted in situ due to ambient noise, this does not require repeated 

calibrations.  Issues of detection capability related to vertical and horizontal habitat 

structure were addressed by positioning detectors toward open spaces, and, when 

vegetation blocked detectors, this was cleared in the area immediately in front of the 

detector.  While it could be argued that this biased sampling, I do not believe this to be 
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the case for several reasons.  First, obstructions caused by fallen limbs or herbaceous 

growth only affect detector capabilities, not overall habitat structure, and are unlikely to 

alter bat habitat use.  Secondly, not removing these obstructions would have resulted in 

negative bias and underestimated bat activity.  Regardless, because detectors were only 

positioned 1.5 m above the forest floor, it is possible that bat activity levels were higher 

than detected in this study, as this positioning does not allow for monitoring of activity 

above the canopy.  Decreases in probability of detection and in activity levels of bats with 

increases in clutter, as found in my models, may be due to reduced detection capability 

caused by dense clutter, particularly within control sites.  This may be a factor in all 

forested habitats.  Finally, individual species responses to clutter, particularly in the 

Myotis  genus, may have been masked by grouping these species together.  Finally, 

numbers of recorded calls in acoustic studies cannot be directly related to population 

parameters, and sex of individual bats cannot be determined from calls.  This is an 

important consideration of acoustic studies, as female bats may be more constrained in 

habitat use by maternity roosting ecology.  While some bat habitat studies have been 

criticized for low sample sizes and pseudoreplication (Miller et al. 2003), and despite the 

limitations of acoustic studies, I believe that the large sample size presented in this study, 

along with extensive habitat measurements, allow for useful conclusions to be drawn on 

the relationship between bats and forest structure. 
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Figure 2.1 Location of Richland Furnace and Zaleski State Forest study areas in the 

unglaciated Allegheny Plateau in Ohio. 
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Figure 2.2.  Mean nightly passes in unharvested control blocks and 50% and 70% 

overstory retention harvests blocks in the first and third growing season post-harvest in 

southern Ohio.  
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Figure 2.3.  Mean clutter volume with standard error bars by height strata in unharvested, 

50% and 70% overstory retention harvests in the first and third growing seasons post-

harvest in southern Ohio. 
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Table 2.1 Mean total nightly passes and standard error by species group pre- and post-

fire in forest treatment areas.  P-values represent differences between years.   



 

 

 

Table 2.2  Aikaike's Information Criteria (AIC), AIC corrected for small sample size (AICc), difference between model 

AIC and the best model (∆i) and Aikaike's weight (wi) for models predicting total passes, probability of presence of big 

brown bats (EFLN) and red bats (LABO)  using clutter volume by strata.  Bold values are models with ∆i < 2. 

3
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Chapter 3: The Response of Bats to Prescribed Fire in Upland  

Appalachian Hardwood Forests 

 

 

Introduction 

 Bats are an important part of the faunal assemblage of forests in the eastern 

United States, but basic information on many species of bats and their response to habitat 

alteration is lacking (Fenton 2003, Brooks 2009).  Research on this subject has been 

greatly aided in recent decades with the commercial availability of acoustic bat detectors 

and increasing interest in bat conservation (Krusic et al. 1996, O'Farrell 1999, Brooks 

and Ford 2005).  Current interest in bat conservation is due in no small part to the spread 

of white-nose syndrome (WNS), an emerging infectious disease of bats.  Since its 

discovery in 2006, WNS has spread across the eastern region of the country, causing 

mass mortality of cave roosting bats, and leading to predictions of extinction for the little 

brown bat (Myotis lucifugus), one of the most common species of bats in the United 

States (Frick et al. 2010).  As bats experience declines across this region of the country, 

which is dominated by oak forests, land managers will increasingly have to be aware of 

how management techniques affect bats. 

 Oak forest management prescriptions call for combinations of overstory thinning 

and prescribed fire to remove competing species and allow oaks to regenerate.  Little is 

known on the effect that these activities, particularly prescribed fire, have on bats (Boyles 
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and Aubrey 2006, Loeb and Waldrop 2008).  It is clear however, that prescribed fire is 

capable of having significant impacts on forest habitats through reductions in understory 

structure and creation of canopy gaps.  Even moderate intensity fires can top-kill a small 

number of mature trees and remove saplings from the understory (Signell et al. 2005, 

Hutchinson et al. 2008).  Changes in forest structure are particularly important to bats, as 

bats have evolved specialized morphologies and echolocation passes based upon feeding 

strategies and habitat types (Aldridge and Rautenbach 1987, Siemers and Schnitzler 

2004).  Indeed, vegetation density is a better predictor of bat activity than landscape and 

other forest stand attributes (Loeb and O'Keefe 2006).  With the spread of WNS, it is 

increasingly important to understand the effects that changes in forest structure caused by 

these forest management practices have on bats if bat populations are to be conserved. 

 Research on bat activity has shown a number of trends among bat responses to the 

small scale habitat disturbances that are characteristic of forest management practices, 

among which are increased levels of activity within areas of low vegetative structure (i.e. 

clutter) (Owen et al. 2004, Ford et al. 2005, Perry et al. 2007).  At high levels, understory 

clutter can significantly impede maneuverability and foraging efficiency of all bats, 

therefore, decreases in clutter allow for greater foraging efficiency and increased bat 

activity (Siemers and Schnitzler 2004).  Decreased clutter resulting from prescribed fire 

may offer bats the same benefits of mechanical thinning, with reduced clutter allowing 

for more efficient foraging and flight in large-bodied bats with high wing loadings and 

aspect ratios.  This may also benefit some smaller bodied bats, as radio-tracked northern 

bats have been found foraging in and around burned forests (Johnson et al. 2009, Lacki et 

al. 2009).  Low-clutter gaps and small openings created by forest thinning are areas of 
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high insectivorous bat activity, which may be related to increased foraging opportunities 

(Scanlon and Petit 2008).  Decreases in clutter and increased snag density may most 

benefit large-bodied bats, such as the big brown bat (Eptesicus fuscus) and the red bat 

(Lasiurus borealis), which may be restricted to less cluttered habitats (Aldridge and 

Rautenbach 1987).  However, in a study of bat activity between burned stands, unburned 

stands, and thinned and burned stands in southern pine stands, Loeb and Waldrop (2008) 

were unable to detect differences in bat activity between sites in the first year post-fire, 

but found decreased activity in all burned areas the second year post-fire.  This suggests 

that decreased clutter caused by prescribed fire may not benefit bats, or may affect other 

aspects of their ecology. 

 Prescribed fire may affect roost site availability and suitability through overstory 

tree mortality and increased solar radiation at roost trees (Erickson and West 2003, 

Johnson et al. 2007).  Prescribed burning may also weaken and remove existing snags 

and roost trees (Boyles and Aubrey 2006).  In areas where fire is applied after a long fire-

free period, snag mortality can be as great as 21%, although new snag recruitment can 

offset net losses to 12% in single prescribed burns and 3% on plots burned multiple times 

(Bagne et al. 2008).  Research on the roosting habits of bats in and near burned habitats 

has found that both evening bats (Nycteceius humeralis) and northern bats (Myotis 

septentrionalis) respond favorably to fire created roosting opportunities (Boyles and 

Aubrey 2006, Johnson et al. 2009, Lacki et al. 2009).  Boyles and Aubrey (2006) found 

that all of the 63 roost sites used by 23 radio-tagged evening bats were found within 

burned areas, and nearly all roosts were 50 m or more away from forest edge.  Northern 

bats appear to capitalize on increased roosting opportunities offered by prescribed fire, 
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and benefit from increased solar heating of roost sites in fire created gaps and home 

ranges closer to burned habitat (Johnson et al. 2009, Lacki et al. 2009).  Whether 

increased roosting opportunities in burned habitat results in increased activity within 

burned stands is unknown.  

 My objective was to determine the response of bats to changes in clutter caused 

by prescribed fire.  Based upon initial research into the effects of prescribed fire on bats, I 

predicted that bat activity would increase in harvested stands following fire, and would be 

greater in burned stands than unburned controls.  I also predicted that activity of large-

bodied bats such as the big brown bat (Eptesicus fuscus) and red bat (Lasiurus borealis) 

would increase post-fire in response to decreases in clutter, while activity of small-bodied 

bats, such as the Myotis genus and eastern pipistrelle (Pipistrelle subflavus) would not 

change significantly. 

Study Area 

 This study was conducted in Richland Furnace and Zaleski State Forests, Ohio 

(Figure 3.1); both forests lie in the unglaciated Allegheny Plateau region of Ohio, where 

topography is characterized by numerous hills and drainages (Kerr 1985).  Slopes ranged 

from 10-24%, and elevation ranged from approximately 213 to 304 m above sea level.  

Mean annual temperature and rainfall in the region are 20°C and 9.68 cm, respectively 

(NOAA).  Shelterwood harvesting reduced overstory stocking to 50% and 70% in two 

treatment blocks in each forest prior to the study.  Overstory retention levels of 50 and 

70% are consistent with harvesting recommendations in the published literature for 

promoting regeneration of oak species (Brose et al. 1999a, Iverson et al. 2008).  Trees 
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retained in the overstory were primarily oaks, including chestnut oak (Quercus prinus), 

black oak (Q. velutina) scarlet oak (Q. coccinea), and white oak (Q. alba), and hickories, 

including pignut hickory (Carya glabra) and shagbark hickory (Carya laciniosa).  

Understory regeneration was primarily oaks (Quercus spp.), red maple (Acer rubrum), 

sassafras (Sassafras albidum), sourwood (Oxydendron arboreum), yellow-poplar 

(Liriodendron tulipefera) and blackgum (Nyssa sylvatica).   

Methods 

 Prescribed fire was applied to one treatment block of each retention level in each 

forest in fall 2009, with the remaining treatment blocks burned in spring 2010.  To meet 

logistical needs and management objectives, burn unit size ranged from ~10 to 30 ha.  

Backing and strip fires were used to control fire intensity; despite this, burn intensity was 

highly variable, with temperatures ranging from ~426 to ≤537 °C (Hall, personal 

communication).   

 Anabat II broadband ultrasonic bat detectors (Titley Electronics, Ballina New 

South Wales, Australia) were used to determine bat activity levels in four 10 ha treatment 

blocks and two 10 ha controls in each forest.  Bat activity was monitored June- 

September in 2009 (pre-fire) and 2010 (post-fire).  To meet assumptions of independence 

between samples, eight acoustic monitoring stations within each treatment block were 

arranged such that there was a 60 meter buffer between stations and edges, with a total of 

48 stations per forest.  Two treatment blocks were monitored simultaneously on nights 

when monitoring occurred; sampling order was random, but no site was  monitored twice 

before all sites were monitored.  Treatment blocks monitored in a single night were 
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within the same forest due to logistical constraints.  Monitoring began one half hour 

before sunset and lasted three hours thereafter.  Generally, during each monitoring 

rotation all sites were monitored within one week of each other.  Detectors were hung in 

protective water-resistant boxes hung approximately 1.5 meters from ground level facing 

the least obstructed airspace toward the center of the treatment block and upward at a 45° 

angle.  A 45° angle maximizes the available airspace and can detect more passes than a 

detector at a lower angle (Weller and Zabel 2002).  Detector sensitivity was generally set 

to 8, but when wind noise or insect passes were problematic sensitivity was lowered until 

these effects were minimized.  While this may have resulted in a lower call detection rate, 

because passes were recorded to voice activated micro-cassettes such background noise 

would consume all available recording time if sensitivity was not adjusted. 

Call analysis 

 Recorded passes were transferred from micro-cassette to computer using a Zero-

Crossing Analysis Interface module and Anabat version 6.3g (Titley Electronics, Ballina 

New South Wales, Australia).  Bat passes were individually identified in AnaLook 

version 4.9j (Titley Electronics, Ballina New South Wales, Australia) using both 

qualitative measures, including call curvature, slope, and pattern, and quantitative 

measures, including minimum and maximum call frequency, similar to the method used 

by Owen et al. (2004).  Only bat passes that contained 2 or more calls separated by >1 s 

were retained for analysis, and only those that were of sufficiently high quality were 

identified to species.  When multiple species were detected in a single pass they were 

counted separately.  I excluded feeding buzzes from analysis due to difficulties associated 



45 

 

with reliable identification.  I did not analyze feeding buzzes separately due to small 

sample sizes.  Relative activity levels for each treatment block were determined by 

calculating the mean number of passes per night at each site, from which I obtained an 

overall mean for each treatment block (Gehrt and Chelsvig 2003).  Because recording 

quality of tapes is lower than computers (White and Gehrt 2001), I grouped species with 

similar call structures.  Specifically, big brown bats and silver-haired bats were in one 

group (EFLN), and all Myotis species and eastern pipistrelles were in another (MYPI).  

Red bats (LABO) and hoary bats (LACI) were not combined with any other species. 

Clutter measurement 

 To examine the specific effect of harvest induced vegetation changes on bat 

activity, all monitoring stations also served as vegetation plots.  Following the design of 

Avina et al. (2007) each plot was stratified into 0.08 ha overstory (trees greater than or 

equal to 10 cm DBH), 0.04 ha sapling (trees greater than or equal to 1.4 m tall and less 

than 10 cm DBH), and 0.02 ha large seedling (trees 0.3 to 1.4 m tall) circular sub-plots 

circumscribed around the monitoring station.  I measured a sub-sample of 30 plots each 

year; due to the high density of regenerated stems and time constraints.  Within each plot 

only three trees of each species in each size class were fully measured; all other trees 

were measured only for total height and DBH. 

Clutter calculations 

 Using the algorithm described by Avina et al. (2007), which calculates crown area 

as the volume of two cones, total crown area for each tree was calculated and used to 

create a total clutter volume in pre-determined height strata as m
3
/ha.  Crown volume 
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estimates calculated as the volume of two cones have been found to be effective in 

representing crown area (Karlik and McKay 2002).  Predetermined strata were broken 

into 3 m sections beginning at ground level; strata are as follows 0-3 m, (TRI), 3-6 m 

(SIX), 6-9 m (NINE), 9-12 m (TWLV), and 12 and up (TWLVP).   I used linear 

regression to generate estimated values for those trees without measurements for height 

to live crown and crown diameter. 

Statistical analysis 

 For each year, I used a 2-way analysis of variance (ANOVA) using treatment and 

forest as main effects and an interaction term to test for significant differences in total 

activity levels between treatment blocks and forests.  Tukey's multiple comparison test 

was used to identify individual differences.  To meet assumptions of normality and 

homogeneity of variance, I applied a log(X+1) transformation on total activity.  Because 

no significant differences were detected between forests (P > 0.05), I used a two-way 

ANOVA with treatment block and year with an interaction term to test for differences in 

total bat activity pre-and post-fire.  Differences between individual treatment blocks and 

years were identified with Tukey's multiple comparison test. 

 I used an information theoretic approach to evaluate the effect of canopy clutter 

on total bat activity.  A candidate set of 20 a priori generalized linear models (GLM) 

using a Gaussian distribution were created based on knowledge of bat-habitat interactions 

for the combined 2009 and 2010 data. I tested clutter volume in the different height 

strata, and a burn indicator as predictor variables in the models; to meet assumptions of 

normality and homogeneity of variance, predictor variables were log transformed.   
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 Models were ranked using Akaike's Information Criterion corrected for small 

sample size (AICc), the difference between the model with the lowest AICc and the AICc 

for the ith model (∆i), and Akaike's weights (wi).  Models with the lowest AICc, ∆i ≤ 2, 

and greatest wi, were considered to have the best support (Burnham and Anderson 2002).  

To examine the effects of fire and clutter on individual species groups, I used the same 

set of models used to predict total bat activity were used in logistic regression to predict 

species site use; models were ranked using the same information theoretic approach.  

Additionally, ANOVA testing using Tukey's multiple comparison test was used to test for 

differences in structural volume levels between strata by year and retention.  Because a 

log transformation did not result in complete homogeneity of variance between retention 

blocks, the ANVOA was performed on ranked data.   

 Individual species groups were non-normal in their distribution, thus I used non-

parametric Kruskal-Wallace tests find differences in mean nightly calls between 

treatment blocks for each species within years.  When I found differences , Mann-

Whitney U tests were used to identify specific differences between treatment blocks.  I 

performed all tests in the R statistical program (version 2.10.1, http://www.r-project.org). 

Results 

Bat activity in treatment and control areas 

 Bat activity was monitored at 16 plots each night for 36 nights in 2009 and 42 

nights in 2010, for a total of 576 and 672 detector nights respectively.  In 2009, a total of 

9,190 total bat passes were recorded.  Of the passes identified by species, 1,544 were red 

bats, 1,653 were EFLN, 846 were MYPI, and 171, were hoary bats.  A total of 8,035 bat 
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passes were recorded in 2010, and of the passes identified by species, 303 were red bats, 

1,841 were EFLN, 385 were MYPI, and 36 were hoary bats. 

 No differences were detected in mean nightly bat activity between forests in either 

2009 (F1,90 = 3.85, P = 0.053) or 2010 (F1, 90 = 0.35, P = 0.56), nor was the interaction of 

forest and retention significant (F2, 90  = 1.45, P = 0.24 in 2009, F2, 90 = 0.76, P = 0.47 in 

2010).  Mean nightly passes differed between treatment blocks pre-fire, (F1, 180 = 64.8P < 

0.001), with more passes detected in the 50% and 70% retention blocks than the controls 

(P < 0.001), however, significantly fewer passes were recorded in the 70% retention 

blocks than the 50% (P = 0.02).  Post-fire, total activity was greater in the 50% and 70% 

retention blocks than in controls (F2, 90  = 13.43, P < 0.001); no difference in mean 

nightly passes was found between the different harvest retention levels (P = 0.45) (Table 

3.1). 

 Fewer mean nightly call numbers were detected post-fire than pre-fire (F1, 180 = 

18.55, P <0.001), with decreases in both the 50% (P = 0.002) and 70% retention blocks 

(P = 0.04).  Control areas exhibited no change between years (P = 0.98) (Figure 3.2). 

Clutter volume 

 Pre-fire, total clutter volume was greater in control stands than treatment blocks 

(F2, 130  = 8.05, P < 0.001).  Clutter volume the 50% and 70% retention blocks did not 

differ (P = 0.534).  Post-fire, clutter volume was greater in control stands than treatment 

blocks (P < 0.001), but did not differ between treatment blocks (P = 0.90).  Compared to 

pre-fire levels, clutter volume was only reduced in the 0-3 m strata in the 50% retention 

blocks (P = 0.031).  When closely examined, volume in all strata was lower post-fire 

(Figure 3.3). 
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Bat response to fire-induced changes in clutter 

 Mean nightly bat activity was best predicted by the model that contained volume 

in the 6-9 m height stratum (β = –0.165, P = 0.013) and the burn indicator (β = –1.122, P 

= 0.001).  No other models received strong support, but all models containing the burn 

indicator ranked higher than all models without the indicator (Table 3.4).   

 Species specific responses 

Big brown/silver-haired bats 

 Pre-fire, big brown/silver-haired bat mean nightly call numbers differed between 

treatment and control blocks, with greater numbers of passes recorded in the 50% 

retention blocks (U = 0.72, P < 0.001) and 70% retention blocks (U = 0.99, P < 0.001) 

than in controls.  No difference was found between retention blocks (U = 0.518, P = 

0.941).  Big brown/silver-haired bat call numbers differed between treatment blocks post-

fire, with more passes in treatment blocks than controls (H = 27.86, df = 2, P < 0.001).  

Call numbers between 50% and 70% retention blocks were not different (U = 0.588, P = 

0.287).   

Fewer big brown/silver-haired bat passes were recorded post-fire in the 50% 

retention blocks (U = 0.713, P = 0.006), but not in 70% retention blocks (U = 0.657, P = 

0.052) or controls (U = 0.560, P = 0.082).  Probability of big brown/silver-haired bat site 

use was best predicted by the model containing volume in the 6-9 m height stratum (β = –

0.0003, P = 0.08) and the burn indicator (β = –2.265, P = 0.006) (Hosmer-Lemeshow 

Goodness of Fit (GOF) = 7.81, P = 0.45) (Table 3.2).  Under this model the probability of 
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big brown bat presence decreased by 1.0 with each m
3
/ha increase in clutter, with a 0.46 

probability of presence if burning occurred. 

Red bats 

 Mean nightly red bat passes differed between treatment and control areas pre-fire, 

with 50% and 70% retention blocks having more passes recorded (H = 49.30, df = 2, P < 

0.001); numbers of passes did not differ between treatment blocks (U = 0.401, P = 

0.137).  This pattern was not observed post-fire, as the number of passes did not differ 

between any of the treatment blocks (H = 0.69, df = 2, P = 0.71).  The number of passes 

detected was lower post-fire in both the 50% (U = 0.961, P < 0.001) and 70% retention 

blocks (U = 0.886, P < 0.001).  Mean nightly red bat passes were not different between 

years (U = 0.525, P = 0.7184) in controls.  The model that best predicted red bat site use 

contained volume in the 9- 12 m height stratum (β = –0.0003, P = 0.016) and the burn 

indicator (β = –6.658, P = 0.003) (GOF = 10.86, P = 0.20) (Table 3.2).  Under this odel 

probability of red bat presence decreased by 1.0 with each m
3
/ha increase in clutter, with 

a 0.001 probability of presence when an area had been burned. 

Myotis spp. and eastern pipistrelles 

 No  difference was found between Myotis spp. and eastern pipistrelle mean 

nightly call numbers between the 50% and 70% retention blocks (U = 0.487, P = 0.941) 

pre-fire.  Mean passes differed between control blocks and retention blocks, with 

significantly fewer passes in controls than in 50% and 70% retention blocks (H = 13.26, 

df = 2, P < 0.001).  In contrast, numbers of Myotis and eastern pipistrelle passes did not 

differ between treatment blocks (H = 3.43, df = 2, P = 0.291) post-fire.  Call numbers 
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from this species group decreased following fire in controls (U = 0.711, P < 0.001), 50% 

(U = 0.778, P < 0.001) and 70% retention blocks (U = 0.865, P < 0.001).  Probability of 

Myotis species bats and eastern pipistrelle site use was best predicted by the model 

containing volume in the 12+ m height stratum (β = 8.03*10
–5

, P = 0.292) and the burn 

indicator (β = –4.49 P < 0.001) (GOF = 7.98, P = 0.44).  No other models received 

substantial support (Table 3.2).  In this model the probability of presence decreased by 

1.0 m
3
/ha increase in clutter, and probability of presence was 0.011 if burning occurred. 

Discussion 

    I found significant decreases in total activity in all treatment blocks following 

prescribed fire, while total activity did not change significantly in control areas between 

years.  This pattern was generally true for all species and species groups in this study, 

with the exception of the Myotis/eastern pipistrelle group, which declined in both 

treatment and control areas post-fire, and the big brown/silver-haired bat group which 

exhibited a decrease in activity of borderline significance in the 70% retention block.  

This study is the first to document diminished bat activity in harvested stands following 

prescribed fire using a before-after control-impact (BACI) design.  A similar pattern of 

reduced activity in burned treatment stands relative to thinned stands was also found by 

Loeb and Waldrop (2008) using concurrent treatments.  However, total activity both pre- 

and post-fire reported in this study is considerably greater than that reported in Loeb and 

Waldrop (2008), which may reflect differences in habitat structure between pine and 

hardwood stands (Patriquin and Barclay 2003).   

Reduced activity following fire was unexpected, as burning reduced clutter in all 

height strata, albeit only in the 0-3 m height stratum.  Typically, bat activity has been 
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found to increase following thinning (Erickson and West 2003, Patriquin and Barclay 

2003, Tibbels and Kurta 2003, Peters et al. 2006, Perry et al. 2007).  Furthermore, high 

degrees of dissimilarity between burned and unburned areas creates a heterogeneous 

habitat at a landscape level, which has been found to support a higher diversity of bat 

species than homogeneous forests (Patriquin and Barclay 2003,  Hodgkison et al. 2004). 

 Passes within the big brown/silver-haired bat passes, although grouped, probably 

consist primarily of big brown bat passes.   Activity levels of silver-haired bats have been 

found to be low in upland habitats (Owen et al. 2004); therefore, this group will hereafter 

be referred to as big brown bats.  Modeling of the big brown bat response to harvest and 

fire suggests that burning has a significant effect on activity, as all models except the 

global model containing the burn indicator were ranked above models without the 

indicator.  Similarly, the model containing only the burn indicator received substantial 

support.  However, the burn indicator exhibited a weaker effect within models than 

clutter volume,  and suggests that while burning is important to this species, it is not more 

important than other habitat factors, as does the lack of difference between mean nightly 

passes in the 70% retention harvests pre- and post-fire.  Big brown bats are considered a 

generalist species, and their tolerance of prescribed fire is not surprising (Whitaker and 

Hamilton 1998, Owen et al. 2004). 

 Red bat activity dropped precipitously following fire.  Logistic modeling of the 

probability of red bat presence suggests that burning has a much stronger negative impact 

than increases in clutter volume, but does not provide any insight into the potential cause 

of decreased activity.  Loeb and Waldrop (2008) also noted decreased red bat activity in 

burned areas relative to thinned stands and controls, but activity of this species was low 
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across all treatments in their study.  In contrast, red bat activity in this study was 

relatively high pre-fire.  Like big brown bats, red bats are relatively large-bodied and fast 

flying, making their sharp decline in activity levels particularly surprising given the 

reduced clutter following fire (Aldridge and Rautenbach 1987, Menzel et al. 2002).   

 Modeling indicates that the Myotis group responds negatively to fire, but these 

results should be interpreted cautiously, as grouping species may have masked individual 

species responses.  This may be particularly true for the northern bat, which has been 

found to respond positively to improved roosting opportunities created by prescribed fire 

(Johnson et al. 2009, Lacki et al. 2009).  Additionally, mean nightly passes decreased in 

control plots as well as treatment plots, and it is possible that other factors, such as WNS, 

may have contributed to the decrease in activity of this species group. 

 The failure of any of the best supported models to include the only height stratum 

to be significantly affected by fire (0-3 m) suggests that the decrease in bat activity post-

fire is not related to changes in clutter, as does the ranking of all models containing the 

burn indicator above models without the indicator across total passes and species.  The 

high ranking of the model containing only the  the burn indicator across all groups 

suggests that burning had a significant effect on bat activity unrelated to clutter changes.  

Generalized linear models offer a number of advantages over simple hypothesis testing, 

particularly with respect to interpretable parameter estimates (McDonald et al. 2000).  In 

this case, the strength of the negative coefficients for prescribed burning relative to the 

coefficients for volume across the top models provide additional evidence that the effect 

of burning is relatively large compared to clutter. 
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Because decreased activity was not related to changes in clutter, it is apparent that 

the change in activity is related to other factors.  Prescribed fire may have resulted in 

changes in roost site availability and suitability, which was not measured.  Anecdotally, a 

number of snags were felled during and after burning in this study, while a number of 

new snags were created.  While no effort was made to quantify snag mortality and 

recruitment, studies on individual mortality rates of overstory trees in other studies 

indicate that the number of roost sites created by prescribed fire will vary based upon the 

overstory species composition, with mortality rates of common large overstory species 

after multiple prescribed fires as follows- Acer rubrum = 33%, Quercus alba = 17%, 

Carya spp. = 13%, Nyssa sylvatica = 10%, Acer saccharum = 4%, Quercus prinus = 2% 

(Hutchinson et al. 2005).  Overstory trees in the study area were primarily Quercus 

species, and tree mortality was quantifiably low in vegetation plots, making it unlikely 

that overstory mortality significantly impacted roosting opportunities for foliage roosting 

bats. 

While burning may have increased roosting opportunities or roost suitability for 

cavity roosting bats (Boyles and Aubrey 2006, Johnson et al. 2009, Lacki et al. 2009), 

this does not necessarily result in increased activity of these species within burned 

habitats, as bat home ranges are sufficiently large (Elmore et al. 2005, Lacki et al. 2009) 

that bats roosting in burned habitat may forage elsewhere but remain within their home 

range.  Under such conditions, prescribed fire may benefit bats, but benefits would not be 

well documented in an acoustical study. 

 Bat activity at local levels has been attributed to insect abundance (Peters et 

al.2006, Scanlon and Petit 2008), and it is possible that burning may have reduced food 
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availability in the form of insects.  Red bats exhibit greater prey selection than sympatric 

bat species (Shump and Shump 1982), and thus red bats may have experienced decreases 

in prey abundance while big brown bats did not, resulting in the observed disparate 

responses of these two species.  Lacki et al. (2009) measured insect abundances 

following prescribed fire and found increases in abundances of coleopterans, dipterans 

and lepidopterans.  However, measuring insect abundances relative to bat preference is 

difficult, and sampling methods are frequently biased by trap type (Lacki et al. 2009).  

Historically, field studies of prey selection based on fecal sample identification of insects 

has focused on large taxonomical groups, i.e. arthropods, dipterans, etc., without 

examining changes in individual species abundance (Anthony and Kunz 1977).  Fire 

effects on insects may be more subtle than can be represented by simple abundance 

measurements of large taxonomical groups, and these effects may still be important to 

bats. For example, Moretti et al. (2006) found that fire significantly altered arthropod 

diversity, with arthropod communities taking between 6-14 years to recover from a single 

prescribed fire.  Similar changes in insect community diversity following fire have been 

noted by a number of studies of a variety of insect taxa (McCullough et al. 1998).  

Alternately, red bats are known to hibernate in leaf litter (Mormann and Robbins 2007), 

and it is possible that the dormant season fires used in this study caused direct mortality 

of red bats that could not rouse quickly enough to avoid the fire. 

 As Fischer and Wilkinson (2005) suggest, bat activity may be highly variable in 

response to fire, as fires vary greatly according to intensity, season, and area, and 

individual forests respond differently to fire based upon their species composition.  

Burned habitat may have lower activity than thinned habitat, but burned areas may help 
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satisfy roosting requirements of cavity roosting species.  Additional research 

incorporating roost monitoring and acoustical surveys is needed to verify such a pattern. 

Management Implications 

 In contrast to the existing literature which has documented positive responses of 

bats to prescribed fire (Boyles and Aubrey 2006, Loeb and Waldrop 2008, Johnson et al. 

2009, Lacki et al. 2009), the results of this study indicate that prescribed fire will reduce 

bat use of thinned habitats.  This is particularly true for the red bat and Myotis/eastern 

pipistrelle group, which experienced declines in activity to levels equivalent to unthinned 

stands.  Weak response of the big brown bat, a habitat generalist, suggests that not all 

species will exhibit the same response to prescribed fire.  Declines in activity are unlikely 

to be related to changes in fire related decreases in clutter, as a number of studies have 

documented increased use of thinned stands and forest openings (Krusic et al. 1996, Ford 

et al. 2006, Adams et al. 2010).  However, bat activity within burned stands was still 

greater than that within unthinned, unburned stands, and it is likely that burning of 

unthinned stands may improve habitat suitability for forest roosting bats (Loeb and 

Waldrop 2008).  Furthermore, prescribed fire may benefit bats in ways not documented 

in this study, such as through the creation of new roost sites and improvements in existing 

roost sites, and changes in insect abundance.  No long term studies have been conducted 

to determine how long fire effects on bats persist, but persistence will likely be 

determined by whether the effect is direct or indirect; direct effects (i.e. mortality) can be 

expected to last longer than indirect effects (i.e. changes in habitat structure).  Similarly, 

the benefits of fire to bats may not be apparent in the first year post-fire, particularly with 
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respect to roost availability; fire killed trees may not form cavities for several years.  

With the spread of white-nose syndrome in the eastern United States, land managers 

should carefully consider the use of prescribed fire at large spatial scales, as its use may 

be detrimental to bats susceptible to infection. 

Caveats 

 Studies of bat activity using acoustic detectors are subject to a number of 

assumptions and sources of variability which are important to articulate (Gannon et al. 

2003).  As identified by Fischer et al. (2009) these are (i) differences in detectability of 

bat species, (ii) night-to-night variability in bat activity, (iii) differences between multiple 

bat detectors in their ability to detect calls, (iv) horizontal heterogeneity  in bat activity 

within a site, and (v) vertical heterogeneity in bat activity at a site.  This study has 

attempted to address each of these issues by design, with the exception of differences in 

detectability.  As previously noted, this may have played a role in the low sample size of 

Myotis bats and eastern pipistrelles, but I am unaware of any current means to ensure 

equal detectability.  Variability in bat activity night-to-night has been addressed through 

repeated measures of the same sites at routine intervals and the averaging of calls.  

Differences between detectors has been addressed in some studies through calibration of 

individual detectors using ultrasonic devices (Gehrt and Chelsvig 2003).  This method 

was not employed, rather, detectors were shuffled randomly among sites, thereby 

averaging the effects of individual detector sensitivities.  I believe that this offers a 

number of advantages of calibration of individual detectors, in particular, when detector 

sensitivity has to be adjusted in situ due to ambient noise, this does not require repeated 
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calibrations.  Issues of detection capability related to vertical and horizontal habitat 

structure were addressed by positioning detectors toward open spaces, and, when 

vegetation blocked detectors, this was cleared in the area immediately in front of the 

detector.  While it could be argued that this biased sampling, I do not believe this to be 

the case for several reasons.  First, obstructions caused by fallen limbs or herbaceous 

growth only affect detector capabilities, not overall habitat structure, and are unlikely to 

alter bat habitat use.  Secondly, not removing these obstructions would have resulted in 

negative bias and underestimated bat activity.  Regardless, because detectors were only 

positioned 1.5 m above the forest floor, it is possible that bat activity levels were higher 

than detected in this study, as this positioning does not allow for monitoring of activity 

above the canopy.  Decreases in probability of detection and in activity levels of bats with 

increases in clutter, as found in my models, may be due to reduced detection capability 

caused by dense clutter, particularly within control sites.  This may be a factor in all 

forested habitats.  Finally, individual species responses to clutter, particularly in the 

Myotis  genus, may have been masked by grouping these species together.  Finally, 

numbers of recorded calls in acoustic studies cannot be directly related to population 

parameters, and sex of individual bats cannot be determined from calls.  This is an 

important consideration of acoustic studies, as female bats may be more constrained in 

habitat use by maternity roosting ecology.  While some bat habitat studies have been 

criticized for low sample sizes and pseudoreplication (Miller et al. 2003), and despite the 

limitations of acoustic studies, I believe that the large sample size presented in this study, 

along with extensive habitat measurements, allow for useful conclusions to be drawn on 

the relationship between bats and forest structure.
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Figure 3.1.  Location of Richland Furnace and Zaleski State Forest study areas in the 

unglaciated Allegheny Plateau in Ohio. 
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Figure 3.2.  Mean nightly total passes with standard error bars pre- and post- prescribed 

fire by treatment block three year old overstory retention harvests in study areas in the 

unglaciated Allegheny Plateau in Ohio. 
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Figure 3.3.  Mean clutter volume with standard error bars by height strata in control, 50% 

and 70% overstory retention harvests pre- and post-prescribed fire in three year old 

retention harvests in the unglaciated Allegheny Plateau in Ohio. 
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Table 3.1.  Mean total nightly passes and standard error by species group pre- and post-

fire in forest treatment areas in the unglaciated Plateau of southern Ohio.  P-values 

represent differences between mean nightly passes between years. 



 

 

Table 3.2.  Aikaike's Information Criteria (AIC), AIC corrected for small sample size (AICc), difference between model AIC and 

the best model (∆i) and Aikaike's weight (wi) for models predicting total passes, probability of presence of big brown bats 

(EFLN), red bats (LABO), and Myotis/eastern pipistrelles (MYPI) using clutter volume by strata and a burn indicator in southern 

Appalachian hardwood forests in southern Ohio.  Bold values are models with ∆i < 2. 

 

6
3
 



64 

 

 

 

 

Literature Cited 

 

Abrams, M. D.  1992.  Fire and the development of oak forests.  Bioscience 42: 346-353. 

 

Abrams, M. D., and J. A. Downs.  1990.  Successional replacement of old-growth white 

oak by mixed mesophytic hardwoods in southwest Pennsylvania.  Canadian Journal of 

Forest Research 20: 1864-1870. 

 

Albrecht, M. A., and B. C. McCarthy.  2006.  Effects of prescribed fire and thinning on 

tree recruitment patterns in central hardwood forests.  Forest Ecology and Management 

226: 88-103. 

 

Aldridge, H. D. J. N., and I. L. Rautenbach.  1987.  Morphology, echolocation and 

resource partitioning in insectivorous bats.  The Journal of Animal Ecology 56: 763-778. 

 

Alexander, H. D., M. A. Arthur, D. L. Loftis, and S. R. Green.  2008.  Survival and 

growth of upland oak and co-occurring competitor seedlings following single and 

repeated prescribed fires.  Forest Ecology and Management 256: 1021-1030. 

 

Altringham, J. D.  1996.  Bats: biology and behavior.  Oxford University Press, New 

York, New York, USA. 

 

Anthony, E. L. P., and T. H. Kunz.  1977.  Feeding strategies of the little brown bat, 

Myotis lucifugus, in southern New Hampshire.  Ecology 58: 775-786. 

 

Arnett, E. B.  2003.  Advancing science and partnerships for the conservation of bats and 

their habitats.  Wildlife Society Bulletin 31: 2-5. 

 

Avina, M. M., R. A. Williams, and S. D. Gehrt.  2007.  A method of quantifying forest 

vertical structure for the purpose of evaluating bat habitat.  P. 355-363 in Proc: 15
th

 

central hardwood forest conference. 

 

Bagne, K. E., K. L. Purcell, and J. T. Rotenberry.  2008.  Prescribed fire, snag population 

dynamics, and avian nest site selection.  Forest Ecology and Management 255: 99-105. 

 



65 

 

Boyles, J. G., and D. P. Aubrey.  2006.  Managing forests with prescribed fire: 

implications for a cavity-dwelling bat species.  Forest Ecology and Management 222: 

108-115. 

 

Brooks, R. T.  2003.  Abundance, distribution, trends, and ownership patterns of early-

successional forests in the northeastern United States.  Forest Ecology and Management 

185: 65-74. 

 

Brooks, R. T.  2008.  Habitat-associated and temporal patterns of bat activity in a diverse 

forest landscape of southern New England, USA.  Biodiversity and Conservation 18: 

529-545. 

 

Brooks, R. T., and W. M. Ford.  2005.  Bat activity in a forest landscape of central 

Massachusetts.  Northeastern Naturalist 12: 447-462. 

 

Brose, P. D., D. H. Van Lear, and R. Cooper.  1999a.  Using shelterwood harvests and 

prescribed fire to regenerate oak stands on productive upland sites.  Forest Ecology and 

Management 113: 125-141. 

 

Brose, P. D., D. H. Van Lear, and P. D. Keyser.  1999b.  A shelterwood-burn technique 

for regenerating productive upland oak sites in the piedmont region.  Southern Journal of 

Applied Forestry 23: 158-163. 

 

Buckley, D. S., and W. K. Clatterbuck, eds. E-Gen. Tech. Rep. SRS-101.  U.S. 

Department of Agriculture, Forest Service, Southern Research Station.  770 p. 

 

Burnham, K. P., and D. R. Anderson.  2002.  Model selection and multi-model inference.  

Springer, New York, New York, USA. 

 

Carter, T. C.  2006.  Indiana bats in the midwest: the importance of hydric habitats.  The 

Journal of Wildlife Management 70: 1185-1190. 

 

Coleman, T. W., J. R. Meeker, S. R. Clarke, and L. K. Rieske.  The suppression of 

Dendroctonus frontalis and subsequent wildfire have an impact on forest stand dynamics.  

Applied Vegetation Science 11: 231-242. 

 

Copenheaver, C. A., J. M. Matthews, J. M. Showalter, and W. E. Auch.  2006.  Forest 

stand development patterns in the southern Appalachians.  Northeastern Naturalist 13: 

477-494. 

 

Dyer, J. M.  2001.  Using witness trees to assess forest change in southeastern Ohio.  

Canadian Journal of Forest Research 31: 1708-1718. 

 



66 

 

Elliot, K. J., R. L. Hendrick, A. E. Major, J. M. Vose, and W. T. Swank.  1999.  

Vegetation dynamics after a prescribed fire in the southern Appalachians.  Forest 

Ecology and Management 114: 199-213. 

 

Elmore, L. W., D. A. Miller, and F. J. Vilella.  2005.  Foraging area size and habitat use 

by red bats (Lasiurus borealis) in an intensively managed pine landscape in Mississippi.  

American Midland Naturalist 153: 405-417. 

 

Erickson, J. L., and S. D. West.  2003.  Associations of bats with local structure and 

landscape features of forested stands in western Oregon and Washington.  Biological 

Conservation 109: 95-102. 

 

Fenton, M. B.  1997.  Science and the conservation of bats.  Journal of Mammalogy 78: 

1-14. 

 

Fenton, M. B. 2003.  Science and the conservation of bats: where to next?  Wildlife 

Society Bulletin 31: 6-15. 

 

Fenton, M. B., D. Audet, M. K. Obrist, and J. Rydell.  1995.  Signal strength, timing, and 

self-deafening: the evolution of echolocation in bats.  Palaeobiology 21: 229-242. 

 

Fenton, M. B., and G. P. Bell.  1981.  Recognition of species of insectivorous bats by 

their echolocation passes.  Journal of Mammalogy 62: 233-243. 

 

Fischer, J., J. Stott, B. S. Law, M. D. Adams, and R. I. Forrester.  2009.  Designing 

effective habitat studies: quantifying multiple sources of variability in bat activity.  Acta 

Chiropterologica 11: 127-137. 

 

Fisher, J. T., and L. Wilkinson.  2005.  The response of mammals to forest fire and timber 

harvest in the North American boreal forest.  Mammalian Review 35: 51-81. 

 

Ford, W. M., J. M. Menzel, M. A. Menzel, J. W. Edwards, and J. C. Kilgo.  2005.  

Presence and absence of bats across habitat scales in the upper coastal plain of South 

Carolina.  The Journal of Wildlife Management 70: 1200-1209. 

 

Frick, W. F., J. F. Pollock, A. C. Hicks, K. E. Langwig, D. S. Reynolds, G. G. Turner, C. 

M. Butchkoski, and T. H. Kunz.  2010.  An emerging disease causes regional population 

collapse of a common North American bat species.  Science 329: 679-682. 

 

Gehrt, S. D., and J. E. Chelsvig.  2003.  Bat activity in an urban landscape: patterns at the 

landscape and microhabitat scale.  Ecological Applications 13: 939-950. 

 



67 

 

Glasgow, L. S., and G. R. Matlack.  2007.   Prescribed burning and understory 

composition in a temperate deciduous forest, Ohio, USA.  Forest Ecology and 

Management 238: 54-64. 

 

Grindal, S. D., and R. M. Brigham.  1998.  Short-term effects of small-scale habitat 

disturbance on activity by insectivorous bats.  The Journal of Wildlife Management 62: 

996-1003. 

 

Hodgkison, R., S. T. Balding, A. Zubaid, and T. H. Kunz.  2004.  Habitat structure, wing 

morphology, and the vertical stratification of Malaysian fruit bats (Megachiroptera: 

Pteropodidae).  Journal of Tropical Ecology 20: 667-673. 

 

Hogberg, L. K., K. J. Patriquin, and R. M. R. Barclay.  2002.  Use by bats of patches of 

residual trees in logged areas of the boreal forest.  American Midland Naturalist 148: 

282-288. 

 

Holzmueller, E. J., S. Jose, and M. A. Jenkins.  2008.  The relationship between fire 

history and an exotic fungal disease in a deciduous forest.  Oecologia 155: 347-356. 

 

Hutchinson, T. F., E. K. Kennedy, and D. A. Yaussy.  2005.  Effects of repeated 

prescribed fires on the structure, composition, and regeneration of mixed-oak forests in 

Ohio.  Forest Ecology and Management 218: 210-228. 

 

Hutchinson, T. F., R. P. Long, R. D. Ford, and E. K. Sutherland.  2008.  Fire history and 

the establishment of oaks and maples in second-growth forests.  Canadian Journal of 

Forest Research 38: 1184-1198. 

 

Iverson, L. R., T. F. Hutchinson, A. M. Prasad, and M. P. Peters.  2008.  Thinning, fire, 

and oak regeneration across a heterogeneous landscape in the eastern U.S.: 7-year results.  

Forest Ecology and Management 255: 3035-3050. 

 

Johnson, J. B., J. W. Edwards, W. M. Ford, and J. E. Gates.  2009.  Roost tree selection 

by northern myotis (Myotis septentrionalis) maternity colonies following prescribed fire 

in a central appalachian mountains hardwood forest.  Forest Ecology and Management 

258: 233-242. 

 

Jung, T. S., I. D. Thompson, R. D. Titman, and A. P. Applejohn.  1999.  Habitat selection 

by forest bats in relation to mixed-wood stand types and structure in central Ontario.  The 

Journal of Wildlife Management 63: 1306-1319. 

 

Kalcounis, M. C., and R. M. Brigham. 1995.  Intraspecific variation in wing loading 

affects habitat use by little brown bats (Myotis lucifugus).  Canadian Journal of Zoology 

73: 89-95. 



68 

 

 

Karlik, J. F., and H. A. McKay. 2002. Leaf area index, leaf mass density, and allometric 

relationships derived from harvest of blue oaks in a California oak savanna. General 

Technical Report PSW-GTR-184, United States Department of Agriculture, Forest 

Service, Pacific Southwest Forest and Range Experiment Station, USA. 

 

Kerr, J. W.  1985.  Soil survey of Jackson County, Ohio.  Department of Agriculture, Soil 

and Conservation Service, Ohio Department of Natural Resources, Division of Soil and 

Water Conservation, Columbus, Ohio, USA. 

 

Keyser, P. D., and W. M. Ford.  2005.  Fire in eastern oak forests: delivering science to 

land managers.  Proceedings: Conference on Fire in Eastern Oak Forests.  312 p. 

 

Krusic, R. A., M. Yamasaki, C. D. Neefus, and P. T. Pekins.  1996.  Bat habitat use in 

White Mountain National Forest.  The Journal of Wildlife Management 60: 625-631. 

 

Lacki, M. J., D. R. Cox, L. E. Dodd, and M. B. Dickinson.  2009.  Response of northern 

bats (Myotis septentrionalis) to prescribed fires in eastern Kentucky forests.  Journal of 

Mammalogy 90: 1165-1175. 

 

Loeb, S. C., and J. M. O’Keefe.  2006.  Habitat use by forest bats in South Carolina in 

relation to local, stand, and landscape characteristics.  Journal of Wildlife Management 

70: 1210-1218. 

 

Loeb, S. C., and T. A. Waldrop.  2008.  Bat activity in relation to fire and fire surrogate 

treatments in southern pine stands.  Forest Ecology and Management 255: 3185-3192. 

 

McComb, W. C., and R. N. Muller.  1983.  Snag densities in old-growth and second-

growth Appalachian forests.  The Journal of Wildlife Management 47: 376-382. 

 

McCullough, D. G., R. A. Werner, and D. Neumann.  1998.  Fire and insects in northern 

and boreal forest ecosystems of North America.  Annual Review of Entomology 43: 107-

127. 

 

McDonald, T. L., W. P. Erickson, and L. L. McDonald.  2000.  Analysis of count data 

from before-after control-impact studies.  Journal of Agricultural, Biological, and 

Environmental Statistics 5: 262-279. 

 

McShea, W. J., W. M. Healy, P. Devers, T. Fearer, F. H. Koch, D. Stauffer, and J. 

Waldon.  2006.  Forestry matters: decline of oaks will impact wildlife in hardwood 

forests.  The Journal of Wildlife Management 71: 1717-1728. 

 



69 

 

Menzel, M. A., T. C. Carter, J. M. Menzel, W. M. Ford, and B. R. Chapman.  2002.  

Effects of group selection silviculture in bottomland hardwoods on the spatial activity 

patterns of bats.  Forest Ecology and Management 162: 209-218. 

 

Menzel, J. M., M. A. Menzel, J. C. Kilgo, W. M. Ford, J. W. Edwards, and G. F. 

McCracken.  2005.  Effect of habitat and foraging height on bat activity in the coastal 

plain of South Carolina.  The Journal of Wildlife Management 69: 235-245. 

 

Miller, D. A., E. B. Arnett, and M. J. Lacki.  2003.  Habitat management for forest-

roosting bats of North America: a critical review of habitat studies.  Wildlife Society 

Bulletin 31: 40-44. 

 

Moretti, M., P. Duelli, and M. K. Obrist.  2006.  Biodiversity and resilience of arthropod 

communities after fire disturbance in temperate forests.  Oecologia 149: 312-327. 

 

Mormann, B. M., and L. W. Robbins.  2006.  Winter roosting ecology of eastern red bats 

in southwestern Missouri.  The Journal of Wildlife Management 71: 213-217. 

 

Ober, H. K., and J. P. Hayes.  2008.  Influence of vegetation on bat use of riparian areas 

at multiple spatial scales.  The Journal of Wildlife Management 72: 396-404. 

 

O'Farrell, M. J., and W. L. Gannon.  1999.  A comparison of acoustic versus capture 

techniques for the inventory of bats.  Journal of Mammalogy 80: 24-30. 

 

Owen, S. F., M. A. Menzel, J. W. Edwards, W. M. Ford, J. M. Menzel, B. R. Chapman, 

P. B. Wood, and K. V. Miller.  2004.  Bat activity in harvested and intact forest stands in 

the Allegheny Mountains.  Northern Journal of Applied Forestry 21: 154-159. 

 

Patriquin, K. J., and R. M. R. Barclay.  2003.  Foraging by bats in cleared, thinned and 

unharvested boreal forest.  Journal of Applied Ecology 40: 646-657. 

 

Patriquin, K. J., L. K. Hogberg, B. J. Chruszez, and R. M. R. Barclay.  2003.  The 

influence of habitat structure on the ability to detect ultrasound using bat detectors.  

Wildlife Society Bulletin 31: 475-481. 

 

Perry, R. W., R. E. Thill, and D. M. Leslie Jr.  2007.  Selection of roosting habitat by 

forest bats in a diverse forested landscape.  Forest Ecology and Management 238: 156-

166. 

 

Peters, S. L., J. R. Malcolm, and B. L. Zimmerman.  2006.  Effects of selective logging 

on bat communities in the southeastern Amazon.  Conservation Biology 20: 1410-1421. 

 



70 

 

Pierce, A. R., G. Parker, and K. Rabenold.  2006.  Forest succession in an Oak-Hickory 

dominated stand during a 40-year period at the Ross Biological Reserve, Indiana.  

Natural Areas Journal 26: 351-359. 

 

Rodewald, A. D., and Abrams, M. D. 2002.  Floristics and avian community structure: 

implications for regional changes in eastern forest composition.  Forest Science 48: 267-

272. 

 

Rogers, D. A., T. P. Rooney, D. Olson, and D. M. Waller.  2008.  Shifts in southern 

Wisconsin forest canopy and understory richness, composition, and heterogeneity.  

Ecology 89: 2482-2492. 

 

Scanlon, A. T., and S. Petit. 2008.  Biomass and biodiversity of nocturnal aerial insects in 

an Adelaide City park and implications for bats (Microchiroptera).  Urban Ecosystems 

11: 91-106. 

 

Schnitzler, H. U., and E. K. Kalko,  1998.  How echolocating bats search and find food.  

P. 183-196 in: Bat Biology and Conservation (T. H. Kunz and P. A. Racey, eds.).  

Smithsonian Institution Press, Washington, D.C. 

 

Shump, K. A., and A. U. Shump.  1982.  Lasiurus borealis.  Mammalian Species 183: 1-

6. 

 

Siemers, B. M., and H. U. Schnitzler.  2004.  Echolocation signals reflect niche 

differentiation in five sympatric congeneric bat species.  Nature 429: 657-661. 

 

Signell, S. A., M. D. Abrams, J. C. Hovis, and S. W. Henry.  2005.  Impact of multiple 

fires on stand structure and tree regeneration in central Appalachian oak forests.  Forest 

Ecology and Management 218: 146-158. 

 

Smith, K. T., and E. K. Sutherland. 1999.  Fire-scar formation and compartmentalization 

in oak.  Canadian Journal of Forest Research 29: 166-171. 

 

Smith, W. B., J. S. Vissage, D. R. Darr, and R. M. Sheffield.  2001.  Forest resources of 

the United States, 1997.  General Technical Report NC-219.  St. Paul, MN: U.S. 

Department of Agriculture, Forest Service, North Central Research Station.  190 p. 

 

Spetich, M. A., D. C. Dey, P. S. Johnson, and D. L. Graney.  2002.  Competitive capacity 

of Quercus rubra L. planted in Arkansas’ Boston Mountains.  Forest Science 48: 504-

517. 

 



71 

 

Sutherland, E. K., and T. F. Hutchinson.  2003.  Characteristics of mixed-oak forest 

ecosystems in southern Ohio prior to the reintroduction of fire.  USDA Forest Service 

Technical Report NE-299.  165 p. 

 

Tibbels, A. E., and A. Kurta.  2003.  Bat activity is low in thinned and unthinned stands 

of red pine.  Canadian Journal of Forest Research 33: 2436-2442. 

 

Titchenell, M.A.  2007.  The effects of shelterwood harvests on bat populations and forest 

structure in Ohio oak-hickory forests.  Thesis, The Ohio State University, USA. 

 

Van Lear, D. H., P. H. Brose and P. D. Keyser.  2000.  Using prescribed fire to regenerate 

oaks.  Proceedings: Workshop on fire, people, and the central hardwoods landscape.  6 p. 

 

Weller, T. J., and C. J. Zabel.  2002.  Variation in bat detectors due to detector orientation 

in a forest.  Wildlife Society Bulletin 30: 922-930. 

 

Whitaker, J. O., Jr.  1995.  Food of the big brown bat (Eptesicus fuscus) from maternity 

colonies in Indiana and Illinois.  American Midland Naturalist 134: 346-360. 

 

Whitaker, J. O., and W. J. Hamilton.  1998.  Mammals of the eastern United States.  

Cornell University Press, Ithaca, New York, NY. 583 p. 

  

White, E. P., and S. D. Gehrt. 2001.  Effects of recording media on echolocation data 

from broadband bat detectors.  Wildlife Society Bulletin 29: 974-978. 

  



72 

 

 

 

 

 

 

 

 

 

 

 

Appendix A: Total Bat Activity in 2009 
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Appendix B:  Total Big Brown/Silver-haired Bat Activity in 2009 
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Appendix C:  Total Red Bat Activity in 2009 
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Appendix D:  Total Myotis/Eastern Pipistrelle Activity in 2009 
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Appendix E:  Total Hoary Bat Activity in 2009 
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Appendix F:  Total Bat Activity in 2010 
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Appendix G:  Total Big Brown/Silver-haired Bat Activity in 2010 
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Appendix H:  Total Red Bat Activity in 2010 
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Appendix I:  Total Myotis/Eastern Pipistrelle Activity in 2010 
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Appendix J:  Total Hoary Bat Activity in 2010 
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