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In May 2015, the northern long-eared bat, Myotis septentrionalis, became the 

first bat species to be listed as Threatened via the Endangered Species Act due to the 

wildlife disease known as White Nose Syndrome.  The species, which had been in 

decline for a number of years, then became an elevated concern for every wildlife 

manager in the Eastern United States and was of particular concern to the timber 

industry.  The goal of my research project was to better understand this species’ 

distribution in the White Mountain National Forest by statistically testing for 

associations between detections of the northern long-eared bat and habitat variables. 

Three years of presence/absence echolocation surveys starting in 2014 and ending in 

2016 were conducted in Northern New Hampshire and Western Maine, with northern 

long-eared bats detected in 27 out of 333 survey sites.  Stand-level habitat 



characteristics were examined using logistic regression to determine which 

characteristics could be used as predictors for northern long-eared bat presence on the 

landscape.  The average diameter at breast height of a forest stand and the number of 

hectares of wetlands within 2 km appear to be landscape-level characteristics that 

influence the presence of northern long-eared bats on the landscape.  Prey abundance 

was also assessed as a way to explain why the northern long-eared bat was being 

found near wetlands, but no significant patterns were found.  The results from this 

study suggest careful management of timber stands within 2km of wetlands. 
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Chapter 1: General Introduction 

 The study of habitat selection is a fundamental practice in the field of ecology 

for understanding wildlife (MacArthur & Levins 1964, Rosenweig 1981, Morris 

2003).  Research on habitat selection also plays a practical role in wildlife 

management and conservation biology (Morris 2003).  When an organism selects for 

habitat it is recognized by animal behaviorists as going through a three-step process 

(Goodenough et al. 2010).  First is the search phase in which organisms search for 

habitats based on physiological needs and resource availability (MacArthur & Levins, 

1964, Rosenweig 1981, Huey 1991, Goodenough et al. 2010).  The second phase is 

settlement in which the organism sets up its territory (Goodenough et al. 2010).  The 

third and final phase is residency in which the organism lives in its new habitat 

(Goodenough et al. 2010).  Choosing a suboptimal location in which to mate, have 

young, feed, or hibernate can have fitness consequences to the individual or to the 

species as a whole (Huey 1991, Pulliam & Danielson 1991). 

 When given a choice, a species will choose the habitat that maximizes energy 

gains while reducing risk (Gilliam & Fraser 1987).  This has been frequently 

documented in wildlife studies and choices can thus increase reproductive success 

(Danchin et al. 1998, Rettie & Messier 2000, Compton et al. 2002, Creel et al. 2005).  

Thus, habitat that increases fitness through these mechanisms is the preferred high-

quality habitat of the species. 

 Conservation of wildlife is a concern shared around the world. By 

understanding a species’ habitat preferences, wildlife managers are better able to 
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protect or create critical habitat presumed to be necessary for the continued stability or 

recovery of a species (Brwan et al. 2001, Wittingham et al. 2005).  For example, for 

species of concern such as Clemmys insculpta (wood turtle), habitat studies have 

identified landscape-level preferences for conservation (Compton et al. 2002). The 

wood turtle was found to select for forest edge habitat to balance out its need for 

forage and thermoregulation when examined at a watershed scale (Compton et al. 

2002). Conservation of habitat for a species of concern can also be beneficial for other 

species that occupy similar habitat such as the red-cockaded woodpecker (Plentovich 

et al. 1998). 

 Over the last few years the conservation of bat species (Order Chiroptera) in 

North America has become an increasing priority in the field of wildlife management.  

Bat species have been facing multiple threats, the most notable of which is a relatively 

new wildlife disease, White Nose Syndrome (Frick et al. 2015).  Yet one of the areas 

of information that wildlife managers currently lack is how bats respond to 

management practices (Arnett 2003).  Are the management practices being employed 

having an effect? Is the right habitat being conserved?   

 Insectivorous bats have a complicated life cycle which involves using different 

habitats throughout the year (Griffin 1940, Hutson et al. 2001).  Many species use 

trees for summer roosting habitat, riparian areas for foraging, and caves for winter 

hibernation (Hutson et al. 2001).  Summer roosting habitat is currently a major focus 

for wildlife managers as is the habitat used to raise the pups. Some species such as the 

endangered Myotis sodalis (Indiana bat) tend to be static in roost habitat selection and 

therefore protecting preferred habitat may be simple (Foster & Kurta 1999).  But if a 
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species of concern is flexible in roost habitat, as appears to be the case for the 

threatened northern long-eared bat (Myotis septentrionalis) (Foster & Kurta 1999, 

Ford et al. 2005, Perry & Thill 2007), management needs can be nuanced.  This 

species seems to have regional preferences for roosting habitat which makes protecting 

preferred habitat more difficult and necessitates a different approach to conserving 

habitat. 

 In the next sections of this chapter, I review aspects of the basic biology and 

habitat use of northern long-eared bat, threats to this species and how understanding 

habitat preferences will aid in conserving it, and the components of my research 

project designed to address the latter. 

General Biology and Roosting Behavior 

Life History 

The northern long-eared bat is an insectivorous bat weighing 6-9g that is 

commonly found roosting in cracks, crevices, cavities, and under exfoliating bark of 

hardwood trees (Foster & Kurta 1999, Carter & Feldhammer 2005, Ford et al. 2006) 

and softwoods (conifers) in pine-dominated areas (Perry & Thill 2007).  The species 

can be found from the Canadian Maritimes south to Florida and west to the Dakotas in 

the United States and Alberta in Canada.  This species was once considered to be the 

most abundant in the Canadian Maritimes, Quebec, Ontario, and New England (Fig 

1.1) (Caceres & Barclay 2000).  Northern long-eared bats are brown in color and 

closely resemble the little brown bat, Myotis lucifugus, with the most notable 
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difference being the longer ears and tragus of northern long-eared bat (Caceres & 

Barclay 2000).  

 

 

 

 

 

 

 

 

 

 

 

 

Breeding takes place between August and October; females store the sperm 

during hibernation and fertilize an egg in the spring (Caceres et al. 2000).  In late May 

and June females give birth to a single pup which they will remain with in a central 

maternity colony located within the roosting territory until as late as mid-August 

(Caire et al. 1979, Caceres et al. 2000).  Pups demonstrate full flight capabilities after 

21 days (Krochmal & Sparks 2007).  Female northern long-eared bats have 

demonstrated philopatry and a high fidelity to maternity sites (Arnold 2007, Krochmal 

& Sparks 2007).   

Fig 1.1 The USFWS Range extent map of the northern long-eared bat. Retrieved 
from https://www.fws.gov/Midwest/endangered/mammals/nleb/nlebRangeMap.html 
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Prey 

  Insectivorous bats eat enough insects that they are estimated to provide $3.7 – 

$53 billion per year of pest management to the agriculture industry (Boyle et al. 2007).  

For example, little brown bats eat close to half their bodyweight in insects each night 

(Anthony & Kunz 1977, Kurta et al. 1989).  Bats consume over 60% of their nightly 

meals before midnight and consume the rest during a second feeding period after 

midnight (Anthony & Kunz 1977).   

As with most bat species, riparian corridors are assumed to play an important 

role for both commuting and foraging in the northern long-eared bat (Grindal et al. 

1999, Fukui et al. 2006, Burns et al. 2015).  Grindal et al. (1999) suggested that 

wetlands and ponds may play a greater role than faster moving streams and rivers due 

to noise interference of echolocation in the latter.  However, the diet of northern long-

eared bats is not limited to insects emerging from aquatic habitats; they often feed on 

terrestrial insects as well (Whitaker 2004).  Because of this, foraging habitat use may 

change seasonally, as peak emergence time of aquatic insects differs seasonally from 

terrestrial insects (Fukui et al. 2006).  Other studies have also shown that edge habitat 

may play an important role in commuting to foraging sites by protecting the bats from 

wind and reducing the amount of vertical structure to fly through (Grindal et al. 1999, 

Jantzen & Fenton 2013).  Edge habitat may also play a role as an alternative foraging 

site during unfavorable weather conditions by reducing the weather’s effect on flight 

and prey capture compared to open habitats (Bell 1980, Aldridge & Rautenbach 1987). 
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The foraging behavior of northern long-eared bats demonstrates both a 

hawking and gleaning strategy which allows for flexibility in diet in a forested 

ecosystem (Ratcliff & Dawson 2003).  The northern long-eared bat is capable of this 

foraging flexibility due to its larger wing size and tail which allow for slower 

controlled flight (Caceres et al. 2000).  The diet of the northern long-eared bat centers 

around moths (Order Lepidoptera) (Thomas et al. 2012).  

Roost Selection 

 During the summer, many of the Eastern species of cave-hibernating bats 

establish day roosts in trees or human-made structures.  For example, female little 

brown bats begin forming maternity colonies (which are group roosting sites for 

raising pups) in early April (Davis & Hitchcock 1965).  Individual bats form social 

groups that share the same roosting territory (Johnson et al. 2012).  Tree-roosting bats 

are mobile, often changing day roost locations. Within a season, the northern long-

eared bat has been shown to switch roost sites about every two days (Sasse & Pekins 

1996, Foster & Kurta 1999), but females do return to the same maternity roosting 

territories each summer (Caceres et al. 2000). 

Roost selection varies between sexes within the northern long-eared bat, with 

females preferring to roost in colonies, at lower elevation, and in a less cluttered 

environment than their male counterparts (Grindal et al. 1999, Broders et al. 2006, 

Perry & Thill 2007).  Preferred roosting sites have decaying trees with exfoliating bark 

for bats to roost under or crevices and cavities for bats to roost in (Foster & Kurta 

1999).  However, live trees can also provide suitable roosting habitat, particularly in 
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areas where storm damage has blown off tops or limbs of the tree leaving cavities that 

bats can exploit (Perry & Thill 2007). Some studies have found roost sites for northern 

long-eared bats to be in bottomlands and wetlands but this is anecdotal observation to 

date (Foster & Kurta 1999).  

There have been many studies that have looked at roost tree preference of 

northern long-eared bats (e.g. Owen et al. 2001, Carter & Feldhammer 2005, Broders 

et al. 2006, Ford et al. 2006, Perry & Thill 2007, Garroway & Broders 2008, Johnson 

et al. 2009, Olson & Barclay 2011).  Ford et al. (2006) suggested that hardwood trees 

are preferred by northern long-eared bats as a day roost.  However, Perry and Thill 

(2007) showed that in the southern U.S. at least, softwoods were the preference for day 

roosting by northern long-eared bats. While these studies show a flexibility in 

preferences of roost sites, there have only been a few that address habitat use and 

characteristics (Grindal 1999 and Ford et al. 2005).  

Hibernation 

 Bats are well known throughout the world for their presence in caves.  

However, many species in the Eastern U.S. only use caves for hibernation, preferring 

to roost in trees during the summer months.  Of the seven species of bats that are 

found in New Hampshire, five hibernate in caves while the others migrate south.  

Northern long-eared bats are cave hibernating (Caceres et al. 2000, Caire et al. 1979, 

Davis & Hitchcock 1965).   Bats from New Hampshire often hibernate in the 

neighboring state of Vermont where more caves are present (Davis & Hitchcock 

1965). 
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 Prior to hibernation, bats need to put on fat reserves to survive the winter 

(Speakman & Rowland 1999, Caceres et al. 2000).  For example, little brown bats 

increase body mass up to 32.9% during the months of August and September in 

Vermont (Kuntz et al. 1998).  During this pre-hibernation period food resources and 

temperatures are decreasing.  To be able to gain fat reserves during this period, bats 

select cooler day roost sites and enter into a daily torpor, reducing their metabolic 

costs (Speakman & Rowland 1999). 

 All hibernating bats go through a pre-hibernation phase known as swarming.  

During this process, large groups of bats conduct daily flights of the hibernacula and 

mating takes place at this time. Northern long-eared bats begin swarming as early as 

August in the northernmost extent of their range but it can be as late as September 

(Caceres et al. 2000).  Hibernation can start as early as September or as late as 

November (Caceres et al. 2000).  Little brown bats in Vermont are seen emerging 

from hibernation starting in early April (Davis & Hitchcock 1965, Caceres et al. 

2000).  Unlike the classic examples of bats hanging from a cave ceiling, northern long-

eared bats prefer to hibernate within crevices and cracks in the cave walls, often only 

exposing the ears and nose (Caire et al. 1979, Griffin 1940).  Northern long-eared bats 

are often found sharing hibernacula with large groups of little brown bats, tricolor bats 

and big brown bats (Whitaker & Rissler 1992, Caceres et al. 2000). 

 Bats do not remain in torpor for the whole hibernation period but occasionally 

increase metabolic activity (Whitaker & Rissler 1992, Park et al. 2000).  However, 

there is normally no feeding during these bouts of activity (Whitaker & Rissler 1993).  

Periods of torpor in big brown bats last on average 7-25 days, in tricolor bats between 
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15-25 days, and in little brown bats 12-20 days, however, torpor periods have been 

seen to last much longer and appear to fluctuate depending on the ambient temperature 

of the hibernacula (Brack & Twente 1985).  Torpor periods during hibernation have 

not yet been studied in northern long-eared bats. 

 In New Hampshire where my study took place, five of the seven species of bats 

spend six or more months in hibernacula.  Though northern long-eared bats are found 

in shared hibernacula, they are often in the lowest abundance of all the species present 

in the hibernaculum (Caire et al. 1979). This species is most often found in the coldest 

parts of the hibernaculum within cracks in the wall and ceiling, making them difficult 

to detect in winter surveys (Caceres et al 2000).  Before hibernation northern long-

eared bats rapidly put on weight to have enough fat reserves to make it through the 

winter, using some of these reserves for periodic arousal from torpor (Caire et al. 

1979, Caceres et al. 2000).  A northern long-eared bat will often return to use the same 

hibernaculum it had overwintered in the previous year, which makes the protection of 

hibernacula important for conservation of the species (Caceres et al. 2000). 

Conservation Threats 

White Nose Syndrome 

In 2006, a new wildlife disease affecting bats was first detected at a cave 

outside of Albany, NY (Cohn 2008, Zimmerman 2009). Two years after the disease 

was first detected population declines were predicted at 75% (Blehert et al. 2009). This 

disease was named White Nose Syndrome for the white fungal growths commonly 

found on the muzzles of infected cave-hibernating bats (Blehert et al. 2009, Meteyer et 
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al. 2009, Lorch et al. 2011, Minnis & Linder 2013, Bandouchova et al. 2014). The 

cause of White Nose Syndrome was identified as Pseudogymnoascus destructans 

(formerly known as Geomyces distructans), a cave-dwelling fungus native to Europe 

(Meteyer et al. 2009, Lorch et al. 2011, Minnis & Linder 2013).  

 Pseudogymnoascus destructans was found to grow in temperatures between 3-

20o C, with 5-10oC being its optimal range (Blehert et al. 2009). Most bat hibernacula 

have year-round temperatures ranging from 2- 14oC which allows for continual growth 

of the fungus (Blehert et al. 2009).  During hibernation, the body temperature of bats 

decreases to near ambient temperatures of the hibernaculum, the optimal growing 

temperature for Pseudogymnoascus destructans (Meteyer et al. 2009, Cryan et al. 

2010).  During this time, the metabolic and immune functions of the bats are decreased 

and remain so until arousal (Carey et al. 2003, Meteyer et al. 2009). White Nose 

Syndrome invades the living connective and glandular tissue of the wings, muzzle and 

ears (Meteyer et al. 2009).   

The current hypothesis is that as White Nose Syndrome grows it disrupts a 

bat’s hibernation, causing it to wake more frequently, and depleting the bat of its fat 

reserves. This causes the bat to search for food and water when no forage is available 

which leads to mortality due to dehydration and starvation (Cryan et al. 2010, Boyles 

& Willis 2010).  Mortality from White Nose Syndrome occurs 110-205 days after 

exposure (Lorch et al. 2011). Since 2006, White Nose Syndrome has spread across 

hibernacula and has now been detected in 33 states and 5 provinces (Fig 1.2) (USGS 

2016).  In the native range of the fungus, European bat species are still infected but 
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seem to be more tolerant of the disease as mass die offs are not occurring 

(Bandouchova et al. 2014). 

 

 

 

 

 

 

 

 

 

Population Declines 

 After the onset of White Nose Syndrome in the U.S., affected areas saw a 

decline in populations of the Indiana bat, eastern small footed myotis (Myotis leibii), 

big brown bat (Eptesicus fuscus), tricolored bat (Perimyotis subfalvus), little brown 

bat, and northern long-eared bat (Frick et al. 2015). As White Nose Syndrome spread, 

regional declines of cave-hibernating species followed (Ingersall et al. 2016).  

Fig 1.2 Map of 33 states and 5 Canadian provinces where P. destructans has been 
detected either by itself or causing White Nose Syndrome in bats.  Map modified 
and adapted from White Nose Syndrome Map by year (2017). 
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Regionally, there have been declines in the Indiana bat, little brown bat and northern 

long-eared bat in New York, Pennsylvania, West Virginia, and Tennessee (Ingersoll et 

al. 2013). Regional extinctions have been predicted for the little brown bat, a species 

that was once considered the most common bat in North America (Frick et al. 2010).  

In Virginia populations of northern long-eared bats were 90% less than pre-White 

Nose Syndrome surveys (1990-2009) during the 2012 survey season (Reynolds et al. 

2016).  In New Hampshire populations for all bat species declined by 73%; population 

declines of 98% from pre-White Nose Syndrome levels were observed for the northern 

long-eared bat (Moosman et al. 2013). 

  As much of an effect as White Nose Syndrome has had on bat populations, it 

may not be the only cause as Ingersoll et al. (2016) has shown that the northern long-

eared bat began its regional decline in New York, Pennsylvania, West Virginia and 

Tennessee as early as 10 years before White Nose Syndrome was detected in its 

hibernacula. A second factor that has been linked to population declines in bats is 

timber harvest and habitat degradation (Hutson et al. 2001, Henderson et al. 2008).  

Studies involving fragmented forest landscapes have shown the activities of northern 

long-eared bats were isolated to the forest fragments preventing movement across the 

landscape thus reducing both access to foraging and roosting habitat (Henderson & 

Broders 2008, Henderson et al. 2008).  However, Perry and Thill (2007) found that 

timber harvest is not necessarily bad, as stands under a selective harvest regime had 

more lactating female northern long-eared bats than non-harvested stands.  An 

additional study showed that after the loss of a primary roosting site due to timber 

harvest, northern long-eared bats were still able to successfully rear pups (Silvis et al. 
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2015).  Bat habitat requirements are complicated and often the foraging habitat is 

improved with timber harvest but roosting habitat is degraded (Pauli et al. 2015). 

Conservation 

In 2015, the northern long-eared bat became the first bat to be officially listed 

as threatened due to White Nose Syndrome under the Endangered Species Act of 1973 

(USFWS 2015).  Though the northern long-eared bat was listed, no critical habitat was 

designated for this species; instead restrictions were placed on the disturbance of 

hibernacula and maternity sites (USFWS 2016).  While these restrictions work to 

protect the species during its two vulnerable periods of reproduction and hibernation, 

they fail to address habitat usage and the related regional declines in population.  

Northern long-eared bats have declined all over their range since 2006, including in 

New Hampshire.   However, most of the research studies of this species have taken 

place in the Midwest with only a few having occurred in New England (e.g. Sasse & 

Pekins 1996, Moosman et al. 2013).   

Variation in habitat over the range of the northern long-eared bat may lead to 

changes in habitat use.  In the Southern U.S., Perry and Thill (2007) showed that 

northern long-eared bats can use pine-dominated landscapes which differed from the 

traditional belief in the species’ reliance on mature hardwood forests seen in the 

Northern U.S. and Canada. In the Midwest and Southern U.S., studies of habitat 

selection have excluded characteristics such as elevation and instead focused on 

percent canopy cover and tree species (Perry & Thill 2007, and Pauli et al. 2015). A 

study in the Appalachian region of West Virginia, which has similar tree species 
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composition to New England, included elevation but was constrained to small study 

areas lacking wetlands (Ford et al. 2005).  With the listing of the northern long-eared 

bat, it is critical to better understand regionally-specific aspects of habitat use.   

Predicting Presence 

 For wildlife managers one of the best tools for conservation is the ability to 

relate a species’ presence to habitat characteristics in order to protect the habitat that 

best suits the species.  For example, the Mediterranean horseshoe bat, Rhinolophus 

euryale, was found to prefer habitat that consisted of lower elevation broadleaf forests 

and to prefer travelling along forested riparian corridors (Russo et al. 2002).   The 

Indiana bat, a species closely related to the northern long-eared bat, prefers roost sites 

that have streams close by and thicker forest within 90m of the roost (Pauli et al. 

2015B). This information helps prioritize what habitat to conserve.  

 Only a few studies, however, have examined habitat traits for predicting the 

presence of northern long-eared bats. In one study in West Virginia, canopy cover was 

found to be the best predictor (Ford et al. 2005). In another study, which took place in 

Indiana, the proportion of forest within 1km and the proportion of forest edge within 

1km were found to be strong predictors (Pauli et al. 2015B).  In a third study from 

British Columbia, riparian zones were preferred by northern long-eared bat (Grindal et 

al. 1999).  Elevation also played a role in preferred habitat but varied depending on sex 

of the bat, with males preferring elevations between 1000-1400m and females 

preferring elevations between 540-1000m (Grindal et al. 1999).  Thus, these studies 

reveal that habitat preferences varied across regions.  
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Thesis Objectives 

 The focus of my research was to identify regional landscape-level habitat 

characteristics for predicting the presence of the threatened northern long-eared bat in 

the White Mountain National Forest (hereafter referred to as WMNF). My study began 

eight years after White Nose Syndrome was first detected in the U.S., in a state that 

has seen drastic population declines.  I addressed what habitat characteristics could be 

used for predicting where northern long-eared bats occur on the landscape.  From that, 

and based on preliminary observations from bat surveys in New Hampshire prior to 

my thesis research, two other specific questions arose. (1) Are wetlands strongly 

associated with the presence of northern long-eared bats on the landscape?  (2) If 

wetlands are preferred is there a difference in forage abundance that could help explain 

this pattern?  This thesis has two empirical chapters in which I examine these 

questions about habitat characteristics and forage abundance. 

In Chapter 2, I use the results of three years of bat echolocation surveys to 

examine roost selection and general habitat usage of the northern long-eared bat. I use 

traditional habitat characteristics such as diameter at breast height (DBH) and basal 

area (BA) and examine them at a landscape level for use in predicting the presence of 

northern long-eared bats within the WMNF.  I hypothesized that wetlands are an 

important predictive site characteristic - specifically, the more wetlands available the 

greater the chance of occurrence. 

 In Chapter 3, I examine the abundance of potential prey in two different habitat 

types.  I test the hypothesis that insect prey are more abundant closer to wetlands and 
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this may be the reason why the northern long-eared bat is more associated with 

forested wetlands.  

 In the final chapter of my thesis, I bring together my general conclusions from 

the two studies conducted.  I address future research that is needed for this species and  

conclude with a synthesis and discussion of management implications my research 

identifies for the species.    
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Chapter 2: Habitat Characteristics for Predicting the 
Presence of Northern Long-eared Bats (Myotis 

septentrionalis) in the White Mountain National Forest 
Introduction 

Conservation of a species often depends on having a strong understanding of 

its habitat use so that the preferred habitat can be protected. The Endangered Species 

Act (ESA) is used to establish and protect what is referred to as “critical habitat” of an 

endangered or threatened species (Endangered Species Act of 1973).  Given the recent 

declines in bat populations due to White Nose Syndrome and other threats, 

understanding bat habitat needs has become a priority in North America.    

Bat species with similar morphological characteristics have been historically 

assumed to share habitat preferences but recent studies have shown that this 

assumption is too simplistic (Alderidge & Rautenbach 1987, Davidson-Watts et al. 

2006).  Similar wing morphology does not necessarily correlate with similar habitat 

preferences or use, even with species within the same genus (Davidson-Watts et al. 

2006).  Consequently, each species’ habitat needs require individual examination. 

Traditionally, bat management practices have often focused on roosting 

habitat, areas where bats rest during the day (Sasse & Pekins 1996, Foster & Kurta 

1999, Ford et al. 2005, Broders et al. 2006, Pauli et al. 2015).  This small-scale 

approach has enabled managers to identify and protect individual roost trees that are 

important for maintaining bat populations.  For example, one study that took place on 

WMNF examined roost tree characteristics for the northern long-eared bat and found 

that 66% of roosts were found in snags with the mean DBH of the roost snags being 
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41cm (Sasse & Pekins 1996).  However, this approach lacks the larger stand-level and 

landscape-level perspective needed to manage for bat foraging habitat and 

reproductive success (de Jong 1995, Jaberg & Guisan 2001, Brooks & Ford 2006).  

Population models have shown when habitats used for foraging versus roosting are in 

conflict with each other in management practices, roosting habitat has a greater impact 

on population dynamics than foraging habitat (Pauli et al. 2015).  But it is still 

important to examine the landscape for habitat use, especially given that some species 

have flexible roost habitat preferences, such as the recently listed (Threatened) 

northern long-eared bat (Foster & Kurta 1999, Ford et al. 2005, Perry & Thill 2007).   

 Landscape-level habitat characteristics can be used to locate the areas with the 

greatest likelihood that a bat species will occur, and this identification may then lead to 

protecting those areas. Landscape-level is defined as occurring at a geographic scale 

which encompasses all of the habitat types within a defined timber stand. For example, 

in Italy studies involving the Mediterranean horseshoe bat, Rhinolophus euryale, were 

able to identify landscape-level characteristics that could be used for conservation 

(Russo et al. 2002).   Only a few studies, however, have examined habitat traits for 

predicting the presence of the northern long-eared bats.  In one study, tree height 

canopy cover was found to be the best predictor of the presence of northern long-eared 

bats (Ford et al. 2005).  In another study, the proportion of forest within a kilometer 

and the proportion of forest edge within a kilometer of a roost tree were found to be 

strong predictors (Pauli et al. 2015B).  In a third study, riparian zones were preferred 

by northern long-eared bats (Grindal et al. 1999). In a fourth study, preference was 

shown for softwood stands (Perry & Thill 2007). In contrast to the studies mentioned 
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above which focused on habitat characteristics around individual roost trees, only one 

study has examined habitat use through roost placement at a forest stand and landscape 

level by examining habitat characteristics across a large geographic area.  In this study, 

which took place in Arkansas, northern long-eared bats were found to roost on steeper 

slopes in stands that had partial or no timber harvest, but avoid the youngest and 

thickest stands (Perry et al. 2008).  These studies, with different results for best 

predictors, may indicate complex or region-specific evolved habitat preferences for 

this species.  It is under this assumption that my study was conducted.  Region-specific 

habitat preferences need analysis in order to implement regionally appropriate 

management strategies for this species.  

 All known northern long-eared bat occurrences on WMNF prior to the northern 

long-eared bat being listed as a Threatened species in 2015 suggested that this species 

was most often found near wetlands.  Based on these early surveys, I developed an a 

priori hypothesis that bat presence would be associated with wetlands.  This 

hypothesis was tested by examining several wetland and habitat characteristics in 

logistic regression models using a larger acoustic survey data set. 

Methods 

Study Site 

 The WMNF is located in Northern New Hampshire (Grafton, Carroll, and 

Coos Counties) and Western Maine (Oxford County).  It is the largest protected area 

of continuous forest in New England (Fig 2.1): of its 323,748 ha of mountainous 

forested lands, 60,500 ha occur in federally protected wilderness. There are 4,856 ha 
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of wetland and 7,664 km of streams that occur within the WMNF, providing ample 

amount of riparian habitat often associated with bats. The landscape heterogeneity 

within the WMNF makes it an ideal place to conduct habitat use studies as much of 

the forest is under various forms of management for timber harvest, recreation, and 

other uses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig 2.1: WMNF is located in Northern New Hampshire and Western Maine.  
Acoustic sampling sites are indicated by ●. N=333 
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Study sites within the forest were mostly selected based on proposed timber 

harvest sites.  Fourteen project areas (i.e., areas designated to have some form of 

management such as timber harvest) were selected covering all three Ranger Districts 

(Pemigewasset, Saco, and Androscoggin) and all four counties in the forest.  Three 

sites that historically had northern long-eared bats were also surveyed for comparison. 

Acoustic Surveys 

 Passive acoustic surveys were conducted in each project area using one of 

three types of acoustic detectors.  These surveys are defined as having a 11-hour run 

time with microphones fixed in one direction.  Passive acoustic surveys were used 

because they have been shown to have a greater probability than active acoustic 

surveys of detecting northern long-eared bats and other White Nose infected species 

(Coleman et al. 2014). Crews on the southern part of the forest used Petterssons 

D500x units (Pettersson Elektronik, Uppsala, Sweden) while crews on the northern 

part of the forest used Anabat SD1/Anabat SD2 acoustic detectors (Titley Scientific 

USA, Columbia, MO.), and SongMeter SM2BAT+ (Wildlife Acoustics, Concord, 

MA).   

Surveys followed a U.S. Fish and Wildlife protocol. For every 49.78 ha, two 

acoustic detectors were placed at a minimum of 200m away from each other for two 

successful nights (which did not need to be consecutive). Nights were only considered 

successful if, between the hours of 1800 and 2300, temperatures remained at or above 

10oC, wind speed remained below 16.1 kph, and it did not rain for more than 30 

consecutive minutes.    Detectors were programmed to turn on at 1800 and turn off at 
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0500.  The survey period ran from May 20 to August 15 for 2014, 2015, and 2016 to 

correspond with the maternity period of the northern long-eared bat. 

 Acoustic detector deployment sites were selected in ArcGIS (Esri, Redlands, 

CA) and then ground truthed for detector deployment suitability.  Directional 

microphones were placed on an aluminum pole and raised to the lowest predicted 

flight path of the bat which was determined by canopy height (Fig 2.2).  Microphone 

height never exceeded 4.57m.  Microphones needed a 22.86m clear line of site 0.5-2.0 

m wide.  When deployed on slopes, microphones were placed to face downslope.  In 

all deployments, microphones were aimed at a slight downward angle to allow 

rainwater to run off and not into the microphones.  Detectors and external batteries 

were placed in waterproof boxes and located at the bottom of the aluminum pole. A 

microphone cable exited the box through a small hole on the side to attach the detector 

unit with the microphone.  Enough slack was left to allow the cable to touch the 

ground before entering the box so rain could not flow into the box. Acoustic detectors 

were retrieved after two successful nights.  

 Once retrieved, sound files were run through one, two or three identification 

software programs: EchoClass (Eric Britzike, ERDC), Kaleidoscope (Wildlife 

Acoustics, Maynard, MA) and SonoBat (SonoBat, Arcata, Ca). In most cases results 

were run through two of the three programs with EchoClass only useable for AnaBat 

detectors, SonoBat only useable with full-spectrum detectors and Kaleidoscope 

working with all acoustic detectors.  Anabat/Anabat 2 and SongMeter units record in 

zero-point crossing format while Pettersson units record in full-spectrum format.  Full 

spectrum recordings were converted into zero-point crossing in Kaleidoscope 3.0. All 
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identifications were vetted by hand and either approved or reclassified as another 

species or as an unknown.  

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

Landscape Variables 

 Six habitat variables were selected to be tested for associations with the 

presence of the northern long-eared bat.  Data on each variable were extracted from 

the WMNF GIS database.  The measurements for the forest stand variables in Table 

2.1 were acquired from the Forest Stand Layer (updated August 2016), and wetland 

Fig 2.2: Typical Pettersson D500x acoustic detector set up. 
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size was acquired from Forest Wetland Layer (also updated August 2016).  Distance 

from survey site was measured in ArcGIS. 

Forest Stand Variables Wetland Variables 

Stand Age  Wetland Size  

Stand Species Composition  Distance from Survey Site  

Basal Area   

Elevation   

Stand Type   

Stand Structure   

  

Basal area (BA) was defined as the average BA of the forest stand containing a 

survey site.  Stand structure was defined as the average diameter at breast height 

(DBH) of a forest stand.  Elevation (Alt) was defined as the altitude at which an 

acoustic detector was deployed. Wetland size was defined as the maximum available 

hectares (ha) of wetland within 2km radius of the survey point.  Stand type was 

defined as either hardwood, mixed wood, softwood, or open.  Distance (Dist) from 

survey site was defined as the shortest distance from a survey site to the nearest 

wetland edge.  Wetlands were defined from the National Wetland Inventory which 

follows the USFWS definition as written by Cowardin et al. (1992). 

Statistical Methods 

The statistical program R was used to create logistic regression models.  A 

stepwise approach was used, adding and removing variables to create the candidate 

Table 2.1: Forest stand variables tested that were selected based on results from 
other studies.  Wetland variables tested and selected based on preliminary results 
from early surveys on WMNF. 
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models.  Akaike Information Criterion (AIC) values were used to select between 

models.  In this study, due to the rarity of the species, characteristics were considered 

significant if P < 0.10.  Accuracy of the model was tested using the pRoc package in R 

to generate an area under the operator curve (Robin et al. 2011).   

Results 

Three hundred thirty-three sites were surveyed over a three-year period with 27 

sites (8.11%) having at least one northern long-eared bat detected (Fig 2.3).  Low 

numbers of detections were expected due to the effects of WNS on northern long-

eared bat populations.  Ten of the detections occurred in stands with a DBH range of 

25-30cm (Fig. 2.4A), but the percentage of available stands with a DBH of 25-30 cm 

that yielded detections (6.3%) was actually the lowest across all DBH classes where 

this species was found (Fig 2.4B).  The northern long-eared bat was detected at one or 

more sites within every examined project area in the forest.  Most project areas had at 

least four sites with detections of northern long-eared bats.  All detections with the 

exception of one were within the known commuting distance of female northern long-

eared bats (2km) to a wetland. 

 Fifty-two candidate models were created using various combinations of 

characteristics and evaluated using the AIC values generated in R.  Twelve models 

with the lowest AIC values were selected for further investigation (Table. 2.2).  All 

twelve of these models had ∆AIC values of less than 2; because models with such a 

low ∆AIC are considered to be statistically the same the twelve models were averaged 

together as suggested by Gruber et al. (2011) using the MuMin package in R.   
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Fig 2.3. One project area demonstrating sites where northern long-eared bats were 
detected (red circles) within WMNF.  



27 
 

0

2

4

6

8

10

12

0-5.0 5.0-10.0 10.0-15.0 15.0-20.0 20.0-25.0 25.0-30.0 30.0-35.0 35.0-40.0 40.0-45.0N
um

be
r o

f M
. s

ep
te

nt
rio

al
is 

De
te

ct
io

ns

DBH (cm)

0

5

10

15

20

25

30

0-5.0 5.0-10.0 10.0-15.0 15.0-20.0 20.0-25.0 25.0-30.0 30.0-35.0 35.0-40.0 40.0-45.0

Pe
rc

en
t o

f s
ta

nd
s w

ith
in

 D
BH

 c
la

ss
 w

ith
 M

. 
se

pt
en

tr
io

na
lis

 d
et

ec
tio

ns

DBH (cm)

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 
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Fig 2.4 (A) Number of northern long-eared bat survey sites that had positive 
detections broken down by average stand DBH. (B) Percent of stands surveyed 
within each DBH size class with northern long-eared bat detections. 
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Model 
 

BA 
Dist 
to 

Wet  
DBH 

 
Age Alt 

Wet 
ha 

Avail 
Type 
 

Spec 
 

AIC 
 

∆AIC 
 

1     x   x x     187.83 0.00 
2     x   x       187.86 0.03 
3     x     x     188.14 0.31 
4           x     188.33 0.50 
5         x x     188.35 0.52 
6         x       188.55 0.72 
7   x x     x     189.07 1.24 
8   x x   x x     189.12 1.29 
9     x           189.28 1.45 

10 x   x           189.39 1.56 
11 x x x     x     189.50 1.67 
12   x       x     189.71 1.88 

Table 2.2. Twelve models generated using habitat characteristics.  Each “X” 
indicates a variable included in a particular model.  AIC values are generated by 
the model, and lower AIC values have a greater likelihood of the model explaining 
variation when compared to other models. Wetland (Wet) ha Available (Avail), 
Elevation (Alt), and DBH variables occur the most in the top models. 

Fig 2.5: Predicted probability of northern long-eared bat detection as DBH 
increased on WMNF with 95% confidence interval.   Odds of detection 
decreased by a factor of 0.96 for each 1cm increase in average stand DBH. 
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In the averaged model, two landscape variables were identified as important.  

As DBH (p= 0.097) increased the probability of detecting northern long-eared bats 

decreased (Fig. 2.5).  As wetland ha (p= 0.091) increased so did the chance of 

detecting the northern long-eared bat (Fig 2.6). Surprisingly, BA (p=0.19) and 

elevation (p= 0.12) did not appear to be useful in predicting the presence of northern 

long-eared bats in the WMNF.  Variable importance weight for the five values in the 

final model were calculated as ha 0.66, DBH 0.66, Elevation 0.50, Distance 0.23, and 

BA 0.11.  Stand age, type, and species were not included as variables in the top 12 

models and therefore are considered to have little or no weight in determining the 

presence of northern long-eared bats.  

Fig 2.6: Predicted probability of northern long-eared bat detection as area of 
available wetland increased within a 2km flight radius on WMNF with 95% 
confidence interval.   Odds of detection increased by a factor of 1.01 for every 
1 ha increase of available wetlands. 
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  The predictive ability of the model was tested by examining the area under 

the operator curve (AUC = 0.6577).  The value of AUC is measured from 0.5 to 1, the 

closer the value is to 1 the greater predictive power the model has.  

Discussion 
Two key landscape variables for predicting the presence of the northern long-

eared bat within the WMNF emerged from this study, and both align well with current 

knowledge about the ecology of this species.  In support of my original hypothesis, the 

presence (area) of wetlands was positively associated with detections of this bat 

species.  Average stand DBH, an indicator of forest thickness, was negatively 

associated with detections.  These results are an important first step toward better 

management for the protection of this threatened bat in the region.  

Early surveys on WMNF suggested that there was a connection between this 

species and wetlands, and the results from this study supported this. Grindal et al. 

(1999) also found riparian zones to be preferred by northern long-eared bats and 

suggested that wetlands may be more important when compared with streams.  

Wetlands produce less background noise than fast moving streams; background noise 

can interfere with navigation and hunting activities of bats in flight.  Wetlands are also 

important to many of the insects which bats feed upon, making them suitable foraging 

grounds, and this will be covered in greater detail in Chapter 3.  Wetlands may also 

provide suitable roosting habitat through the numerous snags often seen in and around 

their vicinity. Interestingly, while more detections were found in areas containing a 

greater total area of wetlands, distance from a survey site to the closest wetland edge 

was not found to be a significant factor in the model.  This may be because these two 
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variables were linked: the landscape had many wetlands such that being close to one 

wetland site also increased the amount of wetland area available and commuting 

distance may be of negligible importance (e.g. Fig 2.7). 

Several forest characteristics have been used to examine bat species’ presence 

on the landscape in this and other studies.  In my analyses, average stand DBH was 

found to be a predictive variable for the northern long-eared bat.  The majority of the 

bat detections in my study were found in stands that had an average DBH between 25 

and 30 cm, but this represented detections in only a low percentage of the available 

stands in this size class.  Overall, the model results indicated that detection probability 

decreased as DBH increased (Fig 2.5). Even though results suggest lower DBH 

increased the probability of detecting northern long-eared bats, it does not mean that 

clear cuts would be beneficial to the species.  Zero DBH in terms of this study is an 

artifact of the methodology used, as wetlands are not surveyed for timber use and are 

therefore reported as a zero in the geodatabase.  However, only a few zeros were 

inputted into the model and the next stand with the lowest DBH was 2.5cm.  

 In Sasse & Pekins (1996), the average DBH of roost sites on the WMNF was 

41cm.  However, my study did not examine individual roost trees’ DBH but instead 

examined the average DBH at the stand level. Sasse & Pekins (1996) acknowledge in 

their study that stand level characteristics may have an influence on roost site 

selection.  It is possible if bats were roosting within the stand that they were detected 

in and not just passing through on the way to a foraging site, they could be roosting 

within the largest DBH trees found within the stand. Perry and Thill (2007) also 

examined DBH for individual roost trees; both their study and mine found that stands 



32 
 

with larger DBH values had fewer northern long-eared bats.  The wing morphological 

characteristics of northern long-eared bats give them an advantage in flying in thicker 

forest habitat over other bat species (Caceres & Barclay 2000).  By utilizing stands 

with smaller DBH, northern long-eared bats could reduce competition for roosting and 

foraging habitat.   

Beyond DBH, past studies have linked other forest variables to bat species’ 

distributions.  For example, Ford et al. (2005) found that tree canopy cover was a 

predictor of the presence of northern long-eared bats.  However, land managers more 

commonly keep track of basal area (BA), which more accurately represents the 

thickness of a forest on a landscape level.  In my study, however, BA did not appear as 

an important predictor for northern long-eared bats but this may be due to the fact that 

the majority of the stands in the forest were relatively thick.  In another study of the 

northern long-eared bat, Pauli et al. (2015B) measured the amount of forest within 

2km of a roost tree and determined that the more continuous forest the greater the 

chance of occurrence.   This was not a variable I examined due to the sheer amount of 

continuous forest within my study area.  New Hampshire and Maine are both heavily 

forested states with the study sites occurring in large areas of contiguous forest.  Much 

of the WMNF is composed of northern hardwood species.   However, many of the 

stands are classified as mixed wood, and distinct softwood stands can also be found.  

Hardwood stands have been historically described as the primary roosting habitat of 

the northern long-eared bat through several studies (e.g. Sasse & Pekins 1996, Ford et 

al. 2005,); however, Perry and Thill (2007) demonstrated with their work that 
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softwood stands could be regionally important for roosting preference.  In my study, 

stand type did not play a role in predicting presence.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig 2.7 A project area where the northern long-eared bat was detected, 
illustrating their locations with respect to wetlands. ∆ represent positive northern 
long-eared bat detections. ● represent sites with no northern long-eared bat 
detections.  Color changes represent variation in Ha of wetlands available within 
2km: the darker the symbol the larger the amount of wetlands available. 
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Understanding habitat selection is important to wildlife management 

particularly when threatened or endangered species are involved.  Determining 

important microhabitats, such as roosting preferences, is certainly important for 

conservation efforts. The results from small-scale habitat studies have been used for 

the management of many bird species such as the yellow hammer (Emberzia 

citronella) and red cockaded woodpecker (Picoides borealis) (Plentovich et al. 1998, 

Brawn et al. 2001, Whittingham et al. 2005).  However, understanding landscape-level 

preferences may play a more practical role in natural resource management and long-

term species recovery.  

 Landscape-level habitat characteristics attempt to encompass all of a species’ 

complex requirements for survival.  For bats this may be particularly important 

because feeding and roosting areas can vary greatly.   Landscape-level management 

provides a greater variety in habitat by changing the makeup of the land into a mosaic 

of habitat types (Brawn et al. 2001).  In this sense landscape management can be 

beneficial to multiple species besides the target species.   

  For the northern long-eared bat, Perry et al. (2008) compared habitat 

characteristics for roost selection at two scales. At the smaller scale (250m radius) 

northern long-eared bats were found to be in stands composed of mature forest that 

had been thinned under a group selection timber regime and found closer to road 

systems (Perry et al. 2008).  At the larger scale (1000m radius) northern long-eared 

bats were found at locations that had fewer patches but more forest edge (Perry and 

Thill et al. 2008).  It is no surprise that predictors for microhabitat characteristics can 

differ from predictors used for the landscape scale as this has been demonstrated with 
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other rare animals such as the wood turtle (Compton et al. 2002). In the case of the 

wood turtle the amount of forest cover selected differed between local microhabitat 

scale and larger landscape or watershed scale in Maine (Compton et al. 2002). It is 

therefore expected that differences would be seen in habitat selection for many species 

based on the scale at which a study takes place. 

Bats have complex habitat needs that differ throughout the seasons. Habitat 

preferences for roosting can differ from those for feeding and most certainly from 

hibernacula needs.  There are still many factors we do not yet know about bat habitat 

use, but this creates many opportunities for future research.  By continuing surveys in 

the WMNF and adding in data from other forests in the region, a new model with 

greater predictive power could be generated in the future.  In the meantime, careful 

management of timber stands close to wetlands could provide the greatest opportunity 

for improving habitat for the species; this will be covered in greater detail in Chapter 

4. 
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Chapter 3: Insect Prey Abundance in Riparian Versus 
Upland Habitats 

Introduction 

   An important part of a species’ habitat selection revolves around foraging 

sites and food availability (Morris 2003).  Some organisms have critical periods of 

energetic stress within their annual life cycle.  For insectivorous bats in the Eastern 

U.S., this critical period falls in the winter when the bat undergoes hibernation. Before 

hibernation, bats need to increase their body mass to have enough fat resources to 

survive the winter (Kunz et al. 1998, Speakman & Rowland 1999).  Bats emerge from 

hibernation in late spring and soon after females give birth to a single pup (Caceres et 

al. 2000, Broders et al. 2006).  Rapid weight gain is needed by females at this time of 

post-hibernation to be able to produce the milk for their pups, which makes choosing a 

maternity site with adequate resources essential (Speakman & Rowland 1999, Broders 

et al. 2006) Bird species that nest in wetlands have been shown to select habitat based 

on the abundance of emergent insects at the time of nest site selection (Orians and 

Wittenberger 1991), and some bats may show similar patterns. 

 Riparian habitat is well known for producing large numbers of insects, 

particularly in late spring when many species of aquatic insects are emerging for 

breeding (Fukui et al. 2006).  Riparian forests have been shown to have greater 

foraging activity by birds during periods of insect emergence (Murakami & Nakano 

2002).  Insectivorous bat species, such as the northern long-eared bat, have also shown 

a preference for foraging in riparian habitat (Grindal et al. 1999, Fukui et al. 2006, 
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O’Keefe et al. 2013). Riparian corridors are assumed to play an important role for both 

commuting and foraging for northern long-eared bats (Grindal et al. 1999, Fukui et al. 

2006).  In Massachusetts northern long-eared bats were most often found foraging 

under canopy cover over vernal pools and along stream corridors (Brooks & Ford 

2005).  However, the diet of northern long-eared bats is not limited to insects 

emerging from aquatic habitats; they often feed on terrestrial insects as well (Whitaker 

2004).   

The foraging behavior of northern long-eared bats falls into two categories 

known as hawking (prey taken while in flight) and gleaning (prey taken off of plants) 

which allow for a more flexible diet in a forest ecosystem (Ratcliff & Dawson 2003). 

In New England, the diet of northern long-eared bats consists of 82% Lepidoptera with 

the remaining 18% of the diet composed of Coleoptera, Trichoptera, Araneae, Diptera, 

and Hymenoptera (Thomas et al. 2012).  Specifically, smaller members of the order 

Lepidoptera were found to play an important role within the diet in the central 

Appalachian region (Dodd et al. 2012).  Because of this diet flexibility, foraging 

habitat use may change seasonally, as peak emergence time of aquatic insects differs 

seasonally from terrestrial insects (Fukui et al. 2006). 

The purpose of the research described in this chapter was to examine one 

possible reason northern long-eared bat detections were associated with the presence 

of wetlands in the WMNF.  I hypothesized that one reason northern long-eared bats 

were more likely to be found near wetlands may be that there was a greater availability 

of insect prey at those sites as opposed to upland locations.  This was tested by 
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surveying upland and wetland sites for known prey orders of northern long-eared bats 

and comparing the abundance between these site types.   

Methods 

This study was conducted within the WMNF (described in Chapter 2).  There 

are 4,856 ha of wetlands and 7,644 km of streams within the Forest, which afford 

many sites to compare riparian to upland habitat. 

 

 

 

Fig 3.1 WMNF with marked locations where Malaise traps 
were placed. Four sites located on the eastern part of the 
Forest (Saco District) were in close proximity and so 
appear as two locations on this map. 
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Malaise traps were placed at eight sites in the summer of 2016 (Fig 3.1). Four 

of the eight sites were located within 30m of riparian habitat.  Two of these four 

riparian habitat traps were placed within a delineated wetland complex (Pemigewasset 

and Androscoggin Districts).  Two others were placed on the Saco District which had 

no wetland habitat on Forest Service land within and around the proposed project 

areas.  One of these traps was placed along a stream leading into a wetland 290 m 

away on private land, the other was placed along a separate stream not associated with 

a wetland. The remaining four out of eight traps were placed in upland sites on each 

district (for paired comparisons to the riparian site traps).  All sites were selected 

within proposed timber removal project areas in New Hampshire.  

The Malaise traps used (model 2875AG, Bioquip Products Inc., Rancho 

Dominguez, CA) were 2.13 m tall and 1.22 m wide on each side, forming a cube (Fig. 

3.2). Traps were held upright by one central pole staked into the ground and eight 

stakes (four for the panels and four for the guidelines).  Four panels draped out from 

the center of the square funneling any insects that came into contact up and into a 

collection head placed at the top of the trap. Collection heads came equipped with a 

standard container for holding the kill agent which was filled half way with 

ammonium carbonate (selected over other commercially available kill agents due to 

concern about large wildlife getting into the traps or knocking them into the water at 

sites located near wetlands).  Due to deployment period length and concern about 

impacting non-target organisms, collection trays normally placed at the base of a 

malaise trap for collecting Coleoptera were not used. 
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 Each Malaise trap was set out for two weeks during the month of July. The 

entire survey period lasted six weeks, because not all traps were deployed during the 

same two-week window. Beginning June 28, two traps were placed on the Saco 

District. Beginning July 6, two traps were placed on the Pemigewasset District.  

Beginning July 17, two traps were placed on the Androscoggin District and two on the 

Saco District. At the end of each trap’s two-week deployment period, insects were 

collected and later sorted to order. Data on members of the order Lepidoptera (moths) 

were used in analysis since these insects make up the majority of the diet of northern 

long-eared bats in New England (Thomas et al. 2012).  Nocturnal members of the 

order Diptera (midges, mosquitos, and crane flies) were also examined as a secondary 

food source. 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig 3.2: Typical malaise trap set up. 
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The average number of Lepidoptera between wetland and upland sites was 

compared using a Wilcoxon Rank Sum test in R.  A Kruskal-Wallis test was used to 

examine the differences in total Lepidoptera abundance between the four sampling 

sites. A Wilcoxon Rank Sum test was also used to examine the difference in average 

number of Diptera caught at wetland and upland sites.  A Kruskal-Wallis test was also 

used to compare the total abundance of Diptera between the four sampling sites. 

Results: 

A total of 269 individual Lepidoptera were collected at riparian zones with an 

average of 67.25 individuals caught per site, while 150 were collected at upland sites 

with an average of 37.5 per site (Fig 3.3).  However, there was no significant 

difference in Lepidoptera abundance between riparian and upland sites (Wilcoxon W = 

10, p =0.663).   

 

 

 

 

 

 

 

 

 

Fig 3.3. Average Number of Lepidoptera captured in malaise traps with 
standard error bars. 
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Insect abundance varied between the four sampling locations with the least 

number of Lepidoptera caught in the first site (37 individuals) and the greatest number 

caught in the third site (170 individuals) (Fig 3.4). There was no significant difference 

in total Lepidoptera abundance between the four sites (H= 4.5, df= 3, p= 0.212).  In 

most groups, more Lepidoptera were collected at riparian sites (Fig 3.5) 
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Fig 3.4 Average number of Lepidoptera collected for each pair 
group with standard error bars. 

Fig 3.5 Percentage of Lepidoptera collected between upland and riparian 
sites for each pair of traps. Group numbers correspond with order in 
which they were placed out for sample collection. 
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A total of 418 Diptera were collected from upland sites with an average of 

104.5 caught at each site.  A total of 286 Diptera were collected at riparian sites with 

an average of 71.5 per site (Fig 3.6).  There was no significant difference in Diptera 

abundance between upland and riparian sites (Wilcoxon W= 6, p= 0.6871).   

 

 

 

 

 

 

 

 

 

 

Insect abundance varied between the four sampled sites with the fewest Diptera 

caught in site 2 (91) and the greatest number caught at site 4 (246) (Fig 3.7) but the 

differences were not significant (H= 2.833, df= 3, p= 0.418).   In two of the sites, the 

majority of Diptera were collected in the riparian habitat while the opposite pattern 

was seen in the other two sites (Fig 3.8). 

 

 

Fig 3.6 Average number of Diptera caught at upland and riparian sites 
with standard error bars. 
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Fig 3.7 Average number of Diptera collected at each pair group with 
standard error bars. 

Fig 3.8 Percentage of Diptera caught between upland and riparian sites 
within each pair of traps.  Group numbers correspond with order in which 
they were placed out for sample collection. 
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Discussion 
The results of this study indicated that riparian zones did not have a greater 

abundance of the primary and secondary food sources for northern long-eared bats 

during the month of July in the WMNF.  This in turn could suggest that important 

differences in prey availability between riparian and upland sites were not captured by 

the sampling methods employed.  For example, it is possible that phenology played a 

role in the observed pattern in insect abundance, since the traps were not all deployed 

at the same time.   Alternatively, the results could suggest that the pattern of detections 

of northern long-eared bat near wetlands may not be related to prey availability.   

Areas with more insects are often thought to have more insect eaters, including 

bats.  Insect abundance varies by season and so it is expected that bat activity will 

change in response. Bats have been shown in studies to correlate their foraging 

locations to seasonal prey abundance.  Specifically, in a study by Fukui et al. (2006), 

in the spring months when aquatic insects were more abundant than terrestrial insects, 

bats concentrated their feeding activity in the riparian corridors where the aquatic 

insects were abundant.  During the summer months, feeding activity in the riparian 

corridors lessened in correlation with aquatic insect abundance (Fukui et al. 2006). In 

my study, however, there was no significant difference in Lepidoptera or Diptera 

abundance between riparian and upland sites during the month of July.  This agreed 

with Murakami and Nakano (2002) who found no difference in terrestrial insect 

abundance between their riparian and upland study sites. However, Murakami and 

Nakano (2002) did find significantly more aquatic insects at riparian sites which I did 
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not.  Insect abundance during summer months may not play a key role in habitat 

selection. 

It is possible that adjustments to the timing of sampling in this study may have 

yielded different results.  The relatively short collection period of one month and the 

limited number of sites may have made it difficult to detect a difference between 

habitat types.  Further studies are needed that encompass the full period of bat activity 

from April to October with more sample sites running simultaneously to account for 

possible fluctuations in insect abundance over time.   Insect abundance in the late 

spring and early summer months right after bats emerge from hibernation may play a 

key role in determining initial habitat selection, since there is a need to replenish body 

mass lost during hibernation (Speakman & Rowland 1999, Broders et al. 2006).  Insect 

abundance may also play a role in choosing pre-hibernation roost, as during this time 

period in late summer and early fall food resources are depleting and bats need to put 

on fat to successfully survive through hibernation (Kunz et al. 1998, Speakman & 

Rowland 1999).  Insect abundance can also vary nightly between species and habitat 

types in ways that affect bat foraging (Bell 1980). It would be useful to examine the 

nightly differences in insects between the upland and riparian sites which would give a 

finer-scale resolution of insect abundance as this may also have increased the variance. 

 Estimating prey abundance is not the only way to examine foraging site 

selection.  Sites could be selected based on available calories and so could be 

examined by biomass.  Insects vary greatly in size, most notably the moths.  It is 

possible that sites that had similar number of insects available for consumption had 
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different sizes of insects available which could yield differences in foraging habitat 

quality.   

 Further study as discussed above could help provide a more thorough picture 

of insect prey availability between riparian and upland sites, but the results of the 

current work suggest that prey availability may not be a driving factor in microhabitat 

selection of northern long-eared bats.  The diet of northern long-eared bats mainly 

consists of Lepidoptera and other terrestrial insects (Thomas et al. 2012).  Since these 

insects do not need aquatic habitats in which to develop, this could suggest that the 

insects and their predators should spend more time in upland sites.  However, northern 

long-eared bats (as shown in Chapter 2) are more likely to be found near wetlands in 

WMNF.    This may suggest either that 1) wetlands in WMNF provide equivalent 

quality habitat for Lepidoptera as upland sites, 2) areas near wetlands may be selected 

by bats based on roosting structure availability as opposed to foraging needs or 3) 

foraging efficacy is greater in wetland sites.  The second of these possibilities would 

simplify what habitat should be protected for the conservation of this species.  It has 

been shown that northern long-eared bats will roost in flooded bottomlands (as will the 

endangered Indiana bat), but they are not limited to this habitat (Foster & Kurta 1999, 

Ford et al. 2005, Perry & Thill 2007).  However, these observations were not tied to 

prey availability but instead to the availability of roosting structure (Foster & Kurta 

1999).  Further studies should attempt to examine the relationship between roost 

habitat selection and foraging grounds through radio tracking bat activity through its 

daily cycles, as well as from post- to pre-hibernation.  
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   Riparian zones are known to be important commuting and foraging zones for 

bats (Grindal et al. 1999, Russo et al. 2002, Fukui et al. 2006).  With the information 

gathered from this study and observations of roost sites occurring in wetlands of other 

studies, it is possible that wetlands and their surrounding areas provide both the 

preferred roosting habitat and foraging grounds for northern long-eared bats in New 

England.  Management of this species under this assumption could be relatively easy 

to implement thanks to the many laws and regulations we already have for protecting 

wetlands in the U.S. 
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Chapter 4: General Conclusions 

In this thesis I have examined the importance of wetlands to the northern long-

eared bat in the WMNF.  The first question I addressed was if wetlands could be used 

for predicting the presence of the northern long-eared bat on the landscape, with the 

odds of bat presence increasing with the amounts of wetland habitat in a survey area 

(Chapter 2).  The second question was if wetlands provided greater prey abundance for 

northern long-eared bats over upland habitat (Chapter 3). 

 My results indicate that wetlands may play an important role in determining 

the habitat selected by northern long-eared bats.  In Chapter 2 I examined predictive 

variables for northern long-eared bat occurrence on the landscape.  Two wetland 

characteristics were used along with several forest stand characteristics.  Of the 

wetland variables modeled, available wetland (ha) within 2km of a sampling site was 

found to have a significant positive relationship with bat detections, but distance to the 

nearest wetland did not though this could be because the two variables were linked.  

Many wetlands occurred in small clusters.  The closer to a wetland a bat was detected 

the more hectares of wetlands within 2km were available to the bat.   

 DBH was also found to be a significant variable for predicting the presence of 

the northern long-eared bat.  BA, the measure of forest thickness that I used in this 

study, was not directly associated with the presence of northern long-eared bat.  

However, BA is closely correlated with DBH, as stands composed of smaller trees can 

have more trees growing in closer proximity, creating a thicker forest.  Modeling 

indicated that as wetland availability increased and DBH decreased the northern long-

eared bats had a greater probability of occurring in an area. 
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 In Chapter 3 I examined the role of wetlands in forage abundance.  It had been 

assumed that wetlands play a strong role in forage availability and many bat species 

including the northern long-eared bat feed on emerging aquatic insects found at these 

sites.  However, the northern long-eared bat primarily feeds on terrestrial moths.  The 

results from malaise trap surveys indicated no significant differences in the abundance 

of terrestrial insects found near upland versus wetland sites.  This result matched what 

was seen in another study (Murakami & Nakano 2002).  However, unlike past studies, 

the results from my malaise trap surveys showed no abundance difference for 

emergent aquatic insects between site types either.  This may be due to the modest 

sample sizes, the time frame in which surveys took place, or to the inability to sample 

simultaneously across all sites.   Many of the aquatic insect species have their peak 

emergence periods well before July when my surveys took place, but it may also have 

to do with the WMNF being a fairly wet forest.  The aquatic insects that I was able to 

collect in the malaise traps were mainly mosquitos, which can develop in the many 

wet holes, pools, and seeps found on the landscape.  My results do not support the 

hypothesis that prey abundance drives the selection of wetland areas for habitat use, at 

least during the period of July. It is possible, however, though untested, that it could 

play a role in the early post hibernation period for northern long-eared bats. 

Management implications 

 Analyses of landscape characteristics provide strong opportunities for broad-

scale wildlife management.  Natural resource management takes place at a larger 

spatial scale than the particular microhabitat characteristics that are most often studied 

in bat research.   By studying habitat use at a landscape level, wildlife managers are 
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able to factor habitat preferences into many agencies’ established practices.  

Furthermore, by studying the landscape characteristics managers are able to get a more 

complete picture of the complicated habitat use of bats.   

 All cave-hibernating bats have changing habitat needs during their life cycles.  

The reliance on multiple habitat types for roosting, foraging, and hibernating makes it 

difficult to manage for an individual species through the previous knowledge we have 

gained from microhabitat studies.  Through landscape-level studies we are able to 

incorporate multiple habitat types into our management practices.  This larger scale 

management may end up being beneficial to other bat species closely related to the 

northern long-eared bat; even though bats within the same genus in New Hampshire 

(eastern small-footed myotis and little brown bat) utilize different roosting habitat, 

they do utilize similar foraging habitats. 

 As well as cave-hibernating bats, New Hampshire has several migratory 

species of bats.  Instead of hibernating these bats fly south for the winter.  They are not 

affected by White Nose Syndrome because of this but they can still be affected by 

forest management and other habitat-altering practices.  By studying and managing for 

cave-hibernating bats that share summer habitat with the migratory species, we are 

better able to understand the role of different habitats for bat communities. 

 Existing laws and regulations protect wetlands and riparian zones.   Linking the 

preferred habitat of northern long-eared bats to wetlands provides an extra form of 

protection for this threatened species while still allowing for timber harvest and forest 

management.  In the long term this extra protection may play an important role in the 
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recovery of the northern long-eared bat since no critical habitat was designated for this 

species under the Endangered Species Act.  Because of this, it is critical that forested 

wetlands are correctly delineated and protected. 

Timber harvest was originally proposed as a reason for this species decline.  

Though forest fragmentation is known to be detrimental to the species, this has more 

of an impact in less forested parts of its range and not in the heavily forested areas 

such as New England.  Across its range, timber harvest has not been linked to the 

species’ decline and certain timber harvest regimes such as selective harvest or partial 

harvest have been suggested to have positive benefits for the species (Perry & Thill 

2007).  Careful management of DBH in stands, especially those within 2km of 

wetlands, could have some positive impacts on the species by providing more roosting 

trees of appropriate size. However, there have not been enough studies on harvest 

regime effects on this species to definitively say what consequences there may be to 

the species depending on the harvest regime used.  Because of this, it is recommended 

to monitor the species for population changes and to conduct future research on 

harvest regimes’ impacts. 

It is important to keep in mind that the northern long-eared bat was listed as 

threatened due to a wildlife disease and not habitat loss, so much of the regulation 

around the species is to protect the species from human disturbances that spread White 

Nose Syndrome. Unfortunately, until we are successfully able to treat infected 

hibernacula, the spread of the disease from bat to bat will still take place, continuing 

the species’ decline.  Though much more research is needed in regards to treating 

White Nose Syndrome, by better understanding the habitat selection of bat species we 
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are better able to manage the species in a way that could facilitate the survival and 

reproduction of healthy individuals.  

Future research   

 My result that wetlands likely play a role in habitat selection of the northern 

long-eared bat needs to be further explored by examining other forests in New 

England.  The model in this study needs to be strengthened through more surveys to 

increase its accuracy. Furthermore, additional landscape-level characteristics need to 

be examined such as distance to roads as suggested by Pauli et al. (2015) for the 

northern long-eared bat as well as other bat species.  By examining more habitat 

characteristics, it could be possible that another characteristic or combination of 

characteristics could be found that are better indicators than what the present model 

indicates.  But one of the challenges of working with this species is the rarity of it.  

Future studies should be done using these same methods for more common species of 

bats such as the little brown bat and hoary bat within New England.  In doing so, a 

larger sample size would be available to use in determining commonalities of habitat 

of multiple bat species for forest management.  

 The driving factors behind wetland habitat use by bat species deserve further 

study.  Although I found that prey abundance did not vary between upland and 

wetland sites during late summer, this study did not include surveying during the late 

spring and early summer months.  It is possible that early food availability determines 

wetland usage.   Likewise, habitat use may change in the fall as bats are putting on fat 

for hibernation. It is worth exploring the full picture of the life cycle of habitat use by 
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these bats on WMNF.  It is also worth examining habitat selection immediately after 

emergence from the hibernacula.  During this pre-maternity period, bats need to 

rapidly put on weight to recover the depleted fat reserves they spent over the winter 

during hibernation.  This is also the time in which large aquatic insect hatches occur.  

Habitat selection could be determined during this time period or it may differ from the 

maternity period.   

 Another avenue for future research that should be explored is the effects of 

different timber harvest regimes on the species.  In this aspect, some experimental 

harvest should be done under different regimes and monitored over time to examine its 

effects on the species populations. Treatments would consist of some stands under 

even age management with others under uneven age management using single-tree 

selection, group selection, and overstory removal with the goal to create a mosaic of 

stands of different age classes, density and species composition for comparison. Perry 

and Thill (2007) similarly looked at active forest harvest that had undergone various 

treatment types as proposed here.  Plots could also be established in old growth forest 

for controls.   

 There are many questions that still need to be answered besides the apparent 

role of wetlands to conserve bat species in this region.  How does timber harvest affect 

the northern long-eared bat and other bat species?  Are certain types of harvest more 

beneficial to certain bat species or bats in general? Many bat species in the Northeast 

are in decline but few of the species have been federally listed.  A few have been state 

listed but there is still a large deficit of information about these species.  It is 
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imperative that these knowledge gaps get filled to prevent the future listing of more 

bat species, and to implement optimal management strategies for those needing listing. 
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Appendix 1 All Candidate Models 

Model 
B
A 

Dist_W
E DBH 

Ag
e 

altitud
e Ha Type Spec AIC ∆AIC 

1     x   x x     
187.8

3 0.00 

2     x   x       
187.8

6 0.03 

3     x     x     
188.1

4 0.31 

4           x     
188.3

3 0.50 

5         x x     
188.3

5 0.52 

6         x       
188.5

5 0.72 

7   x x     x     
189.0

7 1.24 

8   x x   x x     
189.1

2 1.29 

9     x           
189.2

8 1.45 

10 x   x           
189.3

9 1.56 

11 x x x     x     
189.5

0 1.67 

12   x       x     
189.7

1 1.88 

13 x         x     
189.8

8 2.05 

14       x   x     
189.9

6 2.13 

15       x x       
190.0

8 2.25 

16   x     x       
190.5

4 2.71 

17   x x x x x     
190.8

4 3.01 

18   x x           
191.2

2 3.39 

19 x               
191.2

3 3.40 

20 x x x           
191.3

9 3.56 

21   x             
191.4

1 3.58 
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22 x x x x   x     
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23 x x       x     
191.4

8 3.65 

24 x x x x x x     
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0 3.87 

25 x x x x x       
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28 x x             
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32   x x x x x x   
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33 x x x       x   
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209.6
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24.1
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49 x x x x x x   x 
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Appendix 2 Additional Maps 

 

∆ represent positive M. septentrionalis detections. ● represent sites with no M. 
septentrionalis detections.  Color changes represent change in Ha of wetlands 
available within 2km, the darker the symbol the larger the amount of wetlands 
available. 
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∆ represent positive M. septentrionalis detections. ● represent sites with no M. 
septentrionalis detections.  Color changes represent change in Ha of wetlands 
available within 2km, the darker the symbol the larger the amount of wetlands 
available. 
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∆ represent positive M. septentrionalis detections. ● represent sites with no M. 
septentrionalis detections.  Color changes represent change in Ha of wetlands 
available within 2km, the darker the symbol the larger the amount of wetlands 
available. 
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∆ represent positive M. septentrionalis detections. ● represent sites with no M. 
septentrionalis detections.  Color changes represent change in Ha of wetlands 
available within 2km, the darker the symbol the larger the amount of wetlands 
available. 
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∆ represent positive M. septentrionalis detections. ● represent sites with no M. 
septentrionalis detections.  Color changes represent change in Ha of wetlands 
available within 2km, the darker the symbol the larger the amount of wetlands 
available. 
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∆ represent positive M. septentrionalis detections. ● represent sites with no M. 
septentrionalis detections.  Color changes represent change in Ha of wetlands 
available within 2km, the darker the symbol the larger the amount of wetlands 
available. 
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Stands on a project area where M. septentrionalis has been detected (red circles).  
Stands are color coded to match DBH range in 5cm intervals. 
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