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ABSTRACT 

Simonis, Molly C. Ph.D. Environmental Sciences Ph.D. Program, Wright State 

University, 2022. Evaluating energy-based trait shifts and population level impacts of big 

brown bats (Eptesicus fuscus) with long-term exposure to Pseudogymnoascus destructans 

 

Disturbances in environment can lead to a wide range of host physiological 

responses. These responses can either allow hosts to adjust to new conditions in their 

environment or can reduce their survival, and can subsequently cause host traits to shift. 

Small mammals are particularly vulnerable to stochastic disturbances, like a pathogen 

introduction, because of their high energy demands. Studies examining host responses to 

pathogens often focus on species highly susceptible to infection that typically have high 

mortality rates, leading to a gap in understanding the responses of less susceptible 

species. My dissertation evaluates the energy balance of Eptesicus fuscus (big brown 

bats), a species considered less susceptible to the introduced fungal pathogen 

Pseudogymnoascus destructans (Pd) which causes white-nose syndrome in North 

American hibernating bats. I quantified changes in body mass, energy expenditures and 

capture rates of E. fuscus over long-term Pd exposure time. Using 30 years of data for 

24,129 individual E. fuscus captures across the eastern US, I found E. fuscus body mass 

decreased with increasing latitude once Pd was established on the landscape (5+ years). 

When measuring whole-animal energy expenditures of 19 E. fuscus in lab settings using 

open-flow respirometry, I found that E. fuscus with long-term exposure to Pd have 

increases or no change to torpid metabolic rates across a wide range of ambient 
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temperatures. Finally, capture rates of E. fuscus increased with Pd exposure, and lactating 

and post-lactating bats capture rates increased with increasing latitude in the eastern US. 

Taken together, these results suggest that E. fuscus may have a combination of pathogen 

and intraspecific competitive pressures impacting their populations, particularly in 

northern latitudes. This dissertation highlights how introduced pathogens can cause 

spatially variable responses in less susceptible hosts over time, and other ecological 

pressures may contribute to those responses. Future efforts for understanding the degree 

of persistence of less susceptible wildlife host populations are critical for predicting how 

and why their populations change following emerging infectious disease outbreaks and 

epidemics.   
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CHAPTER 1 

INTRODUCTION 

 

Disturbances, such as pathogen introductions, in an environment can cause hosts 

to have a wide range of physiological responses (Carroll and Corneli, 1999; Strauss et al., 

2006). These responses can either allow organisms to adjust to new conditions in their 

environment or negatively impact their survival. Consequently, disturbances like a 

pathogen introduction can cause host traits to shift from their original values (Fig. 1.1). 

Energy-based traits (e.g. mass, fat, metabolism) have a wide range of responses to 

selective pressures imposed by pathogens on host populations (Carroll and Corneli, 1999; 

Schlaepfer et al., 2005; Strauss et al., 2006; West-Eberhard, 2003). These responses 

create gradients of host suitability, susceptibility, resistance and tolerance across inter- 

and intraspecific hosts and can drive fluctuating coevolutionary dynamics over time 

(Rabajante et al. 2015; Mason 2016; Cortez et al. 2017; Downs et al. 2019). When it 

comes to highly susceptible, low resistant and low tolerant hosts, energy-based trait 

responses, such as decreases to body condition and/or increases to energy expenditures 

due to infections, are well described (Altizer et al. 2004; Voyles et al. 2007; Verant et al. 

2014; Poorten & Rosenblum 2016; McGuire et al. 2017). However, there are clear 

knowledge gaps in understanding responses of energy-based traits for less susceptible 

hosts despite their importance for structuring pathogen dynamics and their increased 
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contribution to diversity following a pathogen introduction and subsequent emerging 

infectious disease (Gervasi et al. 2015; VanderWaal & Ezenwa 2016).  

Small mammals are particularly vulnerable to stochastic events in the 

environment. With high mass-specific metabolic rates, small mammals have high daily 

energy demands with relatively little energy storage capacity (Hill et al. 2016). Because 

small mammals lose more energy in the form of body heat to their environment relative 

to larger mammals, it costs small mammals more energy to maintain a warm body 

temperature (Tb) across all ambient temperatures (Ta; Hill et al. 2016). These relatively 

greater energy costs compared to larger mammals require small mammals to eat larger 

amounts of food to offset those losses and maintain a stable Tb from within. Therefore, 

when a disruption like an introduced pathogen requires small mammals to compensate 

with additional energy, small mammals must be able to make up for those additive 

energy costs in order to survive.  

To combat the energetic costs of defending a warm body temperature, regardless 

of a disruption in the environment, many small mammals are heterothermic and can 

switch from being homeothermic to poikilothermic (having a variable Tb with Ta). To 

maintain a stable warm Tb as homeothermic endotherms, small mammals must expend 

energy outside of their thermoneutral zone (TNZ; range of Ta within which an animal has 

a basal metabolic rate and expends no additional energy to maintain Tb). This can be 

particularly challenging in colder climates when food availability is scarce (e.g., during 

winter months). Therefore, many small mammals reduce the energetic costs by 

decreasing the heat gradient between their body and their environment, combatting 

energetic costs of maintaining a warm, stable Tb by using poikilothermy as an 
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endothermic strategy. This allows small mammals to torpor in colder Ta. Torpor can be 

brief (hours) or extend into longer bouts (days to weeks) throughout winter, known as 

hibernation. While torpid, sensory and motor functions are depleted, protein synthesis, 

mitosis and active membrane transport ceases and immune functions are decreased or 

halted (Sulkin et al. 1966; Kolaeva et al. 1980; Nedergaard et al. 1990; Marjanovic & 

Willis 1992; Frerichs et al. 1998; Burton & Reichman 1999; Humphries et al. 2003). 

While poikilothermy can reduce energy expenditures for small mammals, their 

vulnerability to disruptions like a pathogen increases during torpor since these disruptions 

can take advantage of host inactivity in environments where they hibernate (Wang & 

Wolowyk 1988).  

 There is a general risk for starvation for small mammals during hibernation. This 

is because small mammals rely on fat stores alone for survival in cold winter months 

when food is scarce, so survival is positively correlated with the amount of fat small 

mammals obtain before entering hibernation (Brigham 1987; Speakman & Thomas 2003; 

Willis et al. 2005; Jonasson & Willis 2017). Small mammals must undergo periodic 

arousals where they increase energy expenditures in order to adjust metabolic imbalances 

that are more easily corrected when they homeothermic and defend a warm stable body 

temperature (Ruf & Geiser 2015). These periodic arousals can account for over half, and 

even up to 85%, of energy expenditures throughout hibernation (Geiser 2007; Jonasson & 

Willis 2012). A pathogen introduction into a small mammal’s hibernating environment 

has the potential to disrupt the energetic cost savings of torpor by triggering arousals to 

mount immune responses (Prendergast et al. 2002; Fig. 1.2). Therefore, if a small 

mammal has not eaten enough prior to hibernation to support additional energy 
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expenditures due to pathogen exposure during hibernation, they risk starvation from early 

fat store depletion. Unless small mammals can compensate for the additional energetic 

costs from introduced pathogen exposure and infections, it is likely host populations will 

suffer over time (Willis 1982, 2015; Geiser 2013). 

In North America, temperate hibernating bats are currently threatened by the 

introduced fungal pathogen Pd, which causes white-nose syndrome (WNS; Blehert et al., 

2008; Lorch et al., 2011). Pd was introduced from Eurasia to New York, USA, but first 

detected in winter 2006. It has subsequently spread across North America (Blehert et al. 

2009; Leopardi et al. 2015; Drees et al. 2017; White Nose Syndrome Response Team 

2022; Fig. 1.3). Pd exhibits optimal growth between 12 °C and 16 °C (Verant et al. 

2012), making hibernacula like caves the perfect environment for Pd to thrive. Pd infects 

the epithelial tissue of bats wings and muzzles while they hibernate (Blehert et al. 2009; 

Meteyer et al. 2009; Lorch et al. 2011). In species that are highly susceptible to Pd 

infection, WNS increases periodic arousal frequency, decreases torpor bout duration, 

increases metabolic rates, increases evaporative water loss, and causes hypotonic 

dehydration and respiratory acidosis during hibernation, ultimately leading to death from 

energy depletion (Lorch et al. 2011; Reeder et al. 2012; Cryan et al. 2013; Verant et al. 

2014; McGuire et al. 2017). Outside of hibernating months, highly susceptible species 

surviving hibernation with Pd infections have increased energy expenditures in the spring 

when they emerge from hibernation and begin to heal winter infections (Meierhofer et al. 

2018; Fuller et al. 2020). The detrimental consequences of WNS to the physiology of 

infected bats has devastated populations of highly susceptible North American temperate 

bat species with estimated declines over 90% (Frick et al. 2010a, 2015, 2017; Cheng et 
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al. 2021). Surviving North American temperate bat populations are also likely incurring 

the same consequences to their physiology annually throughout their life stages, although 

research into this phenomenon is lacking.  

Eptesicus fuscus (big brown bats) are a North American temperate bat species that 

is considered less susceptible with some resistance to Pd infection (Frank et al., 2014; 

Moore et al., 2018). Although E. fuscus populations are estimated to have decreased up to 

50% following Pd introduction, their populations persist in greater numbers than highly 

susceptible species despite annual Pd exposure and infections during hibernation (Turner 

et al. 2011; Simonis et al. 2020; Cheng et al. 2021). As a large-bodied temperate bat 

species, E. fuscus’ ability to survive Pd infections is predicted to be due, in part, to their 

greater body mass relative to other highly susceptible bat species (Haase et al. 2021). 

Additionally, when infected with Pd, E. fuscus extend their torpor bout durations during 

hibernation compared to when they are not infected, which likely contributes to their 

winter survival with Pd infections (Moore et al. 2018). E. fuscus also do not change their 

periodic arousal frequency during hibernation when exposed to Pd compared to before 

Pd introduction, supporting some degree of resistance to Pd (Frank et al. 2014).  

Even though E. fuscus may have some physiological traits that contribute to their 

lowered susceptibility and higher resistance to Pd infections, their repeated and annual 

exposure to Pd in winter months could have damaging cumulative effects as they go 

through their annual life stages in combination with Pd exposure (Fig. 1.4). 

Unfortunately, due to their ability to persist in greater numbers compared to highly 

susceptible species, long-term impacts to E. fuscus abundance and energy-based traits 

may go unnoticed. This is concerning because as a species less susceptible to Pd 
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infection, E. fuscus are greater contributors North American bat diversity following Pd 

introduction. Therefore, to understand the full extent of Pd impacts on North American 

bat populations over time, it is critical to have more knowledge into how less susceptible, 

resistant E. fuscus populations and their energy-based traits are changing. 

The overarching goal of my dissertation is to identify changes in energy-based traits 

of small mammal hosts during prolonged exposure to an introduced pathogen, and relate 

those traits to long-term host population level impacts of the pathogen. To achieve this 

goal, the chapters of my dissertation aim to understand changes to host energy-intake 

traits (Chapter 2), host energy-expenditure traits (Chapter 3) and host populations 

(Chapter 4) with long-term pathogen exposure. This dissertation uses the Pd / North 

American temperate bat system to meet these aims and quantifies changes to energy 

based-traits and the capture rates of E. fuscus with long-term Pd exposure. In Chapter 2, I 

quantify changes to E. fuscus body mass over long-term Pd exposure across the eastern 

US. In Chapter 3, I quantify changes to the torpid energy expenditures of E. fuscus a 

decade after the introduction of Pd. In Chapter 4, I quantify changes to the capture rates 

and demographic structure of E. fuscus over Pd exposure time across the eastern US. This 

dissertation will advance our understanding for how and why the energy-based traits of 

less susceptible small mammal hosts change with long-term pathogen exposure as 

wildlife pathogen introductions become more prominent on the landscape (Daszak et al. 

2001; Jones et al. 2008).  
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Figure 1.1. Directional, stabilizing and disruptive trait selection occur over time when an organism’s environment is disturbed. 

Plasticity throughout an organism’s population can provide insight into selection when the environmental disturbance is 

initiated and continued. Blue lines indicate initial trait distributions while green lines represent trait distributions after 

disturbance. 
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Figure 1.2. Energy savings decrease during hibernation when torpor is disrupted. This can be caused by disruptions such as 

pathogen interactions, human interference and/or climate change.  
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Figure 1.3. Confirmed and suspected occurrence of Pd and WNS as of 19 March 2022 (White Nose Syndrome Response Team 

2022). Available at http://www.whitenosesyndrome.org/resources/map.

http://www.whitenosesyndrome.org/resources/map
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Figure 1.4. Less susceptible bats currently go through their annual life cycle stages in 

combination with Pd interactions. 
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CHAPTER 2 

EPTESICUS FUSCUS DECREASES BODY MASS WITH INCREASING LATITUDE AND LONG-

TERM EXPOSURE TO AN INVASIVE FUNGAL PATHOGEN 

ABSTRACT 

Invasive pathogens threaten wildlife health and biodiversity. Physiological 

responses of species highly susceptible to pathogen infections following invasion 

are well described. However, the responses of less susceptible species (relative to 

highly susceptible species) are not well known despite their larger contributions to 

diversity and pathogen dynamics following pathogen invasion. Latitudinal 

gradients, which influence body condition and/or reflect the time it takes for an 

introduced pathogen to spread geographically, add an additional layer for how 

less susceptible species respond to pathogen exposure. My goal was to understand 

how hosts less susceptible to pathogen infections respond physiologically to long-

term pathogen exposure across a broad latitudinal gradient. I examined changes in 

body mass throughout pathogen exposure time across the eastern US in Eptesicus 

fuscus, a persisting bat species classified as less susceptible to infection by the 

invasive fungal pathogen that causes white-nose syndrome, Pseudogymnoascus 

destructans (Pd). Using 30 years of capture records, I created linear mixed effects 

models for female and male bats to determine how mass or mass variation 

changed across the eastern US from pre-Pd invasion years through Pd invasion 

(0-1 years with Pd), epidemic (2-4 years with Pd) and established years (5+ years 
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with Pd). By Pd establishment, all female and male bats decreased body mass 

with increasing latitude across a spatial threshold at 39.6 °N. Differences in bat 

mass north and south of the spatial threshold progressively increased over Pd 

exposure time-steps such that, body mass was less in northern latitudes compared 

to southern latitudes by Pd establishment. Additionally, non-reproductive female 

bat mass variation in northern latitudes decreased by Pd establishment and post-

lactating bat mass variation increased toward values lower than their average 

mass by Pd establishment. I suggest the progressive effects of Pd exposure on E. 

fuscus body mass across the eastern US could be due to increases to intraspecific 

competition over invasion time as highly susceptible species become rarer. This is 

because intraspecific competition is theoretically stronger than interspecific 

competition. Further, lower body mass in northern latitudes compared to southern 

latitudes could alter thermoregulatory patterns for E. fuscus across the eastern US 

because body mass is positively correlated with energy expenditures. As pathogen 

introductions and emerging infectious diseases become more prevalent on the 

landscape, it is imperative we understand how less susceptible species directly 

and indirectly respond to long-term pathogen exposure in order to maintain 

population health in surviving species. 
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INTRODUCTION 

Introduced and invasive species change environments and ecosystems 

globally (Mack et al. 2000). Introduced pathogens causing emerging and re-

emerging infectious diseases are evolutionary threats to biodiversity (Daszak et 

al. 2000), and induce varied inter- and intraspecific physiological responses in 

hosts (Poorten & Rosenblum 2016; Moore et al. 2018). Species highly susceptible 

to infection with high mortality rates receive most study (Altizer et al. 2004; 

Voyles et al. 2007; McGuire et al. 2017). Consequently, we know less about 

responses of less susceptible hosts although they are also at risk. Ignoring less 

susceptible host responses overlooks the largest contributors to diversity 

following pathogen invasions, the mechanisms they deploy that make them less 

vulnerable to pathogen infection, and ignores potentially innovative and effective 

treatments for highly susceptible species with infections.  

Pathogen exposure elicits energetically expensive host immune responses, 

so energy-based trait responses may influence species’ susceptibility to disease 

(Schoenle et al. 2018). Body condition (mass or fat) contributes to host 

susceptibility such that susceptibility generally scales negatively with body 

condition (Downs et al. 2019). Host responses to infection can have negative, 

positive, or null responses (Sánchez et al. 2018). For example, several species 

decrease mass or fat and/or increase energy expenditures while responding to 

pathogens, while others surviving infections may maintain or increase mass or fat 
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(Cheng et al., 2019; Luong et al. 2017; McGuire et al. 2017; Poorten & 

Rosenblum, 2016).  

Environmental, behavioral, and physiological factors may also add to the 

complexities of host responses to pathogens. For example, climatic and/or land 

use factors associated with pathogen reproduction, resource availability, and/or 

nutrition quality can contribute to pathogen emergence, transmission, and 

epidemics (Descloux et al. 2012; Hall 2019). Avoidance of pathogens or parasites 

by hosts or management interactions by humans can contain the extent of a 

disease outbreak (Loehle 1995; Ferguson et al. 2001). Finally, seasonal 

movements associated with life history or life cycle stages can create hotspots for 

disease outbreaks, particularly when hosts are under additional stressors like 

reproduction and/or migration (Bartel et al. 2011; Plowright et al. 2014). Thus, 

spatial gradients add another layer of complexity to how individuals 

physiologically respond to pathogen emergence. 

Species with broad geographic ranges may have greater mass in high 

latitudes compared to low latitudes to reduce surface area to volume ratios, and 

thus heat loss, in colder climates as Bergmann’s rule suggests (Bergmann 1847). 

Body mass is also negatively associated with host susceptibility to pathogens such 

that, as host body mass increases, host susceptibility to pathogen infection 

decreases due to increased immune functioning (Downs et al. 2019). If both 

tendencies for mass exist, I would then expect mammals to have a decreased 

susceptibility to pathogen infections as latitude increases. However, these patterns 

are unlikely when heterothermic mammals undergo periods of suppressed 
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immune functioning (e.g., torpor or hibernation; Prendergast et al. 2002), nor if 

the pathogen thrives in hibernacula such as caves where heterothermic mammals 

like bats overwinter. 

Pseudogymnoascus destructans (Pd) is an invasive fungal pathogen that 

causes white-nose syndrome (WNS) in North American hibernating bats (Blehert 

et al. 2009; Lorch et al. 2011). Pd was introduced from Eurasia and discovered in 

2006 in New York, USA (Blehert et al. 2009; Leopardi et al. 2015; Drees et al. 

2017). Pd exhibits optimal growth between 12 °C and 16 °C (Verant et al. 2012), 

allowing it to thrive in bat hibernacula. Pd infects epithelial tissues during 

hibernation which increases evaporative water loss, requires higher metabolic 

rates to fight infection, and induces a host energy imbalance and consequent 

starvation (Meteyer et al. 2009; McGuire et al. 2017). Extreme depletion of 

energy from Pd infection has led to local extinctions of highly susceptible bat 

species, devastating populations of North American temperate bats (Frick et al. 

2015; Cheng et al. 2021).  

Highly susceptible bats surviving winter infections have energy-based trait 

changes that may impact life history stages outside of hibernation. Pd infections 

in winter increase energy expenditures in spring as bats fight infection upon 

arousal (Meierhofer et al. 2018; Fuller et al. 2020). Combined with migration and 

females becoming pregnant at the same time, available energy for immune 

functioning is limited. Therefore, additive energy depletions likely have 

consequences that carry over into all seasons.  
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Despite estimated population declines of up to 50% from WNS (Turner et 

al. 2011; Simonis et al. 2020; Cheng et al. 2021), Eptesicus fuscus are classified 

as a less susceptible species with some degree of resistance to Pd infection that 

allows them to persist in greater numbers than highly susceptible species with 

population losses exceeding 90% (Cheng et al. 2021). E. fuscus are a large-bodied 

temperate bat species, so energy-based trait shifts may go unnoticed because their 

ability to survive Pd invasion is predicted to be due, in part, to their greater body 

mass relative to other bat species (Haase et al. 2021). However, E. fuscus 

continue to have repeated Pd infections each winter, setting up seasonal shifts in 

body mass due to additive energy expenditures needed to mount immune 

responses to fight Pd infections during winter hibernation and spring emergence 

(Field et al. 2015; McGuire et al. 2017; Meierhofer et al. 2018). Here, I quantify 

changes to E. fuscus body mass as a first step to understanding their persistence 

on the landscape despite chronic Pd exposure. I use long-term datasets to 

understand how E. fuscus body mass changed under long-term pathogen 

pressures, how individual variation in responses contributes to that change, and 

how these changes occur across a broad spatial scale. I quantify shifts in E. fuscus 

body mass before and after Pd introduction across the eastern US using 30 years 

of capture data. I hypothesized average mass and mass variation would decrease 

over Pd exposure time, with declines in mass and mass variation increasing with 

latitude. These results illuminate how species less susceptible to pathogen 

infection are subject to physiological changes under pathogen pressures over 

exposure time and across a large spatial gradient.
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MATERIALS AND METHODS 

Data Collection 

I collated 40,414 E. fuscus capture records collected between March and 

October 1990–2020 from wildlife agencies and researchers in Georgia, Illinois, 

Indiana, Kentucky, Mississippi, New York, North Carolina, Ohio, Pennsylvania, 

Tennessee, and Virginia. These capture records represented individual E. fuscus 

captures but not mark and recaptures; therefore, specific individuals were not 

tracked. I extracted records that included date of capture, capture site name, sex 

(male/female), reproductive status (females only: non-

reproductive/pregnant/lactating/post-lactating), age (adult/juvenile), and mass (g) 

at time of capture. I removed records not meeting these minimal requirements 

from the dataset and 30,496 individual capture records remained. Site description 

substituted for unnamed sites. If no site description was reported, I further 

assigned an individual site name based on state and county of capture. Finally, if 

site names were labeled by capture nets (e.g., “Site 1 Net A”, “Site 1 Net B”), I 

pooled nets under the single site name (e.g., “Site 1 Net A” and “Site 1 Net B” 

both become “Site 1”). Due to the potential of exposing the location of sensitive 

species, site was masked for all analyses by labeling each site name by state and a 

unique identifier. For example, “Site 1” in Ohio became “OH_01”.  

I subset data for adult E. fuscus captures only. Data were further cleaned 

to remove inconsistencies in the capture records. For example, if an E. fuscus was 
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marked as a pregnant male, it was eliminated from the dataset. I identified outliers 

based on mass. Mass values outside the range of 8.8 g to 35.2 g were removed 

since these values are half and two times the average body mass of 17.6 g for 

adult E. fuscus (Kunz & Fenton 2003). In doing so, I was able to account for very 

small adults and large pregnant females. The resulting E. fuscus capture dataset 

represented 24,129 adults: females (n = 14,162) and males (n = 9,967; Fig. 2.1). 

To evaluate E. fuscus across the landscape, I incorporated county of 

capture into the dataset. If county was provided by data contributors, I used the 

reported county of capture. If latitude and longitude of capture was provided, I 

linked this spatial point to the county of capture using the housingData package in 

the statistical environment R (Hafen 2016; R Core Team 2021). Once county was 

identified for each entry, I determined the county centroid point using the 

housingData package (Hafen 2016). Year of Pd introduction was determined as 

the earliest year of confirmed or suspected Pd occurrence using data provided by 

the US Geological Survey for Pd surveillance at whitenosesyndrome.org (White 

Nose Syndrome Response Team 2022). To standardize Pd introduction across 

capture datasets in different states, I set year of confirmed or suspected Pd 

occurrence in each state as the baseline (‘0’) so the number of Pd exposure years 

spanning from before introduction were negative integers and those after 

introduction were positive integers. From these data, time-steps were created to 

represent groupings for disease statuses at the time of capture (sensu Langwig et 

al., 2015a): pre-Pd invasion (< 0 years), Pd invasion (0–1 years), Pd epidemic (2–

4 years) and Pd established (5 + years). I used these time-steps to remain 
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consistent with pathogen invasion time groupings used within the North American 

bat / Pd disease system (Cheng et al. 2021).  

Statistical Analyses 

I completed statistical analyses in R version 4.0.5 and data visualizations 

using the package ggplot2 (Wickham 2009; R Core Team 2021). To quantify 

changes in body mass with increasing Pd exposure time, I used a two-step 

approach (Appendix A Fig. S2.1). First, I created linear mixed effects models 

using the function lmer from the package lme4 (Bates et al. 2015). Separate linear 

mixed effects models were created for male or female bats for mass as a function 

of an interaction between Pd exposure time-steps and county centroid latitude. 

For adult female models, I included reproductive status at time of capture into the 

interaction term. I used capture site as a random effect in all linear mixed effects 

models to account for differences in researcher site visits year-to-year, nightly 

capture effort and spatial autocorrelation. I also weighted each model by the 

number of samples in each Pd exposure time-step to account for increases and 

decreases in annual capture effort throughout different regions of the eastern US 

following Pd introduction (U.S. Fish and Wildlife Service 2020). I used a Type III 

ANOVA with Satterthwaite's method using the function anova in base R (R Core 

Team 2021) to determine a relationship between the interaction terms and mass. 

To determine how Pd exposure time-steps (and reproductive status for females) 

drove changes to mass across the landscape, I calculated the slopes for mass 

across latitude for each time-step and reproductive status (females only) using the 

emtrends function in the emmeans package (Lenth 2021).  
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Second, analyses for mass identified an average latitudinal point at 39.6 

°N where changes occurred over time for males and females. This point where the 

interaction occurred ranged from 37.2 °N to 42.1 °N depending on reproductive 

status (females only) and Pd exposure time-step. To quantify differences across 

the identified spatial threshold, I created secondary linear mixed effects models 

similar to initial models, but replaced county centroid latitude with a newly 

created variable for categories north/south of the full model spatial threshold 

average at 39.6 °N (Appendix A Fig. S2.1A). These secondary models were 

weighted by the number of E. fuscus captures within each latitudinal category. I 

used a Type III ANOVA with Satterthwaite's method with the function anova in 

base R (R Core Team 2021) to determine differences in body mass as explained 

by an interaction between Pd exposure time-steps and latitudinal category 

(north/south) and including capture site as a random effect. I again included 

reproductive status in female models to better understand how chronic Pd 

exposure may affect mass throughout reproduction. When interactions between 

Pd exposure time-step, latitudinal category and reproductive status (females only) 

were significant, I restricted post-hoc analyses to biologically relevant pairwise 

contrasts using the emmeans and pairs functions with a Tukey’s p-value 

adjustment method in the emmeans package (Lenth 2021). For example, I limited 

contrasts to determine significant differences between bat mass from northern and 

southern populations within a given reproductive status and/or Pd time-step (see 

Fig. 2.2, 2.4) or to determine significant differences within a given reproductive 

status across Pd time-steps and/or latitudinal category (see Appendix A Fig. S2.3, 
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S2.6). Finally, differences in northern to southern mass was determined by 

extracting mass differences and their standard errors from post-hoc analyses and 

performing two-tailed t-tests on normal distributions between individual Pd 

exposure time-steps. 

To quantify changes to variation in E. fuscus body mass across space and 

Pd exposure time-steps, I used a hierarchical method (Appendix A Figure S2.1B). 

I first created male or female linear mixed effects models using the function lmer 

from the package lme4 (Bates et al. 2015). The models were created for mass and 

each sex (male/female) as functions of only random effects (no fixed effects) for 

capture year, month and site. Using only random effects allowed me to account 

for natural year to year variation, fluctuations in body mass caused by 

reproduction and natural history from March through October, and variation in 

survey effort at capture sites. I then extracted residuals from these models and 

used them as a proxy for mass variation as the response variable in secondary 

linear models to determine spatiotemporal changes from pathogen invasion. Using 

the function lm in base R (R Core Team 2021), I subjected mass variation (mass 

residuals from first model) to an interaction of Pd exposure time-steps and 

north/south of the spatial threshold (Appendix A Figure S2.1). In female models, I 

also incorporated reproductive status into the interaction term. For these 

secondary variation models, I used a Type I ANOVA to determine differences in 

mass variation north/south of the spatial threshold over time using the anova 

function in base R (R Core Team 2021). I calculated post-hoc pairwise contrasts 

with a Tukey’s p-value adjustment method using the emmeans and pairs functions 
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in the emmeans package (Lenth 2021) in the same way as average body mass 

comparisons. 
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RESULTS 

Changes in female mass over space and time 

I identified a spatial threshold at 39.6 °N where an interaction of Pd 

exposure time-steps and reproductive status occurred (F9, 2646 = 4.010, P = 0.0342, 

R2 = 0.71; Appendix A Fig. S2.2A). Non-reproductive female mass did not have a 

significant slope (stable) with latitude in pre-invasion (n = 364) and invasion (n = 

346) years, but decreased with latitude in epidemic (n = 599) and establishment 

years (n = 619; Appendix A Fig. S2.2A). Pregnant bat mass was stable in pre-

invasion (n = 298), invasion (n = 341) and epidemic years (n = 745), but 

decreased with latitude in establishment years (n = 701; Appendix A Fig. S2.2A). 

Lactating bat mass was stable with latitude in pre-invasion (n = 564) and invasion 

years (n = 983), but decreased with latitude in epidemic (n = 1677) and 

establishment years (n = 1,820; Appendix A Fig. S2.2A). Post-lactating bat mass 

was stable in pre-invasion (n = 614) and invasion years (n = 1,154), but decreased 

with latitude in epidemic (n = 1,864) and establishment years (n = 1,473; 

Appendix A Fig. S2.2A). 

When splitting latitude into categories north/south of the spatial threshold, 

female mass was lower in northern latitudes compared to southern latitudes by Pd 

establishment for non-reproductive, pregnant, lactating, and post-lactating bats 

(F9, 2646 = 2.185, P = 0.0201, R2 = 0.53; Fig. 2.2). Non-reproductive, lactating, and 

post-lactating bat mass was not different north to south in pre-invasion years but 
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was lower in the north compared to the south in invasion, epidemic, and 

establishment years (Fig. 2.2A, 2.2C, 2.2D). Pregnant bat mass was not different 

north to south in pre-invasion and invasion years but was lower in the north than 

the south in epidemic and established years (Fig. 2.2B). The mass of female bats 

significantly varied between northern and southern bats within each reproductive 

status and across Pd time-steps (Appendix A Fig. S2.3). Non-reproductive and 

post-lactating bat mass in the north decreased from pre-invasion to establishment 

years while their mass in the south did not change from pre-invasion to 

establishment years (Appendix A Fig. S2.3A, S2.3D). Pregnant bat mass in the 

north and the south did not change from pre-invasion to establishment years 

(Appendix A Fig. S2.3B). Finally, northern lactating bat mass did not change 

from pre-invasion to establishment years but southern lactating bat mass increased 

from pre-invasion to establishment years (Appendix A Fig. S2.3C). 

Differences in north to south mass from pre-invasion to establishment 

years increased for all female demographics (Fig. 2.3). The greatest mass 

difference between northern and southern non-reproductive, pregnant, and 

lactating bats occurred in Pd establishment years, but post-lactating bats had the 

greatest mass difference during epidemic years (Fig. 2.3) 

Changes in female mass variation over space and time 

Year, month, and capture site accounted for 53% of variation in mass (t = 

29.22, P < 0.0001, R2 = 0.53; Appendix A Table S2.1). Mass variation also 

significantly differed between categories north/south of the spatial threshold with 

Pd exposure time-steps and reproductive status, and accounted for an additional 
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5% of variation (F9 = 1.986, P = 0.0367, R2 = 0.05; Appendix A Fig. S2.4). Mass 

variation for all female demographics was not different north to south in pre-

invasion and invasion years (Appendix A Fig. S2.4). In epidemic years, post-

lactating bat mass variation in the north was less than the south but non-

reproductive, pregnant, and lactating bat mass variation was not different north to 

south (Appendix A Fig. S2.4). In Pd establishment years, non-reproductive and 

lactating female bats had more mass variation skewed toward values greater than 

the mean in the north compared to the south, pregnant bats had less mass variation 

in the north compared to the south, and post-lactating bat mass variation was not 

different north to south (Appendix A Fig. S2.4).  

Mass variation significantly differed by reproductive status, latitudinal 

category, and Pd time-steps (Appendix A Fig. S2.5). Northern non-reproductive 

female mass variation increased toward values less than the mean from pre-

invasion to establishment years while southern non-reproductive mass variation 

did not change from pre-invasion to establishment years (Appendix A Fig. S2.5). 

Northern and southern pregnant and lactating bat mass variation did not change 

over Pd time-steps (Appendix A Fig. S2.5). Finally, northern post-lactating bat 

mass variation decreased from pre-invasion to establishment years while southern 

post-lactating bat mass variation did not change from pre-invasion to 

establishment years (Appendix A Fig. S2.5). 

Changes in male mass over space and time 

Just as with female mass, I identified a spatial threshold at 39.6 °N where 

an interaction of Pd exposure time-steps occurred (F3, 2729 = 5.474, P < 0.0001, R2 
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= 0.58; Appendix A Fig. S2.2B). Male mass did not have a significant slope with 

latitude in pre-invasion (n = 1,542) and invasion years (n = 1,813), but decreased 

with increasing latitude in epidemic (n = 3,237) and establishment years (n = 3, 

375; Appendix A Fig. S2.2B). When using a latitudinal category for north/south 

of the spatial threshold, male mass significantly differed north to south depending 

on Pd exposure time-steps (F3, 2729 = 6.790, P = 0.0002, R2 = 0.41; Fig. 2.5A). 

Male bats weighed less in the north than the south in pre-invasion years, lost that 

difference north to south during invasion years, but weighed less in the north 

compared to the south in epidemic and establishment years (Fig. 2.5A). Although 

northern male mass was less than southern male mass in pre-invasion years, the 

difference between northern and southern mass more than doubled by Pd 

establishment (Fig. 2.5A). When grouped by latitudinal category, northern male 

bat mass decreased from pre-invasion to establishment years while southern male 

bat mass did not change from pre-invasion to establishment (Appendix A Fig. 

S2.6).  

Differences between northern and southern male bat mass increased from 

pre-invasion to epidemic and Pd establishment years (Fig. 2.5B). In epidemic and 

established years, male bats had the greatest mass differences between latitudinal 

categories (Fig. 2.5B). 

Changes in male mass variation over space and time 

Month, year, and site described 61% of male mass variation (t = 23.75, P 

< 0.0001, R2 = 0.61; Appendix A Table S2.1). Male mass variation significantly 

differed north to south depending on Pd exposure time-steps, and accounted for 
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less than 1% of additional variation (F3 = 3.006, P = 0.0291, R2 = 0.003). 

However, this secondary male mass variation model failed to converge with a y-

intercept that was not statistically different from zero.  
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DISCUSSION 

Emerging infectious disease epidemics threaten biodiversity globally 

(Daszak et al. 2000), and are difficult to assess, many times due to lack of data 

prior to pathogen emergence. Furthermore, research on species less susceptible to 

pathogen infections (e.g. E. fuscus) is limited and/or typically put in the context of 

comparisons to highly susceptible species. I focus on understanding how 

pathogen exposure uniquely changes less susceptible species as they become 

greater contributors to what remains of diversity as highly susceptible species 

become rarer (Cortez et al. 2017). Using a robust 30-year dataset consisting of 

24,129 individual E. fuscus, I demonstrate that progressive Pd exposure caused E. 

fuscus body mass to decrease with increasing latitude, the effects of which were 

greater with increasing pathogen exposure time, and were most pronounced at 

higher latitudes. Additionally, variation in body mass decreased or skewed toward 

values below average mass with increasing latitude and pathogen exposure time-

steps. These results highlight the importance of how introduced pathogens can 

cause spatially-driven reductions in trait diversity over time.  

Anthropogenic changes in the environment which alter insect prey 

populations, such as climate change and insecticide use, could play a role in 

altering E. fuscus body mass with Pd exposure time-steps (Wagner 2020). All 

female demographics and male bat body mass decreased with latitude by Pd 

establishment, and differences between northern and southern bat mass 
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progressively increased. This may reflect differences in insect availability. 

Eptesicus fuscus are insectivores and typically prefer to eat beetles even when the 

relative abundance of beetle prey is low compared to other insect prey species 

(Whitaker 1995; Wray et al. 2021). This is particularly problematic since beetle 

abundance has decreased globally. In the US, warming winter conditions in the 

northeastern US have decreased beetle abundance by 39% since the 1970s (Harris 

et al. 2019). These declines in available beetle prey in northern latitudes are also 

likely due to heavy insecticide use which contributes to global insect declines 

(Sánchez-Bayo & Wyckhuys 2019). In this dataset, the threshold that delineated 

changes in body mass (39.6 °N) runs directly through the lower extent of the Corn 

Belt region in the midwestern US. The Corn Belt region has the largest quantities 

of insecticide use in the US (Pimentel & Burgess 2014), suggesting beetle 

availability may be lower in this region compared to other regions. In addition to 

decreasing beetle availability, ingestion of insecticides can impact E. fuscus’ 

physiology. When E. fuscus ingests insecticides, insecticide toxicity can cause 

thermoregulatory irregularities and weight loss (Eidels et al. 2016), which could 

contribute to bat body mass being lower in northern latitudes where the Corn Belt 

region is, compared to southern latitudes by pathogen establishment. Therefore, 

the impacts of climate change and insecticide use could have additive effects on 

E. fuscus body mass with increasing latitude and long-term Pd exposure. 

I would expect broad latitudinal patterns for body mass, like Bergmann’s 

Rule, to be altered by a pathogen because of increased energy expenditures 

associated with active and healing infections (McGuire et al. 2017; Meierhofer et 
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al. 2018). Bergmann’s Rule suggests that species have greater mass in higher 

latitudes compared to lower latitudes to reduce surface area to volume ratios, 

thereby decreasing heat loss in those colder climates (Bergmann 1847). 

Latitudinal patterns for E. fuscus body mass did change across Pd exposure time-

steps, but E. fuscus did not follow Bergmann’s Rule at any Pd time-step. There 

was no difference in body mass north to south in pre-invasion years across E. 

fuscus reproductive statuses, however, lower body masses were found in northern 

latitudes compared to southern latitudes by Pd establishment years. Further, male 

E. fuscus weighed less in northern latitudes compared to southern latitudes in pre-

invasion and establishment years. Eptesicus fuscus body mass opposed 

Bergmann’s Rule by Pd establishment (body mass decreasing with latitude). I 

also expected patterns for Bergmann’s Rule to be present in pre-invasion years 

(which was not supported) because it would maximize E. fuscus’ ability to 

conserve body heat in cooler, northern climates in combination with Allen’s Rule 

(Burnett 1983). Eptesicus fuscus are known to follow Allen’s Rule prior to Pd 

introduction which states that the length of mammalian extremities should 

decrease with increasing latitude to reduce surface area to volume ratios (Allen 

1877). To provide insight into how latitudinal thermoregulatory patterns are 

altered with pathogen exposure, research investigating changes in extremities, 

such as forearm length, for E. fuscus is needed. 

Latitudinal patterns for E. fuscus body mass following Pd introduction 

could be explained by changes in competition. Eptesicus fuscus body mass for 

males and females decreased with increasing latitude by Pd establishment years 
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with differences between northern and southern bat mass increasing with Pd 

exposure time-steps. These effects could support a spatially-driven, unstable 

coexistence between less susceptible and highly susceptible species. Highly 

susceptible hosts mortalities from Pd infections are greater in northern latitudes 

compared to southern latitudes in the eastern US, likely due to how individual 

hosts and Pd interact with their environment, and because Pd has been in the 

northeastern US longer (Hayman et al. 2016; Frick et al. 2017). Interspecific 

competition with E. fuscus should decrease with increasing latitude since there are 

fewer highly susceptible hosts. This suggests intraspecific competition between E. 

fuscus individuals may increase with latitude throughout spring through summer 

months because 1) there are proportionally more E. fuscus individuals present in 

northeastern and midwestern states following Pd introduction (Francl et al. 2012; 

Pettit & O’Keefe 2017), and 2) E. fuscus have strong site fidelity, especially for 

females during reproduction, suggesting they would still use the same foraging 

and roosting areas post-Pd (Brigham, 1991; Wilkinson & Barclay, 1997). Taken 

together, progressive effects of Pd exposure time on E. fuscus body mass mirrors 

spatial gradients of highly susceptible species mortalities. Increases to 

intraspecific competition may not benefit populations long-term because 

theoretically intraspecific competition is stronger than interspecific competition 

according to the Lotka-Volterra competition model (Gotelli 2008). While E. 

fuscus does attempt to mitigate the cost of intraspecific competition following Pd 

invasion by preferentially foraging at sites where highly susceptible Myotis 

lucifugus are still present in small numbers (Jachowski et al. 2014), pressures for 
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intraspecific competition under Pd establishment may be an indirect effect of 

pathogen invasion, as reflected by decreases to body mass with latitude and Pd 

exposure time-steps. 

Eptesicus fuscus have some degree of resistance to Pd infection (Frank et 

al. 2014) and are less susceptible to infection compared to the highly susceptible 

M. lucifugus (Moore et al. 2018). However, resistance to pathogens comes at an 

energetic cost. For example, it costs energy to mount immune responses 

(Hegemann et al. 2012), avoid pathogens or parasites (Luong et al. 2017), or even 

just meet increased energy demands (Voigt et al. 2010). I found males and non-

reproductive and post-lactating females lost mass from pre-invasion to Pd 

establishment in northern latitudes. From pre-invasion to establishment, northern 

males lost 3 % (0.6 g) mass. Although northern males weighed 2 % (0.4 g) less 

than southern males in pre-invasion years, that difference was doubled to 5 % (0.8 

g) by establishment years. Northern non-reproductive females lost on average 5 % 

(0.9 g) of their body weight pre-invasion when compared to establishment years. 

Northern post-lactating bats lost 5 % (1 g) mass in the same time period. Declines 

to body mass in northern latitudes could be detrimental to E. fuscus entering 

hibernation as surviving hibernation is positively correlated with body mass 

(Brigham, 1987). In contrast, highly susceptible, non-resistant M. lucifugus 

surviving Pd invasion have opposite changes to body mass, with 1.1 g increases 

in mass on average (Cheng et al. 2019). Body mass and fat increases in surviving 

M. lucifugus could potentially provide enough energy for them to make it through 

hibernation with Pd infections (Cheng et al. 2019). Therefore, although highly 
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susceptible, non-resistant species have widespread mortalities from initial 

pathogen invasion (Cheng et al. 2021), resistant E. fuscus may also incur 

detrimental consequences to dealing with energy demands of chronic pathogen 

exposure as time goes on. 

I expected reproductive female body mass to decrease following Pd 

introduction because winter Pd infections increase bat energy expenditures in 

spring (Meierhofer et al. 2018). Prior to Pd invasion, female E. fuscus needed to 

consume 99% of their body weight during peak lactation in order to maintain 

body mass while caring for pups (Kurta et al. 1990). Therefore, in order for 

pregnant and lactating E. fuscus to maintain body mass in northern latitudes, or 

increase body mass in southern latitudes, in the face of additional energy losses 

from winter Pd exposure, bats would either need to eat more or increase torpor to 

conserve energy. Since E. fuscus’ preferred food choice of beetles are limited 

throughout spring and summer months (Menzel et al. 2020), I predict that 

reproductive E. fuscus use torpor to reduce caloric use more frequently following 

Pd invasion. Many heterothermic small mammals and birds use torpor during 

reproduction as a fitness trade-off (McAllan & Geiser 2014; Calder & Booser 

2016; Geiser et al. 2005). Eptesicus fuscus specifically use torpor during 

pregnancy and lactation (Audet & Fenton 1988). Additionally, E. fuscus have 

lower torpid metabolic rates at warm temperatures in the south than in the north 

(Dunbar & Brigham 2010). Therefore, it is possible pregnant and lactating E. 

fuscus north/south of the spatial threshold I identified here are maximizing their 

use of torpor during reproduction to maintain body mass in the north or increase 
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body mass in the south over Pd exposure time-steps. Further research into 

reproductive energy expenditures is needed to determine how torpor patterns in 

pregnant and lactating E. fuscus change following Pd invasion and if changes 

could affect future populations by limiting reproductive success.  

I could not directly measure pathogen pressures on bats (i.e., fungal loads 

on individual bats); therefore, I used Pd exposure time-steps as an index of 

chronic pathogen exposure. Methods for accounting for Pd exposure are adequate 

for the following two reasons. First, North American bats heal from winter Pd 

infections and Pd becomes undetectable in spring months (Langwig et al., 2015b; 

Fuller et al., 2020). Since pathogen intensity decreases in spring months and 

becomes largely non-existent, I would likely not see Pd on individual bats even if 

they were swabbed for Pd during April through October. Second, body condition 

for North American bats is less likely to be related to Pd infection intensity, but 

more likely the duration of infection and/or exposure time (Moore et al. 2018; 

Cheng et al. 2019). Therefore, while the failure to directly measure pathogen 

pressure is a limitation in this dataset, Pd exposure time-steps are a suitable 

indirect metric for pathogen pressures within the Pd system. 

This work represents a crucial first step in quantifying how less 

susceptible species respond to an introduced pathogen, and how their body mass 

responds to long-term exposure to that pathogen. I also highlight how the long-

term effects of pathogen exposure for less susceptible species are spatially 

manifested, and suggest these gradient effects reflect losses of highly susceptible 

competitor hosts. As emerging pathogens become more prominent, it is likely that 
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less susceptible species will become greater contributors to population dynamics 

as species richness decreases following pathogen invasion. Thus, making efforts 

to understand less susceptible species responses to pathogens over time will 

support wildlife diversity in the future.  
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Figure 2.1. Adult (female and male) E. fuscus capture counts per county March 

through October from 1990 to 2020 in this eastern US dataset. Gray shading 

represents areas where data were either not collected or not contributed.
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Figure 2.2. Female mass is less in northern latitudes compared to southern latitudes by Pd establishment for non-reproductive 

(A), pregnant (B), lactating (C) and post-lactating (D) E. fuscus (F9, 2646 = 2.185, P = 0.0201, R2 = 0.53). Circles represent raw 
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data. Boxes represent 50% of raw data and thick lines within each box is median mass. Upper and lower whiskers are an 

additional 25% of data each. *P < 0.05; **P < 0.01; ***P < 0.001. 
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Figure 2.3. The difference in female mass north to south increases from pre-invasion to Pd established years. Points are mean 

differences in mass and error bars are standard errors extracted from post hoc results for north/south comparisons across Pd 

time-steps and grouped by reproductive status. Dotted lines at ‘0’ represent the neutral point where there is no difference in 

body condition north to south. Lowercase letters indicate significant differences based on t-tests between individual 

comparisons for Pd exposure time-steps within groupings for reproductive status. 
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Figure 2.4. Male mass is less in northern latitudes compared to southern latitudes during Pd establishment (F3, 2729 = 6.790, P = 

0.0002, R2 = 0.41; A), and the north/south difference in mass increases across Pd exposure time-steps (B). A) Circles represent 

raw data. Boxes represent 50% of raw data and thick lines within each box represents median values. Upper and lower 

whiskers represent an additional 25% of values. *P < 0.05; **P < 0.01; ***P < 0.001. B) Points are mean differences in mass 

and error bars are standard errors extracted from post hoc results for north/south comparisons across Pd time-steps. Dotted 
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lines at ‘0’ represent the neutral point where there is no difference in body condition north to south. Lowercase letters indicate 

significant differences based on t-tests between individual comparisons for Pd exposure time-steps.  
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CHAPTER 3 

TORPID METABOLIC RATES OF RESISTANT EPTESICUS FUSCUS MAY INCREASE OR NOT 

CHANGE WITH LONG-TERM PSEUDOGYMNOASCUS DESTRUCTANS EXPOSURE 

 

ABSTRACT 

Resistance to pathogens can cost energy. For small mammals that hibernate, 

offsetting additional energy expenditures can be challenging when food is scarce in 

winter months. To determine if pathogen resistance increases torpid metabolic rates, I 

measured torpid metabolic rates across a wide range of ambient temperatures from 

Eptesicus fuscus, a North American temperate bat species that has less susceptibility and 

some degree of resistance to the invasive fungal pathogen, Pseudogymnoascus 

destructans (Pd). I collected E. fuscus nine and ten years following the introduction of 

Pd, suggesting long-term exposure to the pathogen. I compared data I collected (post-Pd) 

to data in the literature collected prior to Pd introduction (pre-Pd) and found conflicting 

results. When comparing torpid metabolic rates post-Pd to pre-Pd using data from 

Herreid and Schmidt-Nielsen (1966) and Willis et al. (2005), I found there was no 

difference in torpid metabolic rates across ambient temperatures. When using pre-Pd data 

from Szewczak and Jackson (1992), I found E. fuscus had greater torpid metabolic rates 

post-Pd compared to pre-Pd. I strongly encourage additional research for E. fuscus 

measuring field and lab torpor patterns to determine to what degree E. fuscus energy 

expenditures change or do not change with long-term Pd exposure. 
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INTRODUCTION 

Like other small mammals, Eptesicus fuscus (big brown bats; Kurta & Baker 

1990) use torpor to save energy during periods of high energy demand or low energy 

availability. Small endotherms require high metabolic rates relative to their body size to 

be euthermic  (Hill et al. 2016). These energy costs are met by consuming large amounts 

of food relative to their body size. When food availability is scarce (e.g., during winter 

months), many endotherms, including E. fuscus, reduce their energy expenditures by 

dropping body temperature (Tb) as they enter torpor. 

During hibernation (seasonal bouts of extended torpor) there is a general risk for 

starvation since survival is dependent on balancing energy expenditures with available fat 

stores (Brigham 1987; Speakman & Thomas 2003; Willis et al. 2005; Jonasson & Willis 

2017). Periodic arousals (i.e., returning to euthermia from torpor) can account for over 

half, and even up to 85%, of energy expenditures throughout hibernation (Geiser 2007; 

Jonasson & Willis 2012). These arousals are necessary for mounting immune responses 

and adjusting metabolic imbalances such as excreting waste, stabilizing electrolyte 

imbalances, accommodating sleep deprivation, restoring neural and synaptic activity, 

and/or restoring blood glucose (Fisher 1964; Galster & Morrison 1970; Willis 1971; 

Daan et al. 1991; Prendergast et al. 2002; Dave et al. 2012; Ruf & Geiser 2015). 

Disturbances in a hibernaculum can increase the number of periodic arousals and thus, 

increase the amount of energy expended during hibernation. Disturbances in a 

hibernacula may be anthropogenic such as lights and sounds from human activity 
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(Speakman et al. 1991), abiotic such as temperature or humidity changes, or they may be 

biotic such as disease-causing pathogens.  

In North America, temperate cave-hibernating bats are disturbed during 

hibernation by the introduced fungal pathogen Pseudogymnoascus destructans (Pd) that 

causes white-nose syndrome (WNS; Blehert et al., 2008; Lorch et al., 2011). Pd was 

introduced from Eurasia to New York, USA and first detected in winter 2006 (Blehert et 

al. 2009; Leopardi et al. 2015; Drees et al. 2017). Pd exhibits optimal growth between 12 

°C and 16 °C (Verant et al. 2012), making hibernacula, like caves, the perfect 

environment for Pd to thrive. Within hibernacula where Pd is present, Pd infects the 

epithelial tissue of bats wings and muzzles via direct contact with Pd on hibernacula 

walls and/or other infected bats (Blehert et al. 2009; Meteyer et al. 2009; Lorch et al. 

2011). In species highly susceptible to infection, Pd infection causes increases in periodic 

arousals, decreases in torpor bout durations, respiratory acidosis, hypotonic dehydration, 

and increased metabolic rates while bats are hibernating, ultimately leading to death from 

energy depletion during hibernation (Lorch et al. 2011; Reeder et al. 2012; Cryan et al. 

2013; Verant et al. 2014; McGuire et al. 2017). Such extreme negative physiological 

effects have led to local extinctions of highly susceptible bat species and devastated 

populations of highly susceptible North American temperate bats, with losses estimated 

to be over 90% (Frick et al. 2015; Cheng et al. 2021). 

Eptesicus fuscus are considered less susceptible to Pd infection relative to other 

highly susceptible species and may exhibit some degree of resistance (Frank et al. 2014; 

Moore et al. 2018). Unlike highly susceptible species, E. fuscus increase or do not change 

their torpor bout durations while infected with Pd which may decrease the risk of 
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starvation from rapidly depleted fat stores throughout hibernation (Frank et al. 2014; 

Moore et al. 2018). Winter populations of E. fuscus are estimated to have declines of up 

to 41% following the introduction of Pd (Turner et al. 2011; Cheng et al. 2021). This 

suggests that E. fuscus torpor is still disrupted by Pd exposure due to either annual 

infections and/or the energetic cost of resistance.  

To determine if E. fuscus increase their torpid energy expenditures with long-term 

pathogen exposure, I quantified torpid metabolic rates of E. fuscus across a wide range of 

ambient temperatures (Ta) nine and ten years following Pd introduction to southwestern 

Ohio. I compared torpid metabolic rates of E. fuscus post-Pd to torpid metabolic rates 

prior to Pd introduction (Herreid & Schmidt-Nielsen 1966; Szewczak & Jackson 1992b; 

Willis et al. 2005), and hypothesized that torpid metabolic rates post-Pd would be greater 

than torpid metabolic rates before Pd introduction. I highlight how E. fuscus may suffer 

negative energetic effects from long-term term pathogen exposure even though they are 

less susceptible to Pd infection and have some resistance. 
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MATERIALS AND METHODS 

Animal Collection and Housing  

I opportunistically collected 19 E. fuscus from Brukner Nature Center’s Wildlife 

Rehabilitation Unit in Troy, OH, during the winters (January through March) of 2020 (n 

= 7) and 2021 (n = 12). Over the two-year period, I collected 10 male and 9 female E. 

fuscus (average mass ± SD = 18.77 ± 3.06 g; Appendix B Table 3.1). Each bat was 

suspected to have Pd upon collection due to the presence of orange/yellow UV 

fluorescence on wings and/or muzzles of bats when they were admitted into the 

rehabilitation unit (Turner et al. 2014). Previous work has shown that 98.8% of bats with 

UV fluorescence have histologic diagnosis of Pd infection and thus, white-nose 

syndrome (Turner et al. 2014). Further, at Brukner Nature Center in winter 2016, the 

presence of Pd was confirmed using culturing methods for bats that presented with UV 

fluorescence on wings and muzzles (Simonis et al. 2018). Finally, Pd was first confirmed 

in 2011 in Ohio (Ohio Department of Natural Resources 2011) and is considered to be an 

established pathogen (Langwig et al. 2015); therefore, because Pd prevalence is 

suggested to be stable across the state, I would expect bats to present with Pd infection in 

winter.  

Bats considered healthy releasable candidates with suspected Pd were transported 

via car from Brukner Nature Center to Wright State University in Dayton, OH, under 

state permits for scientific collections and sub permits for wildlife rehabilitation under 

Brukner Nature Center (permits for Simonis, #21-154 and #55501). All animal care and
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 experimental procedures were approved and compliant with Wright State University’s 

Institutional Animal Care and Use Committee (AUP# 1141). I housed bats individually at 

Wright State University in 62.5 L plastic enclosures with pillowcases draped over the 

interiors of the enclosure (Appendix B Fig. S3.1A), under which they typically hid 

(Appendix B Fig. S3.1B) or hung vertically (Appendix B Fig. S3.1C). Upon arrival at 

WSU, bats acclimated to laboratory conditions for 72 hours in a walk-in environmental 

chamber set to room temperature (20 °C - 22 °C) with light:dark cycles set to match 

daylengths at time of acclimation (typically 10 hours:14 hours). Bats were offered ~ 3 g - 

4 g mealworms once per day in the evenings and fresh water ad libitum. After a 

maximum of eight days (three days for acclimation and up to five days for data 

collection), I transported bats from Wright State University back to Brukner Nature 

Center.   

Confirmation of Pd 

To confirm Pd infection, I swabbed bat wings and muzzles when they arrived at 

Wright State University. Swabs were frozen at -80 °C until data collection was complete 

for all 19 bats (~ two years). Swabs were then sent to the Colorado State University 

Veterinary Diagnostic Laboratories for qPCR detection of Pd (presence/absence; 

Appendix B Table S3.1). 

Respirometry 

I used standard methods for open-flow respirometry to quantify post-Pd metabolic 

rates (V
.
 O2

). Bats were placed in a 0.09 L metabolic chamber made of clear PVC piping 

(Appendix B Fig. S3.2). Copper mesh hardware fabric adhered to a flattened foam panel 

insert allowed bats to comfortably roost in a sternal (Appendix B Fig. S3.2A, S3.2B) or 
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vertical position (Appendix B Fig. S3.2C), depending on individual bat preference. A 

suction pump pulled air through the metabolic chamber at flow rates adjusted to prevent 

hypercarbia and hypoxia in the metabolic chambers (typically 0.1 – 0.3 L*min-1; O2 

differential mean = 0.0016 mL min-1, SD = 0.0013 mL min-1; airflow pathway 

diagrammed in Fig. 1). A drying column (12 mL) filled with DM Desiccant Media 

(Perma Pure LLC, Toms River, NJ) inline between the metabolic chamber and the 

oxygen analyzer removed water vapor. The fraction of O2 was measured with a S-3A/I 

O2 Analyzer (AEI Technologies, Inc., Pittsburgh, PA; sensitivity ± 0.001% O2; Fig. 1). I 

measured air flow rates and barometric pressure in-line with a TSI® 4100 Series 

flowmeter (TSI Incorporated, Shoreview, Minnesota). Bats were weighed to the nearest 

hundredth of a gram prior to and immediately after data collection. 

To determine V
.
 O2

 across a wide range of Ta, I collected fractions of expired O2 

from E. fuscus at Ta setpoints of 0 °C, 5 °C, 10 °C, 15 °C, 20 °C, 25 °C, 30 °C, 35 °C, 37 

°C, and 37.5 °C over a two-day period. For one bat in 2020, three days were needed for 

data collection. For another bat in 2020, data were not collected at 0 °C, 5 °C and 15 °C. 

To prevent bats from experiencing extreme temperature changes in relatively short 

periods of time, I exposed bats to Ta of 20 °C and below on the first day of data 

collection, and 20 °C and above on the second day. The order of temperature setpoints to 

which the bats were exposed was randomly chosen using the function sample in base R 

prior to any data collection, and that order was repeated for each individual bat (R Core 

Team 2021). During the first day of data collection, bats started at 20 °C and moved to 15 

°C, 5 °C, 0 °C and then 10°C. One bat in 2020 did not have data collected at 20 °C in the 

first day of data collection. On the second day of data collection, bats started at 20 °C 
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again, but moved to 35 °C, 37 °C or 37.5 °C, 30 °C and then to 25 °C. I regulated Ta 

within the environmental chamber itself in 2020 or by using a Polystat heated immersion 

circulating water bath (Cole-Parmer ®, Vernon Hills, IL) in 2021. I used the water bath 

in 2021 to gain precision in ambient temperature regulation. There was no difference 

between years of data collection across Ta (χ 2
1
 = 0.0574; P = 0.8107, R2 = 0.0003). At 

the highest Ta setpoints, bats were exposed to 37 °C in 2020 and 37.5 °C in 2021. This 

adjustment in setpoint was made in 2021 in attempts to push E. fuscus outside of their 

thermoneutral zone. In 2020, three of six bats sampled had data collected at 37 °C, and all 

13 bats sampled in 2021 had data collected at 37.5 °C. MLT422/A Temperature Probes 

(ADInstruments, Sydney, Australia) connected to an ML309 Thermistor Pod 

(ADInstruments, Sydney, Australia) collected Ta in the metabolic chamber in 2020, and 

iButtons (Maxim Integrated®, San Jose, California) logged Ta in the metabolic chamber 

in 2021. 

I collected skin temperature (Tsk) continuously for each individual bat during data 

collection together with V
.
 O2 

to distinguish when bats were torpid. To collect Tsk, two 

temperature probes were placed between the abdomen of each bat and the copper mesh 

covered foam panel inside the metabolic chamber. I measured Tsk with temperature 

probes instead of Tb surgical implants or rectal thermistors because this method 1) it is an 

appropriate proxy for Tb in the field and the lab and does not disturb resting bats 

(Hirshfeld & O’Farrell 1976; Audet & Fenton 1988; Szewczak & Jackson 1992b), and 2) 

it eliminated the need for additional recovery days in the lab for surgical implant removal 

after data collection. I chose the warmest temperature between the two Tsk recordings in 

case a bat moved one of the temperature probes off of its abdomen. Bats’ Tsk settled at 
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each Ta within one to four hours, scaling with the magnitude of change from one Ta 

setpoint to the next. Once a bat settled at a Ta setpoint, I collected continuous Ta, Tsk and 

expired O2 data using the LabChart8 software (ADInstruments, Sydney, Australia). Two-

point O2 calibrations correlated the fraction of O2 with voltage output before and after 15 

– 30 min data collection periods using room air (20.94% O2) and 16.1 ± 0.02% O2. I 

calibrated temperature probes and iButtons before and after data collection each day by 

correlating voltage output to known temperatures measured with an immersion 

thermometer (Fisher Scientific, Hampton, New Hampshire).  

I performed a two-point calibration using bat mass from before and after data 

collection and estimated bat mass throughout data collection using linear regression. I 

assumed a linear decline in bat body mass during each day of data collection. Two-point 

calibration curves were created for before and after data collection periods for recorded 

fractions of expired O2 and for Ta and Tsk each day using linear regression. Using the 

regressions for before and after data collection periods, I performed linear interpolation to 

account for instrument drift of the O2 analyzer, temperature probes and iButtons during 

data collection.  

To calculate mass-specific metabolic rates of each bat, I first calculated metabolic 

rates at ambient temperature and pressure dry using the equation  

𝑉̇𝑂2 = 𝐹𝑅𝑖(𝐹𝑖𝑂2) − 𝐹𝑅𝑒 (𝐹𝑒𝑂2) 

where V
.
 O2

 is the metabolic rate, FRi and FRe are the flow rate, and FiO2
 is the fraction of 

inspired O2 and FeO2
 is the fraction of expired O2 (difference between O2 in room air and 

O2 in the metabolic chamber; Equation 9.4, Lighton, 2008). This value was then 

converted to standard temperature and pressure dry (STPD) by accounting for Ta and 
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barometric pressure. I divided V
.
 O2

 STPD by bat mass derived from linear interpolation of 

initial to final bat mass to determine average mass-specific V
.
 O2

 across 15-30 min data 

collection periods for each bat at each Ta set point. 

A fan regulating temperature in the walk-in environmental chamber decreased the 

signal to noise ratio during data collection for some bats at cold Tas. Therefore, I removed 

average V
.
 O2 values for two bats at 5 °C, one bat at 10 °C, four bats from 15 °C, two bats 

from 20 °C in the first day of data collection and one bat from 20 °C in the second day of 

data collection from statistical analyses.  

Pre-Pd Metabolic Data Collection 

As a baseline for E. fuscus torpid  V
.
 O2

, I used published data for E. fuscus V
.
 O2

, Ta 

and Tb or Tsk collected before Pd introduction. Craig Willis provided average torpid V
.
 O2

, 

Ta and Tb for individual E. fuscus that were originally summarized and published in 

Willis et al. (2005). Additionally, I extracted average torpid V
.
 O2, Ta and Tb from 

individual E. fuscus from Herreid and Schmidt-Nielsen (1966) using GetData Graph 

Digitizer version 2.26.0.20 (http://getdata-graph-digitizer.com/index.php). Finally, I used 

average torpid V
.
 O2

 and Ta and Tsk setpoints from Table 1 in Szewczak and Jackson 

(1992).  

Statistical Analyses  

 To compare torpid energy expenditures of E. fuscus before and after Pd 

introduction, I compared torpid V
.
 O2 values I collected post-Pd to pre-Pd values in each of 

http://getdata-graph-digitizer.com/index.php
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the previous studies (Herreid & Schmidt-Nielsen 1966; Szewczak & Jackson 1992b; 

Willis et al. 2005). Using Ta as a continuous variable, I created a linear mixed effects 

model for torpid V
.
 O2

 as a function of an interaction between recorded Ta and a 

categorical variable for data collection pre- and post-Pd (pre-Pd Herreid and Schmidt-

Nielsen / pre-Pd Willis et al. / post-Pd) using the function lmer in the package lme4 in R 

version 4.0.5 (Bates et al. 2015; R Core Team 2021). I included a random effect for 

individual bat ID to account for multiple measures of each bat within my data and Willis 

et al. (2005) data. Within the Herreid and Schmidt-Nielsen (1966) data, I assumed that 

each bat was only measured once and therefore, each individual measure had its own 

unique ID. I tested this model using an ANOVA with a Type II Wald Chi-squared test 

using the function Anova from the car package in R to determine how the linear 

relationship of torpid V
.
 O2 with Ta differed before and after Pd introduction for E. fuscus 

(Fox & Wesberg 2019; R Core Team 2021). 

 To determine how torpid V
.
 O2

 changed across categorical temperature setpoints 

before and after Pd introduction, I compared post-Pd torpid V
.
 O2

 at Ta setpoints of 5 ℃, 

10 ℃, 20 ℃, 30  ℃ and 37  ℃ and 37.5  ℃ combined, to pre-Pd V
.
 O2

 at Tsk setpoints of 

5 ℃, 10 ℃, 20 ℃, 30  ℃ and 37  ℃ (Szewczak & Jackson 1992b). Setpoints for Tsk pre-

Pd were reported to typically be within 0.5 ℃ of Ta (Szewczak & Jackson 1992a, b). I 

determined differences between pre- and post-Pd V
.
 O2

 at categorical temperature setpoints 

using mean V
.
 O2

 and standard errors and performed two-tailed t-tests on normal 
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distributions between pre- and post-Pd V
.
 O2

 at each temperature setpoint. Therefore, these 

analyses drew comparisons for across groupings of V
.
 O2

 for Tsk or Ta at categorized 

temperature setpoints and did not use Tsk or Ta as continuous variables. 
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RESULTS 

 All E. fuscus collected in 2020 and 2021 tested negative for Pd DNA by PCR 

(Appendix B Table S3.2). I considered all E. fuscus collected in 2020 and 2021 torpid at 

all Ta with absolute temperature differentials between Tsk and Ta averaging 1.29 ± 1.46 

℃ (Fig. 3.2). 95% of Tsk averages fell within 4 ℃ of Ta averages (Fig. 3.2), 4% of Tsk 

averages were >4, but < 7 ℃ of Ta averages and one bat had a Tsk 11.5 ℃ above Ta (Fig. 

3.2). In cases where measured Tsk fell below measured Ta, I suspect temperature probe or 

iButton sensitivity may have been less than reported by the manufacturer or had non-

linear drift over time. Therefore, I suggest our temperature measurement error was more 

likely ±2.66 ℃, which was the greatest temperature differential when Tsk fell below Ta 

(Fig. 3.2). 

 Torpid V
.
 O2

 post-Pd did not differ significantly between pre-Pd V
.
 O2

 from Willis et 

al. (2005) or Herreid and Schmidt-Nielsen (1966) across Ta, as indicated by a Type II 

ANOVA (χ 2
2
 = 0.1050; P = 0.9489; R2 = 0.24). However, torpid V

.
 O2

 did increase with 

Ta alone (χ2
1
 = 12.97 P = 0.0003; Fig. 3.3). When comparing pre- and post-Pd torpid V

.
 O2

 

at categorical temperature setpoints with data from Szewczak & Jackson (1992) using 

individual t-tests, torpid V
.
 O2

 was greater post-Pd compared to pre-Pd at 5 ℃ (P = 0.0060; 

Fig. 3.4A), 10 ℃ (P = 0.0016; Fig. 3.4B), 20 ℃ (P = 0.0066; Fig. 3.4C), 30 ℃ (P < 

0.0001; Fig. 3.4D), and 37 ℃ combined with 37.5 ℃ (P <0.0001; Fig. 3.4E).
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DISCUSSION 

 Eptesicus fuscus’ resistance to Pd infections (Frank et al. 2014) may cost 

additional energy as evidenced by greater torpid V
.
 O2

 post-Pd (Fig. 3.4), or may not incur 

additional cost as implied by the lack of significant increases in E. fuscus torpid V
.
 O2

 post-

Pd when comparing to pre-Pd data from Herreid and Schmidt-Nielsen (1966) and Willis 

et al. (2005; Fig. 3.3). While pathogen resistance benefits the immediate survival of a 

host in the face of disease, there are physiological and life history trade-offs associated 

with pathogen resistance. Resistance can cost additional energy for mounting immune 

responses to reduce pathogen fitness (Purrington 2000; Bonneaud et al. 2003; Martin et 

al. 2010; Schoenle et al. 2018), or hosts can allocate the energy needed for resistance by 

trading energetically costly life history processes like host reproduction for immune 

functioning (Lee 2006). Therefore, long-term host fitness can weaken due to pathogen 

resistance if there are not enough resources to accommodate its costs (Martin et al. 2003). 

Maintaining the ability to torpor to the same extent pre- and post-Pd is likely one 

of the physiological mechanisms underlying E. fuscus’ resistance to Pd (Frank et al. 

2014). All E. fuscus collected in winters of 2020 and 2021 (nine and ten years following 

Pd introduction) were torpid throughout data collection, as evidenced by having Tsk 

values within 1.29 ± 1.46 ℃ of Ta on average (Fig. 3.2). Further, when comparing the 

data collected here to data from Herreid and Schmidt-Nielsen (1966) and Willis et al. 

(2005; Fig. 3.3), E. fuscus torpid V
.
 O2

 post-Pd were not different from torpid V
.
 O2

 pre-Pd 
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across a wide range of Ta. This suggests that E. fuscus do not expend additional energy 

during torpor due to resistance after Pd introduction. However, it is unclear how no 

changes to torpid V
.
 O2

 across a wide range of Ta may impact E. fuscus reproduction, 

particularly if the cost of resistance manifests itself by decreasing fecundity, which 

cannot be determined with these data. Eptesicus fuscus use torpor in warmer Ta during 

pregnancy and lactation, likely as a fitness trade-off when food and other resources are 

limited (Audet & Fenton 1988; McAllan & Geiser 2014). It is possible pregnant and 

lactating E. fuscus in warm spring and summer months could use torpor more frequently 

to offset the energy cost of mounting immune responses to continue to fight Pd infections 

obtained in winter. However, if torpid V
.
 O2

 at warmer Ta does not change post-Pd, 

increased frequency of torpor could limit reproductive success by trading off energy 

needed for gestation and/or pup rearing for immune functions. Further research into how 

female reproductive energy expenditures, fecundity and pup survival changes with long-

term Pd exposure is needed to determine if resistance to Pd has long-term fitness trade-

offs for E. fuscus.  

Small mammals have an endogenous circannual cycle for torpor patterns and 

hibernation (Pengelley & Kelly 1966; Press 1990). During winter, small mammals 

undergo their deepest and longest torpor bouts, while in spring and fall, these patterns a 

shallower and shorter (Körtner & Geiser 2000). There was no difference in torpid V
.
 O2

 in 

relation to Ta post-Pd compared to pre-Pd data from Herreid and Schmidt-Nielsen (1966) 

and Willis et al. (2005). All post-Pd E. fuscus torpid V
.
 O2

 were collected during winter 

months (January through March), suggesting bats should have been in relatively deep 
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torpor. Prior to Pd introduction, E. fuscus torpid V
.
 O2

 were collected in September through 

January (Herreid & Schmidt-Nielsen 1966), September and May (Willis et al. 2005), or 

lab acclimated at 25 ℃ with season of data collection unknown (Szewczak & Jackson 

1992b, a). This suggests that pre-Pd bats may not have been in as deep of torpor as post-

Pd bats. Thus, this seasonal difference in data collection could have confounded any 

differences in torpid V
.
 O2

 due to long-term Pd exposure because pre-Pd bats were not 

within the same circannual period as post-Pd bats. If there are seasonal differences in 

torpid V
.
 O2 of E. fuscus, these results could be interpreted that E. fuscus post-Pd have 

torpid energy expenditures in late winter that are no different than pre-Pd torpid energy 

expenditures in spring or fall through early winter. This interpretation would suggest that 

with long-term pathogen exposure, resistance to Pd may cause E. fuscus to have 

shallower torpid periods in winter than they did prior to Pd introduction and thus, have 

greater torpid energy expenditures across Ta post-Pd compared to pre-Pd in winter 

months.  

 Eptesicus fuscus’ resistance to Pd infections may increase torpid V
.
 O2

 post-Pd, 

suggesting a long-term additional energetic cost for mounting immune responses to 

reduce Pd infections. When I averaged post-Pd V
.
 O2

 by the Ta setpoint of the 

environmental chamber (2020) or water bath (2021) and compared to pre-Pd data 

presented in Szewczak & Jackson (1992), presented as averages at Tsk setpoints, E. fuscus 

had greater overall torpid V
.
 O2

 post-Pd compared to pre-Pd across all temperature 

setpoints (Fig. 3.4). This suggests that E. fuscus resistance does cost additional energy to 
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maintain and, therefore, E. fuscus must be able to accommodate the energetic cost of 

resistance in order to survive. To put this into perspective at hibernating temperatures, 

using the average mass for bats I collected for this study (18.78 g), a standard conversion 

factor of 1.96 L O2 g
-1 to convert rates of O2 consumption into grams of fat burned 

(Brown & Brengelmann 1966), E. fuscus post-Pd would burn 18.33 or 8.75 times more 

fat during torpor bouts each day than they did pre-Pd at 5 ℃ or 10 ℃ (Appendix B). For 

pre-Pd E. fuscus at Tsk setpoints of 5 ℃ and 10 ℃, E. fuscus weighing 18.78 g would 

burn 0.006 g or 0.008 g of fat each day while hibernating (Appendix B). In comparison, 

post-Pd E. fuscus weighing 18.78 g would burn 0.11 g or 0.07 g of fat each day at Ta 

setpoints of 5 ℃ or 10 ℃ (Appendix B). Although I would not expect E. fuscus to 

hibernate at temperature setpoints 20 ℃ and above, E. fuscus would still need enough 

food to accommodate those additional energy expenditures above 20 ℃. For female E. 

fuscus in Ta greater than 20 ℃, they would also need enough food to support 

reproduction while fighting off infections in spring and summer. At temperature setpoints 

of 5 ℃ and 10 ℃, the amount of fat burned post-Pd for an 18.78 g E. fuscus during 

torpor bouts would not allow for E. fuscus survival in winter months without access to 

food. Therefore, although the number of periodic arousals and torpor bout durations are 

not different for E. fuscus after Pd introduction (Frank et al. 2014), E. fuscus may yet 

incur greater energy costs during torpor bouts post-Pd compared to pre-Pd in order to 

mount immune responses to Pd infections. This, in combination with the lack of Pd 

detection on all E. fuscus collected, supports the phenomenon that resistance to pathogen 

infections is energetically costly for bats that are considered less susceptible (Purrington 

2000; Bonneaud et al. 2003; Martin et al. 2010; Schoenle et al. 2018). 
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If E. fuscus increase torpid metabolic rates post-Pd, they must be able to 

accommodate the energetic cost of resistance. At temperature setpoints of 20 ℃ and 

above, E. fuscus are likely able to make up for the majority of these additional energy 

costs because 1) insect prey are available, 2) declines to E. fuscus body mass with long-

term Pd exposure in spring through fall months are about 1 g on average (see Chapter 1), 

and 3) capture rates of E. fuscus in spring through fall months almost double across the 

eastern US after Pd introduction (see Chapter 3). At temperature setpoints of 5 ℃ and 10 

℃, the potential increases to torpid V
.
 O2

 post-Pd could reflect winter population declines 

of 35 – 41% for E. fuscus due to WNS if some E fuscus are unable to accommodate 

additional energy expenditures (Turner et al. 2011; Cheng et al. 2021). Eptesicus fuscus 

may be able to replenish energy stores between torpor bouts by foraging during periodic 

arousals, but the degree to which they are able to balance additional energy losses in 

doing so is unknown. Eptesicus fuscus are known to leave caves throughout hibernation 

and change hibernacula (Swanson & Evans 1936; Rysgaard 1942), and have been found 

with evidence of recent predation on moths, beetles and flies in the winter (Dunbar et al. 

2007). Eptesicus fuscus are also highly active throughout hibernation on warm winter 

nights post-Pd relative to other North American hibernating bat species (Reynolds et al. 

2017). This winter foraging activity by E. fuscus to accommodate for increased torpid 

energy expenditures could also contribute to estimated winter population declines if they 

become a more frequent prey item to birds of prey (Negro et al. 1992). The potential 

increased energetic cost of torpor post-Pd compared to pre-Pd (Fig. 3.4) suggests 

foraging behaviors of E. fuscus and insect availability of their insect prey need to be 

monitored, particularly in winter months when food availability is minimal, to better 
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understand the mechanism linking increased metabolic costs of E fuscus post-Pd with 

seasonal increases or decreases in the abundance of E. fuscus. 

If the decrease in torpid metabolic rates passively follows declining body 

temperatures with deeper torpor at lower Ta, then using a linear mixed effects model to 

compare E. fuscus torpid V
.
 O2

 pre- and post-Pd when using Herreid and Schmidt-Nielsen 

(1966) and Willis et al. (2005) data is the best comparison. Temperature-dependence of 

torpid V
.
 O2

 has been tested linearly across many species throughout North America, 

including E. fuscus (McGuire et al. 2021). It is possible, though, that a non-linear 

relationship between torpid V
.
 O2

 and Ta may be more accurate for several reasons. 

Increased torpid metabolic rates to prevent freezing at very low Ta and metabolic 

depression independent of Tb are two such possibilities.  Many North American 

temperate bats have a minimum Ta while torpid below which torpid energy expenditures 

can increase in order to avoid freezing body temperatures, although this minimum 

temperature has not yet been identified for E. fuscus (Hock 1951; Dunbar & Tomasi 

2006; Humphries et al. 2006; Boyles et al. 2020; McGuire et al. 2021). Prior to Pd 

introduction, a potential increase in torpid V
.
 O2

 appears to occur at 5 ℃ or below for 

Herreid and Schmidt-Nielsen (1966) and Willis et al. (2005) data (Fig. 3.3). Post-Pd, it 

appears this increase in torpid V
.
 O2

 to avoid freezing body temperatures may also occur 

around a minimum Ta 5 ℃ (Fig. 3.3). A minimum Ta of 5 ℃ at which E. fuscus may 

initiate freeze-avoidance mechanisms and increase torpid V
.
 O2

 post-Pd is also supported 
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in comparisons to Szewczak & Jackson (1992) pre-Pd data. When averaging torpid V
.
 O2

 

at Ta setpoints,  E. fuscus post-Pd seems to decrease torpid V
.
 O2

 between 5 ℃ and 10 ℃ 

and then being increasing torpid V
.
 O2

 between 10 ℃ and 20 ℃, and may continue to 

increase as temperature setpoints increase (Fig. 3.4). Therefore, it is possible that the 

amplitude of torpid energy costs below a minimum Ta has increased post-Pd. Further 

research investigating non-linear relationships of torpid V
.
 O2

 is needed to determine if E. 

fuscus’ minimum Ta, and associated torpid energy expenditures below that minimum Ta, 

change with long-term pathogen exposure. 

The relationship between torpid V
.
 O2

 and Ta may also be non-linear if passive 

chemical properties of the temperature-dependence of metabolic rate are altered by 

regulatory pathways. Thyroid regulation can alter temperature-dependent torpid  

V
.
 O2 

(Frare et al. 2021). Replenishment of ATP can cost energy and increase temperature-

dependent torpid V
.
 O2

 (Abnous & Storey 2021). Season adjustments to circannual and 

circadian rhythms can change torpid V
.
 O2

 relationships with Ta (Hut et al. 2014). Finally, 

the temperature dependence of neural-immune responses can cause torpid V
.
 O2

 to vary 

with Ta (Madden 2017). If the data presented here have additive effects, it would imply 

that the temperature-dependence of torpid V
.
 O2

 is variable for E. fuscus. Therefore, the 

temperature-dependence of E. fuscus of torpid V
.
 O2

 is possibly regulated by other 

mechansims that could change within E. fuscus before and after Pd introduction. Further 
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research and/or analysis is needed to determine if E. fuscus torpid V
.
 O2

 have additive 

(non-linear) effects with Ta and if patterns of variable energy expenditures with Ta differ 

before and after Pd introduction.       

Results for changes in E. fuscus torpid V
.
 O2

 before and after Pd introduction 

differed based on the data available in the literature for comparison. When testing torpid 

V
.
 O2

 across continuous values for measured Ta, there was no change in torpid V
.
 O2

 pre- to 

post-Pd (Fig. 3.3) assuming a linear relationship between torpid V
.
 O2

 and Ta. In contrast, 

when averaging torpid V
.
 O2 

around Tsk (pre-Pd) or Ta (post-Pd) categorical setpoints and 

comparing pre- and post-Pd torpid V
.
 O2

 at each setpoint, there were significant increases 

to torpid V
.
 O2 

across all temperature setpoints (Fig. 3.4). These conflicting results may be 

reflective of how I was able to test my hypothesis based on the data provided in the 

literature. Ideally, if all pre-Pd torpid V
.
 O2 

data (Herreid & Schmidt-Nielsen 1966; 

Szewczak & Jackson 1992b; Willis et al. 2005) were paired with their measured Ta for 

each individual bat, I would have a single, and more rigorous statistical analysis due to 

the inclusion of all pre-Pd data. Instead, data from Szewczak & Jackson (1992) were 

presented as torpid V
.
 O2

 averages and standard errors for at specific Tsk setpoints and an 

additional analysis was needed. Comparisons pre- to post-Pd in this additional analysis 

using t-tests at each categorical temperature setpoint may be responsible for different 

results than the continuous comparison using Herreid and Schmidt-Nielsen (1966) and 

Willis et al. (2005) data, due to a loss of individual variability and statistical power 
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(Royston et al. 2006). An additional option for including all pre-Pd data could be to 

categorize Herreid and Schmidt-Nielsen (1966) and Willis et al. (2005) data by binning 

torpid V
.
 O2

 values around temperature setpoints and completing individual t-tests against 

each pre- or post-Pd data collector. However, this option would lose the individual 

variability across all pre-Pd data collectors. Therefore, I chose to maintain the structure 

of the pre-Pd data available in the literature by completing two separate robust analyses 

(i.e. ANOVA or t-tests). Differing results highlight the importance of individual data 

availability in order to make holistic before and after comparisons, particularly in 

instances where obtaining animals that have never been exposed to a pathogen may not 

be possible.      

Results a decade after the introduction of Pd indicate a need for further 

investigations for E. fuscus torpor patterns in the lab and in the field. These investigations 

should focus on our ability to draw more holistic comparisons between E. fuscus with and 

without long-term Pd exposure. Future research in the lab should use Pd inoculation 

experiments to investigate E. fuscus torpor patterns holistically (periodic arousals, torpor 

bout durations and torpid V
.
 O2

) at multiple different hibernating temperatures to better 

understand the energetic consequences E. fuscus may face fighting annual Pd exposure.  

In the field, I suggest additional research for periodic arousals and torpor bout durations 

of E. fuscus during hibernation be conducted following establishment of Pd on the 

landscape (five or more years post-Pd; Langwig et al. 2015; Cheng et al. 2021). I would 

also suggest that measurements for torpid V
.
 O2 

be conducted in the field at hibernating Ta 

across multiple time points during hibernation to understand E. fuscus’ depth of torpor 
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throughout circannual cycles. This additional research will provide clearer comparisons 

for how E. fuscus respond to Pd exposure at varying Ta, varying seasons and over long-

term Pd exposure via their torpid energy expenditures. 
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Figure 3.1. Lines of airflow during respirometry experiments with E. fuscus. I pulled room air from a 0.9 L metabolic chamber 

where bats rested through a flow meter and drying column before reaching an oxygen analyzer.  
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Figure 3.2. I considered all E. fuscus torpid across the range of ambient temperatures 

used for data collection because the average temperature differential between skin and 

ambient temperatures was 1.29 ± 1.46 ℃. Circles represent average E. fuscus skin 

temperatures in relation to average ambient temperatures collected from 19 bats during 

respirometry experiments in the winters of 2020 and 2021 (post-Pd). The solid black line 

is the identity line (1:1) showing where skin temperatures would be equal to ambient 

temperatures. Dashed black lines are 1 ℃ error bars around the 1:1 line representing 
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iButton sensitivity, which was the least sensitive equipment used to measure temperature. 

Dotted black lines are 2.66 ℃ error bars around the 1:1 line representing actual estimated 

temperature measurement sensitivity based on the largest temperature differential when 

skin temperature was lower than ambient temperature.
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Figure 3.3. Torpid metabolic rates increase with ambient temperature regardless of pre- or post-Pd status (χ2
1
 = 14.4 P = 

0.0002). Gray shaded area around regression line represents 95% confidence intervals. Circles in blue hues are data collected 

pre-Pd (Herreid & Schmidt-Nielsen 1966; Willis et al. 2005) and circles in red are data collected in this study post-Pd. 
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Figure 3.4. Torpid metabolic rates post-Pd are greater than torpid metabolic rates pre-Pd at Ta and Tsk setpoints of A) 5 ℃, B) 

10 ℃, C) 20 ℃, D) 30 ℃, and E) 37 ℃ and 37.5 ℃. Temperature setpoints for pre-Pd data from Szewczak and Jackson 

(1992) are for Tsk while temperature setpoints for post-Pd data were for Ta. Points represent average torpid metabolic rates at 

each temperature setpoint and error bars are standard errors of the mean. Sample sizes are indicated in parentheses with each 

corresponding point. Points, error bars and sample sizes are colored by data collectors before and after Pd introduction. 
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Significance values were obtained using two-tailed t-tests on normal distributions at each temperature setpoint. *P < 0.05; **P 

< 0.01; ***P < 0.001.
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CHAPTER 4 

CAPTURE RATES OF EPTESICUS FUSCUS INCREASE FOLLOWING FUNGAL PATHOGEN 

INVASION ACROSS THE EASTERN US 

ABSTRACT 

 Emerging infectious diseases threaten biodiversity globally. While the effects of 

infectious diseases on highly susceptible species often receive considerable attention, 

effects of less susceptible hosts are less frequently studied despite their biological 

importance. To understand how populations of less susceptible hosts and their population 

structures change in the face of disease, I quantified changes to capture rates of Eptesicus 

fuscus (big brown bats), a species less susceptible to the introduced fungal pathogen 

Pseudogymnoascus destructans (Pd; causative agent for white-nose syndrome) across the 

eastern US. I hypothesized that capture rates of adult male and female E. fuscus would 

increase over time since Pd invasion due to a release from interspecific competition from 

highly susceptible species. I also hypothesized increases to the capture rates of E. fuscus 

would be greater in northern latitudes compared to southern latitudes, mirroring spatial 

gradients for highly susceptible species mortalities. Using 30 years of capture records, I 

created Bayesian generalized linear models to determine how the capture rates of adult E. 

fuscus (male and female) or of reproductive bats (females only) changed across the 

eastern US from pre-Pd invasion years through Pd invasion, epidemic and established 

years. Overall, capture rates of male and female E. fuscus increased from pre-invasion to 

established years, with greater increases to the capture rates of females than males. 
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Further, capture rates of lactating and post-lactating female bats increased with latitude 

by established years. Taken together, results suggest that 1) E. fuscus have undergone a 

release from competition from highly susceptible species, and 2) increases in the capture 

rates of lactating and post-lactating female E. fuscus with latitude may create spatial 

gradients for intraspecific pressures due to their greater need for food compared to other 

E. fuscus demographics. Therefore, E. fuscus likely undergo a combination of ecological 

and pathogen pressures following pathogen introduction. This work highlights the 

importance of understanding how less susceptible host populations and structures change 

with long-term pathogen exposure across a broad spatial scale. Understanding the 

persistence of less susceptible wildlife hosts is critical for predicting future host 

populations and their structures under continued threats of emerging infectious disease. 
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INTRODUCTION 

Introduced pathogens and emerging infectious diseases are currently one of the 

largest threats to biodiversity and wildlife populations (Daszak et al. 2000; Gurevitch & 

Padilla 2004; Young et al. 2017), decimating wildlife populations at alarming rates  

(Dhondt et al. 1998; Hochachka & Dhondt 2000; Yaremych et al. 2004; Voyles et al. 

2009; Cheng et al. 2019, 2021). Furthermore, decreases to biodiversity and wildlife 

populations can exacerbate the prevalence of emerging infectious diseases on the 

landscape due to a dilution effect (Civitello et al. 2015). Major biodiversity losses from 

emerging infectious diseases are typically due to high mortality rates and population 

declines from species highly susceptible to pathogen infections (Hochachka & Dhondt 

2000; Skerratt et al. 2007; Frick et al. 2015). As biodiversity decreases from devastating 

population losses of highly susceptible species, how an emerging infectious disease 

maintains itself on the landscape becomes dependent upon host species populations that 

persist despite infections (Holt & Dobson 2006). Therefore, as pathogens devastate 

populations of species that are highly susceptible to infection, persisting host populations 

less susceptible to infection become greater contributors to diversity and thus, critical 

contributors to community, population, and ecosystems dynamics (Gervasi et al. 2015; 

VanderWaal & Ezenwa 2016; Cortez et al. 2017). Evaluating changes to the abundance 

of persisting host species is critical for understanding current and future dynamics of 

introduced pathogens. 
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Once an introduced pathogen becomes established, the abundance of less 

susceptible hosts can respond in one of three ways (Fig. 4.1). First, the abundance of less 

susceptible hosts can decrease due to pathogen infection. Despite their status as a less 

susceptible species, decreases to the abundance of less susceptible hosts could still occur, 

just slower than species highly susceptible to infection over time, simply because their 

rate of infection is lower (Moore et al. 2018; Cheng et al. 2021; Fig. 4.1). This lower rate 

of infection for less susceptible host species can mean that decreases to their abundance 

can go unnoticed and/or are of least concern because their losses in abundance are less 

than that of highly susceptible species. Another way the abundance of less susceptible 

hosts may decrease following disease emergence could be due to increased predation 

(Fig. 4.1). Since infection rates often correlate with mortality rates, less susceptible hosts 

may become the only available prey to predators after the extinction of highly susceptible 

hosts; therefore, less susceptible hosts may increase in frequency as a prey item and their 

populations would decline, as suggested by the prey-switching hypothesis (Kiørboe et al. 

1996; Kjellander & Nordström 2003; Siddon & Witman 2004; Moleón et al. 2009; 

Murdoch 2014). Secondly, the abundance of less susceptible hosts can increase due to the 

emergence of an introduced pathogen (Fig. 4.1). Because less susceptible hosts often 

have lower mortality rates compared to highly susceptible species, a release from 

competition with highly susceptible species could increase the abundance of less 

susceptible hosts, as theoretically suggested from the Lotka-Volterra competition model 

(Gotelli 2008; Fig. 4.1). Further, if less susceptible hosts are able to expand their niche 

space following a release from competition, their abundance may be able to increase in 

greater numbers than what occurs from competitive release alone (Wilson 1961; 
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MacArthur et al. 1972; Herrmann et al. 2021; Fig. 1). Third, the abundance of less 

susceptible hosts could not change with the introduction of a pathogen. This could be due 

to minimal mortalities associated with pathogen infections, or a balance of decreases and 

increases in abundance. For example, the abundance of less susceptible hosts may 

initially decrease due to pathogen infection early in disease emergence time, but 

subsequently rebound due to increases in the amount of resources available once highly 

susceptible competitors die. Alternatively, if less susceptible host populations initially 

increase and expand their niche space, they may experience increases to predation since 

they are the only prey item left on the landscape which would in turn, level out the 

abundance over time. Consequently, even though the dynamics of less susceptible host 

species are rarely studied or only studied in context with highly susceptible species (Frick 

et al. 2015; Russell et al. 2019; Cheng et al. 2021), understanding their responses is 

important for predicting future pathogen dynamics and population structures.  

Emerging infectious diseases can also drive changes to population structures by 

directly altering sex ratios and/or the number of reproductive hosts within a population. 

For example, when female survival is greater than male survival, host populations can 

become female-biased. This has been documented for multiple frog species infected with 

Batrachochytrium dendrobatidis and for Apis mellifera (honey bees) infected with 

Nosema ceranae parasites for which female survival is greater than male survival in 

inoculation experiments (Retschnig et al. 2014; Russell et al. 2019). This can possibly 

lead to fewer males than females in the wild and become problematic because when 

female-biased sex ratios become extreme (greater than 90%), female fecundity decreases 

(Milner-Gulland et al. 2003; Dyson & Hurst 2004; J. Rankin & Kokko 2007), possibly 
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due to fewer available mates for females. On the other hand, non-extreme female-biased 

populations can theoretically provide optimal population growth (Vlad 1989), which 

would be helpful following mortality from disease emergence. Pathogen infections can 

also alter sex ratios through changes in host reproduction. For example, female 

Sarcophilus harrisii (Tasmanian devils) with devil facial tumor disease give birth to more 

females than males when infected and thus, may have more female-biased future 

populations (Jones et al. 2008b).  The number of hosts that reproduce within a population 

can also change in response to pathogen infections. Decreases to the age of first 

reproduction under pathogen infections would increase the abundance of reproductive 

females, as seen in S. harrisii with devil facial tumor disease and Myotis lucifugus (little 

brown bats) with white-nose syndrome (Jones et al. 2008b; Ineson 2020). After disease 

emergence, the number of breeding one-year-old S. harrissii increased by 13% - 83%, 

and the reproductive rates of M. lucifugus in their first year increased 40% (Jones et al. 

2008b; Ineson 2020). Depending on how pathogen infections and emerging infectious 

diseases alter the balance of sex ratios and reproductive demographics, as pathogen 

exposure and infections become chronic, population recovery could become increasingly 

challenging.  

North American bat populations are currently threatened by Pseudogymnoascus 

destructans (Pd), an introduced and invasive fungal pathogen from Eurasia that causes 

the symptoms manifesting as white-nose syndrome (Blehert et al. 2009; Lorch et al. 

2011; Leopardi et al. 2015; Drees et al. 2017). Pd was first introduced and detected in 

New York, USA, in 2006 and has since spread across North America (Blehert et al. 2009; 

White Nose Syndrome Response Team 2022). Pd infects wings and muzzles of 
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hibernating North American bats which disrupts their ability to torpor (Meteyer et al. 

2009). Under Pd infections, bats have increased torpor arousals, increased torpid energy 

expenditures and decreased torpor bouts, all of which deplete their fat stores faster than 

without infection during hibernation (Reeder et al. 2012; McGuire et al. 2017; Moore et 

al. 2018). This has resulted in mortality rates in the eastern US of more than 90% in 

species that are highly susceptible to infection. (Frick et al. 2010b, 2015; Cheng et al. 

2021). For the small portion of bats that do survive winter infections and emerge from 

hibernation in the spring, the additional energy required to heal winter infections is 

suggested to decrease reproductive success as females typically become pregnant within 

a few days following emergence (Wimsatt 1945; Meierhofer et al. 2018; Fuller et al. 

2020). Therefore, the impacts of Pd on North American bat populations are not only 

dependent upon winter exposure and infections, but also dependent upon how winter 

infections impact the reproductive success of persisting hosts outside of hibernating 

months. While bats leave hibernacula in the spring and heal infections, Pd remains in 

hibernacula throughout the year, setting up repeated annual exposure and infections for 

hosts that survive. 

In the Pd / hibernating bat system, host survival and persistence are impacted by 

how Pd interacts with its bat hosts and its environment at different locations over time. In 

Pd’s native range throughout Eurasia, where Pd and hibernating bats have coevolved 

together (Wibbelt et al. 2010; Puechmaille et al. 2011; Hoyt et al. 2016; Drees et al. 

2017), Pd decays in summer months within hibernacula (Hoyt et al. 2020). Therefore, 

when bats re-enter hibernacula in the winter, the prevalence of Pd within the hibernacula 

has decreased since they left hibernacula in the spring. This leads to reduced host 
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infection intensity throughout hibernation, and thus increased chances of survival (Hoyt 

2020). In contrast, in North America where Pd is invasive, Pd prevalence is stable in 

hibernacula throughout summer months  (Hoyt et al. 2020). Its overall prevalence within 

hibernacula in North America is also greater throughout the year than in its native range 

(Hoyt et al. 2020). Coupled together, this causes hibernating bats in Pd’s invasive range 

to have earlier onsets of host infection when bats enter the hibernacula in winter, bats to 

incur greater infection intensities throughout hibernation and thus, suffer greater 

mortalities from infection compared to hosts in Pd’s native range (Hoyt 2020). The 

prevalence of Pd in the environment and on hosts is undoubtedly important for 

understanding how overall bat populations respond to infections globally over time and 

space. However, this work examines multiple species in Pd’s invasive range their 

responses together. To fully understand the role Pd plays in altering bat populations in its 

invasive range, North American bats that are less susceptible to Pd infections may 

provide greater insights into future pathogen dynamics and host population structures 

compared to highly susceptible species.   

Eptesicus fuscus (big brown bats) are a North American bat species considered 

less susceptible to Pd infections compared to highly susceptible species and have some 

degree of resistance to infection (Frank et al. 2014; Moore et al. 2018). As such, E. 

fuscus maintains lower Pd prevalence, infection rates and infection intensities compared 

to highly susceptible species during hibernation (Langwig et al. 2015; Frick et al. 2017; 

Moore et al. 2018). This lowered susceptibility and resistance to Pd causes E. fuscus to 

have pathogen prevalence and intensities throughout hibernation that are closer to, and 

possibly over time more reflective of, hibernating bat species in Pd’s native range, when 
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compared to North American bats that are highly susceptible to Pd infection (Hoyt et al. 

2016, 2020). Therefore, to understand the full extent of Pd impacts on North American 

bat populations over time, more knowledge into how less susceptible, resistant E. fuscus 

populations are changing is critical.  

How the abundance and population structures of E. fuscus change in the face of 

Pd are unclear. Estimates for winter populations of E. fuscus in the eastern US indicate 

35-41% declines since the introduction of Pd (Turner et al. 2011; Cheng et al. 2021). 

However, because E. fuscus are known to frequently move hibernacula in winter and/or 

hibernate in man-made structures that are not regularly surveyed (Swanson & Evans 

1936; Rysgaard 1942; Whitaker & Gummer 1992, 2000; Boyles et al. 2007; Mills et al. 

2019), estimates for how their populations change due to Pd may not be best represented 

through winter hibernacula surveys. Further, winter hibernacula surveys are not able to 

account for changes in the abundance of female reproductive demographics, which is 

important for estimating the future success of persisting populations. Therefore, capture 

surveys outside of winter months may provide better estimates for E. fuscus populations 

before and after pathogen invasion. Contrary to estimates for winter E. fuscus declines, 

multiple sites in the eastern and midwestern US have seen increases following Pd 

introduction and invasion to E. fuscus capture rates in spring through fall months (Francl 

et al. 2012; Pettit & O’Keefe 2017; O’Keefe et al. 2019). Further, it’s been suggested that 

these increases in captures may reflect increases to intraspecific pressures for E. fuscus 

(see Chapter 2).  

Eptesicus fuscus also have variable responses for changes to population structures 

following Pd introduction. Post-lactating female E. fuscus captures increase after Pd 
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introduction in Appalachia US (O’Keefe et al. 2019), and non-reproductive female bat 

capture rates increase in the midwestern US (Pettit & O’Keefe 2017), suggesting 

decreases to reproductive success. Alternatively, the capture rates of reproductive E. 

fuscus did not change between pre- and post-Pd in West Virginia, US, and suggests that 

reproductive success is not impacted by annual pathogen infections (Francl et al. 2012). 

Taken together, there are uncertainties for how E. fuscus populations are broadly 

impacted and structured due to Pd invasion, despite their greater potential to inform how 

pathogen dynamics and population structures may be shaped over time under pathogen 

pressures compared to highly susceptible species. Therefore, in order to understand how 

E. fuscus populations are responding and persisting under long-term Pd exposure, we 

need to examine broad spatial patterns for changes in their abundance before and after Pd 

invasion.  

To determine how the abundance of E. fuscus changes across a broad spatial scale 

and over time since pathogen introduction, I quantified changes to capture rates (as a 

proxy for abundance) using a 30-year dataset of individual E. fuscus captures in spring 

through fall months across the eastern US (see Chapter 2). I hypothesized that the capture 

rates of adult male and female E. fuscus would increase over time since Pd invasion due 

to a release from interspecific competition from highly susceptible species. Further, I 

hypothesized that increases in the capture rates of adult E. fuscus after Pd introduction 

would become greater as latitude increased, following spatial patterns for suggested 

increases to intraspecific competitive pressures with increasing latitude in the eastern US 

(see Chapter 2). Here, I highlight the importance of understanding how pathogen 

introductions change the abundance of a less susceptible species and alter their 



116 

 

population structures as pathogen exposure time increases across space. Understanding 

how the abundance of less susceptible species changes with pathogen exposure is an 

important step toward better evaluating future host population structures and host-

pathogen dynamics at a broad scale. 
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METHODS 

I used a large dataset of adult E. fuscus capture records spanning 30 years across 

11 US states (GA, IL, IN, KY, MS, NY, NC, OH, PA, TN and VA) as described in 

Chapter 2. Briefly, this dataset consists of 24,129 adult E. fuscus (females n = 14,162; 

males n = 9,967) captured across 3,797 sites outside of hibernating months in April 

through October from 1990 to 2020. Variables within the dataset used for this paper were 

date of capture, masked capture site name, county latitude centroid of capture site, sex 

(male/female) and reproductive status (females only: non-

reproductive/pregnant/lactating/post-lactating).  

The number of captures per site per year was used as a proxy for adult bat 

abundance. To obtain this proxy, I summarized individual capture records for adult E. 

fuscus within the dataset by the number of individuals captured per site within each state 

and county of capture, year of capture, sex and reproductive status using the package 

dplyr in R (R Core Team 2021; Wickham et al. 2021). To determine how time since Pd 

invasion changed the capture rates of adult E. fuscus by sex and reproductive status 

(female only) across space, I used a full dataset to compare female and male capture rates 

and a female-only dataset to compare changes in capture rates by reproductive 

demographics. Analyses only considered reproductive status for female E. fuscus because 

females move through reproductive life stages in spring through fall months which 

coincides with the collection of the capture records used here, while male reproduction 

does not occur until fall or winter which is outside the collection period of this data. 
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Finally, for the separate adult and female-only E. fuscus datasets, I standardized Pd 

invasion across each state and year of capture by classifying them into Pd exposure time-

steps (see Chapter 2; White Nose Syndrome Response Team 2022). Pre-invasion years 

were those before suspect or confirmed Pd introduction (< 0 years), invasion years 

occurred 0-1 years within Pd introduction, epidemic years were designated as those 2-4 

years following Pd introduction, and established years occurred 5+ years after the 

introduction of Pd. 

Statistical Analyses 

I completed all statistical analyses in R version 4.0.5 and data visualizations were 

made using the packages ggplot2, tidybayes, and patchwork (Wickham 2009b; Kay 2020; 

Pedersen 2020). To determine how E. fuscus capture rates changed across the eastern US 

over invasion time-steps, I used a two-step modelling approach with Bayesian statistics 

(Fig. S1). I created separate Bayesian generalized linear mixed models for all adult 

(males and females combined) E. fuscus and only female E. fuscus at both model creation 

steps. All models were created using the STAN computational framework R interface 

(rstan package) with the brm function in the brms package (Bürkner 2017; Stan 

Development Team 2020).   

Initial models were created to describe how the capture rates of E. fuscus sex or 

female reproductive statuses changed with latitude over disease time-steps (Appendix C 

Fig. S4.1). I created Bayesian generalized linear mixed models with Poisson distributions 

for bat capture rates. To determine how adult E. fuscus capture rates changed by sex with 

latitude and Pd exposure time-steps, I created an initial model for adult (males and 

females combined) bat capture rates as a function of a conditional effects interaction for 
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sex, latitude of capture county centroid and Pd exposure time-steps (Appendix C Fig. 

S4.1A). To determine how female E. fuscus capture rates changed by reproductive status 

due to latitude and Pd exposure time-steps, I created an initial model for the capture rates 

of female bats as a function of a conditional effects interaction for latitude of capture 

county centroid, Pd exposure time-steps and reproductive status (Appendix C Fig. 

S4.1B). I included capture site as a group level effect in these initial models to account 

for varying effort in site visits (Appendix C Fig. S4.1).  

I determined a prior distribution for adult and female-only models separately 

using the function get_prior in the brms package (Bürkner 2017). Prior distributions for 

both initial adult and female-only models were the same and set on a student-t 

distribution with a mean of 0.7, a standard deviation of 2.5 and degrees of freedom at 3. 

Both adult and initial female-only models were each run on four Markov chains at 10,000 

iterations with a burn-in period of 5,000 iterations. Both adult and female-only models 

converged with Ȓ values at 1.00 or 1.01 and resulted in 160,000 posterior samples for 

adult models and 320,000 posterior samples for female-only models. The larger posterior 

samples for the adult model compared to the female-only model reflects the number of 

levels within the conditional effects interaction. Specifically, in the adult model 

(Appendix C Figure S4.1A), sex has two levels (male/female) while in the female-only 

model (Appendix C Figure S4.1B), reproductive status has four levels (non-

reproductive/pregnant/lactating/post-lactating). Thus, posterior samples for female-only 

models were doubled to include posterior values for the four levels within the 

reproductive status variable, as opposed to the two levels within the sex variable in adult 

models. Finally, in order to determine how Pd exposure time-steps altered E. fuscus 
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abundance across space, I calculated the slopes for abundance across latitude for each 

time-step by sex for adult models (Figure S1A) or reproductive status for female models 

(Appendix C Figure S4.1B) using the emtrends function in the emmeans package (Lenth 

2021).  

Initial models for both adults (Appendix C Figure S4.1A: Model 1) and females-

only (Figure S1B: Model 1) indicated a spatial threshold at 36.3 °N where the interaction 

of capture county centroid latitude, Pd exposure time-steps and sex (adult model, 

Appendix C Figure S4.1A) or reproductive status (female-only model, Appendix C 

Figure S4.1B) occurred (Appendix C Fig. S4.2). Therefore, I created a second model for 

adults or females-only to better understand how capture rates changed above and below 

the identified spatial threshold over Pd exposure time-steps. To do so, I created a 

latitudinal category variable within the full adult and female-only datasets for ‘north’ and 

‘south’ of 36.3 °N. The second Bayesian generalized linear mixed models were then 

created in the same way as initial models, but I replaced county centroid latitude with the 

newly created latitudinal category variable for ‘north’ and ‘south’ of the identified spatial 

threshold (Appendix C Fig. S4.1: Model 2). Like in initial models, capture site was used 

as a group level effect for both adult and female-only models (Appendix C Fig. S4.1: 

Model 2).  

The second adult and female-only model prior distributions were also determined 

by the function get_prior in the brms package (Bürkner 2017). Both models were set on 

the same distribution as first set of models: a student-t distribution with a mean of 0.7, a 

standard deviation of 2.5 and degrees of freedom at 3. Like initial models, the second 

adult and female-only models were each run on four Markov chains at 10,000 iterations 
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with a burn-in period of 5,000 iterations. Adult and female-only models converged with 

Ȓ values at 1.00 or 1.01 and resulted in 320,000 posterior samples for adults and 640,000 

posterior samples for females. The larger posterior samples for the second model 

compared to the first model reflects the replacement of the continuous variable for county 

centroid latitude for the categorical variable with levels for ‘north’ and ‘south’ of the 

spatial thresholds. Thus, posterior samples doubled to include posterior values for both 

levels. 

To understand how the capture rates of adult E. fuscus changed by sex (Appendix 

C Figure S4.1A) and how the capture rates of female E. fuscus changed by reproductive 

status (Appendix C Figure S4.1B) over invasion time-steps and latitudinal category, I 

extracted posterior means and credible intervals using emmeans function in the package 

emmeans (Lenth 2021), and made comparisons for Pd exposure time-steps and latitudinal 

category. For these models (Appendix C Figure S4.1: Model 2), I compared posterior 

means and credible intervals in four ways. First, I compared E. fuscus capture rates across 

each Pd time-step. Second, I compared E. fuscus capture rates at each individual time-

step to the capture rates of E. fuscus in each latitudinal category separately (northern or 

southern populations) within the same time-step. Third, I compared the capture rates of E. 

fuscus between northern and southern populations within each Pd time-step. Finally, I 

compared the capture rates of E. fuscus within each latitudinal category (northern or 

southern populations) across Pd time-steps. All comparisons in adult models were 

grouped by sex and all comparisons in female-only models were grouped by reproductive 

status.  
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RESULTS 

Changes to adult E. fuscus capture rates by sex 

Changes in the capture rates of adult E. fuscus varied across a spatial threshold at 

36.3 °N over Pd exposure time-steps and depended on sex [mean (95% credible 

intervals): R2 = 0.36 (0.34, 0.37); Appendix C Fig. S4.2A]. The capture rates of adult 

female bats were stable with increasing latitude in pre-invasion years, increased in 

invasion years, but was stable again with latitude in epidemic and establishment years 

(Appendix C Fig. S4.2A). The capture rates of adult male E. fuscus increased with 

increasing latitude in pre-invasion and invasion years, was stable with latitude in 

epidemic years, but increased again with latitude by Pd establishment (Appendix C Fig. 

S4.2A). 

The capture rates of adult E. fuscus varied north to south of 39.3 °N by sex over 

Pd exposure time-steps [R2 = 0.35 (0.34, 0.37); Fig. 4.2]. However, the capture rates of 

male E. fuscus only differed between northern and southern latitudes in invasion years 

such that, the capture rates of northern male bats were about two times greater than 

southern male bats [invasion male north: 5.21 (4.45, 6.15), invasion male south: 2.85 

(2.18, 3.69); Fig. 4.2B]. There were no other significant differences between northern and 

southern populations of E. fuscus for males or females; however, there were significant 

differences in bat capture rates over invasion time-steps. Overall, the capture rates of bats 

increased from pre-invasion to established years [pre-invasion: 3.91 (3.44, 4.48), 

established: 6.13 (5.51, 6.77)], and this pattern held for both sexes [pre-invasion female: 
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4.42 (3.76, 5.14), established female: 7.77 (6.89, 8.70); pre-invasion male: 3.47 (2.95, 

4.08), established male: 4.83 (4.27, 5.45); Fig. 4.2A, 4.2D]. The capture rates of female 

E. fuscus increased during invasion years [invasion: 5.59 (4.96, 6.34), invasion female: 

8.11 (7.06, 9.32); Fig. 4.2B], but the capture rates of male or female E. fuscus was never 

different than the average capture rates for each individual time-step at any other time 

(Fig. 4.2A, 4.2C, 4.2D). 

While the capture rates of all E. fuscus increased from pre-invasion to 

establishment years, the capture rates of female E. fuscus increased more than the capture 

rates of male E. fuscus by Pd exposure time-steps (Fig. 4.2). In pre-invasion years, the 

capture rates of male and female E. fuscus were not significantly different from one 

another [pre-invasion female: 4.42 (3.76, 5.14), pre-invasion male: 3.47 (2.95, 4.08); Fig. 

4.2A]. However, by Pd establishment, the capture rates of female E. fuscus were greater 

than the capture rates of male E. fuscus by three bats per site per year [established female: 

7.77 (6.89, 8.70), established male: 4.83 (4.27, 5.45); Fig. 4.2D]. 

Changes to female E. fuscus capture rates by reproductive status 

 Changes to female E. fuscus capture rates varied across a spatial threshold at 36.3 

°N over Pd exposure time-steps and depended on reproductive status [R2 = 0.44 (0.41, 

0.47); Appendix C Fig. S4.2B]. While the capture rates of non-reproductive female bats 

were stable with latitude in pre-invasion years, they decreased with latitude during 

invasion, epidemic and establishment years (Appendix C Fig. S4.2B). The capture rates 

of pregnant E. fuscus decreased with latitude in pre-invasion years, stabilized in invasion 

years, but decreased with latitude in epidemic and establishment years (Appendix C Fig. 

S4.2B). The capture rates of lactating bats increased with latitude in pre-invasion years, 
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stabilized in invasion and epidemic years, but increased with latitude during Pd 

establishment (Appendix C Fig. S4.2B). Finally, the capture rates of post-lactating bats 

were stable with increasing latitude in pre-invasion years, but increased with latitude 

during invasion, epidemic and establishment years (Appendix C Fig. S4.2B). 

 The capture rates of female E. fuscus varied north and south of the latitudinal 

threshold by Pd exposure time-steps and reproductive status [R2 = 0.47 (0.44, 0.49); Fig. 

4.3]. The capture rates of non-reproductive female bats did not change significantly 

across Pd time-steps (Fig 4.3A-4.3D), but there were distinctive shifts between the 

capture rates of northern and southern non-reproductive female bats. Specifically, the 

capture rates of non-reproductive female E. fuscus was not different in the north or south 

in pre-invasion years, but northern capture rates were less than southern capture rates 

during invasion, epidemic and establishment years [non-reproductive invasion north: 1.19 

(0.83, 1.73), non-reproductive invasion south: 2.84 (1.75, 4.55); non-reproductive 

epidemic north: 0.85 (0.64, 1.12), non-reproductive epidemic south: 2.17 (1.49, 3.13); 

and non-reproductive established north: 1.28 (0.96, 1.70), non-reproductive established 

south: 2.87 (1.98, 4.22); Fig. 4.3B-4.3D].  

Pregnant bat capture rates more than doubled from pre-invasion to established 

years [pregnant pre-invasion: 2.97 (2.02, 4.37), pregnant established: 6.83 (5.33, 8.78); 

Fig. 4.3E, 4.3H], and the capture rates of pregnant bats also shifted north to south across 

Pd time-steps (Fig. 4.3E-4.3H). The capture rates of pregnant E. fuscus was not 

significantly different between northern and southern latitudes in pre-invasion, invasion 

and establishment years (Fig. 4.3E, 4.3F, 4.3H), but was less in the north compared to the 
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south in epidemic years [pregnant epidemic north: 2.86 (2.13, 3.92), pregnant epidemic 

south: 8.73 (6.42, 11.98); (Fig. 4.3G)].  

The capture rates of lactating bats increased by four bats per site per year from 

pre-invasion years to Pd establishment [lactating pre-invasion: 7.06 (5.41, 9.20), lactating 

established: 11.27 (9.44, 13.59); Fig. 4.3I, 4.3L]. The capture rates of lactating bats were 

greater in the north than the south in pre-invasion years [lactating pre-invasion north: 

10.82 (7.13, 16.46), lactating pre-invasion south: 4.60 (3.35, 6.49); Fig. 4.3I], but was not 

significantly different in any other Pd time-step (Fig. 4.3J-4.3L).  

Capture rates of post-lactating bats had the largest increases across Pd exposure 

time-steps. Capture rates of post-lactating bats more than doubled from pre-invasion to 

invasion years [post-lactating pre-invasion: 4.49 (3.44, 5.79), post-lactating invasion: 

10.68 (8.51, 13.29); Fig. 4.3M-4.3N], and almost tripled by Pd establishment [post-

lactating established: 11.70 (9.58, 14.26); Fig. 4.3P]. The capture rates of post-lactating 

E. fuscus were indistinguishable between northern and southern latitudes in pre-invasion 

and invasion years (Fig. 4.3M-4.3N), but were greater in northern latitudes than southern 

latitudes in epidemic years [post-lactating epidemic north: 10.39 (8.78, 12.36), post-

lactating epidemic south: 3.94 (2.82, 5.44); Fig. 4.3O]. Further, capture rates of northern 

post-lactating bats were greater than the posterior mean in epidemic years [post-lactating 

epidemic: 6.40 (5.27, 7.69), post-lactating epidemic north: 10.39 (8.78, 12.36); Fig. 

4.3O]. However, the significant differences between northern and southern post-lactating 

bats and northern post-lactating bats and the posterior mean disappeared by Pd 

establishment (Fig. 4.3P). Finally, the capture rates of northern and southern post-

lactating bats both increased from pre-invasion to establishment years, but increased 
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more in the north than the south [post-lactating north pre-invasion: 4.70 (3.04, 7.05), 

post-lactating north established: 15.38 (12.45, 18.99); post-lactating south pre-invasion: 

4.29 (3.11, 5.79), post-lactating south established: 8.90 (6.36, 12.52); Fig. 4.3M, 4.3P]. 

When latitude was used as a continuous variable, capture rates of pregnant bats 

significantly decreased with increasing latitude, and capture rates of lactating and post-

lactating bats significantly increased with latitude in established years. However, when 

using a latitudinal category, the differences in capture rates between northern and 

southern reproductive bats were not statistically distinguishable. Instead, capture rates of 

northern and southern reproductive bats were different within smaller, but notable, 

credible intervals. The capture rates of northern pregnant E. fuscus were less than 

southern pregnant E. fuscus in established years within an 85% credible interval [mean 

(85% credible intervals): pregnant established north: 5.14 (4.21, 6.28), pregnant 

established south: 9.09 (6.62, 12.36); Fig. 4.3H]. In contrast, the capture rates of northern 

lactating bats were greater than the capture rates of southern lactating bats in established 

years within an 80% credible interval [mean (80% credible intervals): lactating 

established north: 13.27 (11.76, 15.13), lactating established south: 9.57 (7.81, 11.71); 

Fig. 4.3L]. Finally, the capture rates of northern post-lactating E. fuscus were greater than 

southern post-lactating E. fuscus in established years within a 90% credible interval 

[mean (90% credible intervals): post-lactating established north: 15.40 (13.39, 17.63), 

post-lactating established south: 8.90 (7.12, 11.08); Fig. 4.3P]. 
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DISCUSSION 

 Over 250 species are extinct or critically endangered due to emerging infectious 

diseases, with even more species populations in danger from disease in combination with 

other threats(Smith et al. 2006; Pedersen et al. 2007; Heard et al. 2013). Wildlife 

mortalities induced by introduced pathogens change species diversity such that, as 

species highly susceptible to infection become more rare, less susceptible species become 

proportionally more common (Francl et al. 2012; Frick et al. 2015; Cortez et al. 2017; 

Pettit & O’Keefe 2017; O’Keefe et al. 2019; Simonis et al. 2020). However, even though 

less susceptible species become more common, their populations are also likely changing 

due to chronic pathogen exposure. Here, the overall capture rates of adult E. fuscus, a 

species less susceptible to the fungal pathogen that causes white-nose syndrome, 

increased from pre-invasion to Pd establishment years across the eastern US (Fig. 4.2. 

Increases to the capture rates of female bats were greater than increases in the capture 

rates of male bats (Fig. 4.2). There were also increases to lactating and post-lactating 

female E. fuscus capture rates with increasing latitude (Fig. 4.3L, 4.3P, Appendix C 

S4.3B). These results provide a crucial first step to understanding the changes in the 

intraspecific population structure of less susceptible hosts across a broad spatial scale 

following pathogen invasion and potentially inform predictions for how other persisting 

host populations will be impacted in the future.  

I found increases in the capture rates of a species less susceptible to infection (E. 

fuscus) across the eastern US after a pathogen (Pd) invaded the landscape, possibly due 
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to competitive release. In the wake of high mortality due to an introduced pathogen, less 

susceptible species may undergo an ecological release from competition from highly 

susceptible species, leading to an increase in their abundance. Competitive release can 

occur when a species that overlaps niche space with another species is removed; the 

species that remains exploits more of that niche space and in turn, increases their 

abundance within that niche space (Wilson 1961). Competitive release is supported 

throughout the plant and animal kingdom (Wilson 1961; Trewby et al. 2008; Bolnick et 

al. 2010; Püttker et al. 2019), and across larger geographical scales (Anderson et al. 

2002). However, the degree to which less susceptible species are released from 

competition following the introduction of a pathogen which drives highly susceptible 

species near extinction is unclear. In the Pd system, there are several highly susceptible 

species whose mortality rates and population declines from Pd are above 90% including 

M. lucifugus,  Myotis septentrionalis (Northern long-eared bat) and Perimyotis subflavus 

(tri-colored bat) (Frick et al. 2010a, 2015; Ingersoll et al. 2013; Cheng et al. 2021). These 

species coexist with E. fuscus and overlap their range in the eastern US. Therefore, I 

predict such high mortality rates in species which share similar niche space as E. fuscus 

have resulted in an ecological release from competition for E. fuscus in spring through 

fall months.   

Competitive release can also lead to increases in intraspecific competition 

(Chesson 2000; Francl et al. 2012; Jachowski et al. 2014; Pettit & O’Keefe 2017). This 

could eventually lead to decreases in the abundance of less susceptible species because 

competitive pressures for intraspecific competition are theoretically greater than for 

interspecific competition according to the Lotka-Volterra competition model (Gotelli 
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2008). For E. fuscus, this would suggest that the competition for food between E. fuscus 

is greater than the competition for food between E. fuscus and highly susceptible species 

when they are active in spring through fall months. Capture rates of adult E. fuscus 

increased from pre-invasion to established years, suggesting increases in their overall 

abundance. While capture rates of adult E. fuscus did not differ north to south, capture 

rates of lactating and post-lactating female bats increased with latitude in establishment 

years (Appendix C Fig. S4.2B) and their capture rates were higher in northern latitudes 

compared to southern latitudes within 80% and 90% credible intervals (Fig. 4.3L, 4.3P). 

Higher capture rates for lactating and post-lactating female E. fuscus in the north 

compared to the south could drive latitudinal gradients for intraspecific pressures on their 

own. This is due to their increased need for insect prey compared to males and other 

female reproductive stages. Lactating bats must consume their body weight in insects 

each night to survive and account for additional energy needed to produce milk to feed 

pups when food is limited, whereas males and non-reproductive and pregnant female bats 

may only eat about a third of their body weight (Gould 1955; Kurta et al. 1990; 

Grinevitch et al. 1995; Menzel et al. 2020). Even still, lactating E. fuscus lose about 14% 

of their body mass (Burnett & Kunz 1982), so post-lactating bats must also increase food 

intake to gain back mass and fat stores prior to winter hibernation (Richardson et al. 

2018). Body mass for all male and female reproductive stages of E. fuscus progressively 

decreased with increasing latitude by Pd exposure time-steps, supporting increased 

pressures from intraspecific competition with increasing latitude following Pd 

introduction (see Chapter 2). Therefore, changes to E. fuscus body mass following Pd 
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introduction could reflect consequences of intraspecific competitive pressures increasing 

with latitude led by increases to the capture rates of lactating and post-lactating E. fuscus.  

While overall adult E. fuscus capture rates increased from pre-invasion to 

establishment years, male:female sex ratios decreased over Pd exposure time-steps 

because increases to female capture rates outpaced associated increases in male capture 

rates. In pre-invasion years, the capture rates of male and female bats per site per year 

was indistinguishable (Fig. 4.2A). However, by Pd establishment, male bat capture rates 

were 23% lower on average than female bat capture rates, with the difference between 

the capture rates of male and female bats in the eastern US being over 11,000 bats per 

year. There are two possible scenarios that would cause a decrease in male:female sex 

ratios following Pd introduction. First, female E. fuscus could facultatively adjust sex 

ratios of their offspring (Cameron 2004). This has been demonstrated in other species 

following the emergence of a pathogen. For example, female Sarcophilus harrisii 

(Tasmanian devils) infected with devil facial tumor disease have two times as many 

daughters as non-infected females, possibly due to changes in maternal condition 

(Lachish et al. 2009). Secondly, male bats, particularly those less than a year old, may not 

survive hibernation when also confronted with Pd. Male E. fuscus become sexually 

mature by their first hibernation following birth and mate with females from the fall 

throughout the winter (Christian 1956; Mumford 1958; Phillips 1966; Kurta & Baker 

1990). The increased testosterone necessary to reproduce during this time may suppress 

innate immunity, which would be critical as a first line of defense against Pd infections 

for newly reproductive male E. fuscus going into their first Pd exposure in winter 

hibernacula (Duffy et al. 2000; Boonstra et al. 2001; Foo et al. 2017; Ruoss et al. 2019). 
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This is because they would not have acquired adaptive immune responses to Pd yet prior 

to their first entry into winter hibernacula where they are likely to be exposed to Pd since 

it persists in hibernacula in the absence of bats (Lorch et al. 2013). Further, because 

immune functioning is suppressed during hibernation (Burton & Reichman 1999), 

additional suppression of innate immune responses while male bats are active throughout 

winter months would keep them from intermittently fighting Pd infections and thus, 

decrease their chance for survival. Therefore, although the capture rates of male E. fuscus 

increased in spring through fall months from pre-invasion to established years, decreased 

chances for survival in winter months could keep them from having increasing capture 

rates as quickly as females. Further research, in this system and others, is needed to 

determine the mechanisms which underpin how the sex ratios of less susceptible species 

change with long-term Pd exposure. 

The terminal investment hypothesis states that animals that reproduce multiple 

times in their lifespan should increase reproductive investment in the event that they are 

less likely to survive (Williams 1966). In many disease systems, the terminal investment 

hypothesis is supported via increases in the number of offspring produced and/or 

decreases in age of first reproduction (Bonneaud et al. 2004; Jones et al. 2008b; Lachish 

et al. 2009; Giehr et al. 2017; Ineson 2020). Overall capture rates of reproductive female 

E. fuscus (pregnant, lactating and post-lactating) increased in the eastern US from pre-

invasion to establishment years (Fig. 4.2). It is possible these increases reflect decreases 

to the average age of first reproduction. While some female E. fuscus are able to 

reproduce in their first adult year, this is not the standard (Schowalter & Gunson 1979). 

However, annual Pd exposure over many years could increase the number of 
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reproductive one-year-old female E. fuscus. We see this in other bat species that are 

highly susceptible to Pd infections and white-nose syndrome. One-year-old M. lucifigus, 

which are highly susceptible to Pd infections and white-nose syndrome, increased 

yearling reproductive rates by nearly 74% following Pd introduction (Moore et al. 2018; 

Ineson 2020). Therefore, if E. fuscus follow a similar pattern and are also reproducing by 

their first year as mature adults following Pd introduction, the overall increases to the 

capture rates of reproductive female E. fuscus found here could support the terminal 

investment hypothesis. Further research examining known colonies of E. fuscus need to 

be performed to determine if one-year-old reproductive rates have increased as a response 

to pathogen invasion.   

The timing of reproductive investment can also change when an animal’s 

environment is disrupted (Todd et al. 2011; Francl et al. 2012; Roznik et al. 2015; Ineson 

2020; Zurowski et al. 2020). For North American temperate bats, earlier pregnancy and 

pup births are thought to provide young of the year with more time to prepare for 

hibernation and thus, increase survival (Frick et al. 2010b). Highly susceptible M. 

lucifugus become pregnant earlier following Pd introduction and give birth to pups earlier 

(Francl et al. 2012; Ineson 2020), and similar shifts in reproductive timing could 

contribute to results for increases in the capture rates of reproductive E. fuscus. However, 

if reproductive timing for female E. fuscus was shifting to earlier dates, I would expect 

differences in the capture rates of northern and southern pregnant bats to align with 

spatial patterns for lactating and post-lactating bats. Instead, data here demonstrate that 

by Pd establishment years, pregnant bat capture rates were lower in the north compared 

to the south while lactating and post-lactating bat capture rates were higher in the north 
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than the south (Fig. 4.3H, 4.3L, 4.3P). Further investigation is needed to determine 

whether changes in E. fuscus reproductive timing occur across a broad spatial scale with 

long-term Pd exposure, and if those changes are parsimonious across female reproductive 

statuses.  

It is also possible that other reproductive investment factors may contribute to the 

spatial complexities of less susceptible reproductive female capture rates demonstrated 

here. Pathogens can also decrease parental care to offspring due to host energy trade-offs 

between mounting immune responses to fight off infections versus investing in 

reproduction (Bonneaud et al. 2003; Ratz et al. 2021).  The difference in spatial patterns 

between the capture rates of pregnant, lactating and post-lactating bats could also reflect 

changes in the time investment of E. fuscus maternal care. E. fuscus post-natal growth is 

up to two weeks longer than highly susceptible M. lucifugus (Fenton & Barclay 1980; 

Burnett & Kunz 1982; Kurta & Baker 1990), suggesting a greater investment in parental 

care by E. fuscus prior to Pd invasion. The capture rates of post-lactating E. fuscus more 

than doubled from pre-invasion to establishment years, with both northern and southern 

post-lactating capture rates increasing from pre-invasion to establishment (Fig. 4.3M, 

4.3P). These findings are also supported by increases in post-lactating E. fuscus capture 

rates in Appalachia, USA, following Pd introduction (O’Keefe et al. 2019). Eptesicus 

fuscus post-lactating body condition was also poorer in northern latitudes compared to 

southern latitudes by Pd establishment (see Chapter 2). Further, by Pd establishment 

years, northern post-lactating bats weighed the same as northern lactating bats and 

southern post-lactating bats weighed less than southern lactating bats (see Chapter 2). 

Taken together, increases to the capture rates of post-lactating E. fuscus is concerning 
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because it suggests E. fuscus may not have enough energy to care for pups, and may 

transition into post-lactation earlier in the maternal season. This brings into question 

overall reproductive success and if 1) E. fuscus are abandoning pups (Pettit & O’Keefe 

2017), and/or 2) if newly flighted pups have enough maternal care in summer to be 

successful in their first winter hibernation in combination with Pd. If female E. fuscus are 

transitioning into post-lactation earlier, and pups are surviving but aren’t getting the full 

extent of needed maternal care, mortalities of young adult bats in their first hibernation 

could reflect why we continue to see declines in E. fuscus populations due to white-nose 

syndrome in winter months (Cheng et al. 2021). In order to determine if E. fuscus are 

providing sufficient parental care with long-term pathogen exposure, research quantifying 

reproductive success with juvenile E. fuscus survivorship, capture rates, body condition 

and growth is needed across a broader spatial scale over invasion time-steps. Finally, 

year-round estimates of less susceptible host populations are needed to truly quantify 

population persistence and fecundity. 

In conclusion, this work highlights the need to better understand how less 

susceptible host populations change across broad spatial scales with continued pathogen 

exposure. Broadly, less susceptible host populations shift demographically and spatially 

with chronic pathogen exposure. Consequently, those spatial and demographic shifts 

could impact the persistence of less susceptible hosts like E. fuscus in the future by way 

of intraspecific competition and/or reproductive investment pressures. Future efforts for 

understanding the degree of persistence of less susceptible wildlife host populations are 

critical for predicting population structures following emerging infectious disease 

outbreaks and epidemics.  
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Figure 4.1. The abundance of hosts less susceptible to pathogen infections can increase, not change or decrease following 

pathogen introduction. The abundance of less susceptible hosts can increase due to a release in competition from highly 
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susceptible hosts and/or niche expansion. There can be no change to less susceptible host abundance if they do not die from 

pathogen infections or have a balance of losses and gains in abundance. Finally, less susceptible host abundance can decrease 

but at slower rates compared to highly susceptible species, or due to increases in predation from prey-switching by predators. 

Icons were downloaded from the Noun Project (thenounproject.com) and created by the following artists:  blue moth, Ben 

Davis; yellow moth, Georgiana Ionescu; bat, Bernar Novalyi; owl, Alice Noir; dead tree, ProSymbols; live tree, 

kareemovic3000. 
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Figure 4.2. The abundance of adult E. fuscus increased from pre-invasion years (A) to 

invasion (B), epidemic (C) and establishment years [D; R2 = 0.35 (0.34, 0.37)]. Male bat 

abundance is represented in purple and female bat abundance in pink. B) The only time-

step where there were significant differences between the abundance of northern and 

southern E. fuscus was during invasion years such that, there were more male E. fuscus in 

northern latitudes compared to southern latitudes. Black points represent the posterior 

mean for the abundance of male or female E. fuscus, thick black bars represent 66% 
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credible intervals, and thin black bars are 95% credible intervals. Vertical gray lines are 

the posterior mean for each Pd time-step. Gray transparent rectangles represent 95% 

credible intervals around the posterior mean for each Pd time-step. Significant 

differences are where there is no overlap in 95% credible intervals.  
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Figure 4.3. Abundance varied for non-reproductive (A-D), pregnant (E-H), lactating (I-L) and post-lactating E. fuscus females 

(M-P) with Pd exposure time-steps and latitudinal category [north/south; R2 = 0.47 (0.44, 0.49)]. Northern female bat 
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abundance is represented in blue and southern female bat abundance in red. Black points represent the posterior mean for 

northern or southern E. fuscus abundance, thick black bars represent 66% credible intervals, and thin black bars are 95% 

credible intervals. Vertical gray lines are the posterior mean for each Pd time-step within a given reproductive status. Gray 

transparent rectangles represent credible intervals around the posterior mean for each Pd time-step within a given reproductive 

status. Significant differences are where there is no overlap in 95% credible intervals.  
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CHAPTER 5 

CONCLUSION 

The overarching goal of this dissertation was to identify changes in energy-based 

traits of hosts during prolonged exposure to an introduced pathogen, and relate those 

traits to long-term host population level impacts of the pathogen. Pathogen introductions 

and emerging infectious diseases that impact wildlife are becoming increasingly 

prevalent (Daszak et al. 2001). To better understand their effect on host population 

dynamics, it is critical we have a better understanding for how wildlife not only respond 

to pathogen exposure and infections, but also persist despite long-term pathogen exposure 

and infections. This dissertation expands our knowledge for how long-term pathogen 

exposure impact less susceptible host traits over time, and also highlights how these hosts 

can have indirect ecological consequences due to a pathogen introduction.  

 The aim of Chapter 2 was to understand how energy intake traits change in hosts 

with long-term pathogen exposure. To address this aim, I used host body mass as a proxy 

for energy intake and quantified changes to adult E. fuscus body mass across the eastern 

US and Pd exposure time-steps. Eptesicus fuscus progressively decreased mass with 

increasing latitude following the introduction of Pd. First, this work highlights how the 

responses of less susceptible wildlife hosts under long-term pathogen pressures can be 

spatially manifested. This is most clearly seen through the identification of spatial 

gradients for E. fuscus body mass over pathogen exposure time that were nonexistent 



161 

 

prior to Pd introduction. Further, results from this chapter also suggest that long-term 

pathogen exposure may also alter thermoregulatory patterns of E. fuscus across space. 

Chapter 2 emphasizes the notion that the responses of hosts less susceptible to pathogen 

infections should not be overlooked. While species highly susceptible to infection receive 

the most study (Altizer et al. 2004; Voyles et al. 2007; McGuire et al. 2017), less 

susceptible hosts are also impacted by pathogen pressures but those impacts may take 

longer periods of time to recognize.  

 In Chapter 3, I aimed to understand how host energy-expenditure traits change 

with long-term pathogen exposure. To address this aim, I quantified the torpid energy 

expenditures of E. fuscus across a wide range of ambient temperatures using whole-

animal respirometry. Depending on the values used for pre-Pd exposure, E. fuscus either 

had no change to their torpid metabolic rates following long-term Pd exposure, or E. 

fuscus had increases to their torpid metabolic rates following long-term Pd exposure. If 

E. fuscus have increases to torpid energy expenditures, it could be due to an energetic 

cost of resistance to Pd infection and additional torpid energy expenditures would need 

accommodated. In warmer temperatures, it is likely E. fuscus can account for additional 

energy expenditures because food is more widely available. However, in colder 

temperatures, finding food to offset additional energy losses during torpor could be 

challenging even though E. fuscus are known to forage in winter (Dunbar et al. 2007; 

Reynolds et al. 2017). Outcomes from this work suggest the need for future studies 

which: 1) investigate the winter foraging activity of E. fuscus and 2) re-examine E. 

fuscus’ torpid metabolic rates in the lab and in the field. Although I found conflicting 

results, Chapter 3 reiterates the importance of understanding the responses of less 
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susceptible hosts under long-term pathogen pressures, and outlines the ecological 

implications of inconsistent outcomes.  

 In Chapter 4, I aimed to understand the long-term population level impacts of 

pathogen exposure on less susceptible hosts. To address this aim, I quantified changes to 

adult E. fuscus capture rates with long-term Pd exposure across the eastern US. Overall 

capture rates of E. fuscus almost doubled with increasing Pd exposure time, with greater 

increases to female capture rates than male capture rates. Further, the capture rates of 

lactating and post-lactating E. fuscus increased with latitude across the eastern US with 

long-term Pd exposure. These shifts in E. fuscus capture rates following long-term 

pathogen exposure suggest a competitive release from highly susceptible bat species that 

have high mortality rates (Cheng et al. 2021). However, such rapid increases to host 

capture rates, when considered as a proxy for abundance, can reflect increases to 

intraspecific competition, and may impact the persistence of less susceptible hosts in the 

future. Chapter 4 highlights that hosts less susceptible to pathogen infections may incur 

additional ecological pressures in response to long-term pathogen exposure. 

 Taken together, results from the research presented here suggests hosts that are 

less susceptible to pathogen infections may undergo a combination of pathogen and 

ecological pressures following a pathogen introduction and long-term exposure. 

Eptesicus fuscus traits for body mass and torpid energy expenditures were negatively 

impacted by long-term Pd exposure, particularly in northern latitudes above 39.6 °N. 

However, these trait changes in less susceptible and resistant E. fuscus were paired with 

increases to their capture rates across the eastern US. Therefore, I would suggest that E. 

fuscus undergo changes within their populations due to a combination of pathogen (Pd) 
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and intraspecific competitive pressures. Because E. fuscus are less susceptible to Pd, 

competitive pressures may be stronger than pathogen pressures in regulating their 

population size. However, if E. fuscus reach their carrying capacity, pathogen pressures 

could contribute to steeper population declines to regulate their population. Overall, this 

dissertation highlights the importance of how introduced pathogens can cause spatially 

driven responses in less susceptible hosts over time, and how other ecological pressures 

may contribute to those responses. Future efforts for understanding the degree of 

persistence of less susceptible wildlife host populations are critical for predicting how 

and why their populations change following emerging infectious disease outbreaks and 

epidemics.   
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APPENDIX A 

CHAPTER 2 SUPPORTING INFORMATION 

 
 

Figure S2.1. Linear model creation for female E. fuscus mass (A) or mass variation (B). Male linear models were created in the 

same fashion but without the interaction term for reproductive status. Models were created using the lme4 package in R (Bates 

et al. 2015; R Core Team 2021). 
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Figure S2.2. The effects of progressive Pd exposure on female (A) and male (B) big brown bat mass depended on latitude and 

reproductive status (females only). The interaction of Pd time-steps and reproductive status occurred at 39.6 °N (vertical black 

line) such that values south of 39.6 °N varied compared to values north of 39.6 °N (A, females, F9, 2646 = 2.626, P = 0.0049, R2 

= 0.70; B, males, F3, 2729 = 5.474, P < 0.0001, R2 = 0.58;). Circles represent raw data points and lines represent predicted values 

with shaded 95% confidence intervals.  
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Figure S2.3. E. fuscus mass for northern and southern female bats varied across Pd exposure time-steps for non-reproductive 

(A), pregnant (B), lactating (C), and post-lactating (D) bats. Circles are raw data points for female mass and boxes represent 
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50% of data. Thick lines within the boxes represent median mass and vertical whiskers above and below each box represent an 

additional 25% of data each. Lowercase letters indicate significant differences based off Tukey tests for female mass across 

four comparisons for Pd exposure time-steps within simple groupings for reproductive status and latitudinal category of 

north/south. 
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Figure S2.4. Female E. fuscus mass variation differs north to south for non-reproductive, 

pregnant and lactating bats by Pd establishment, and for post-lactating bats by Pd 

epidemic (F9 = 1.986, P = 0.0367, R2 = 0.05). Circles represent mean mass variation and 

bars represent 95% confidence intervals. Vertical dashed lines mark a zero value for mass 

residuals, or no mass variation. *P < 0.05; **P < 0.01; ***P < 0.001.  
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Figure S2.5. E. fuscus mass variation for northern and southern female bats varied by 

reproductive status across Pd exposure time-steps. Circles represent mean mass variation 

and bars represent 95% confidence intervals. Vertical dashed lines mark a zero value for 

mass residuals, or no mass variation. Lowercase letters indicate significant differences 
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based off Tukey tests for female mass across four comparisons for Pd exposure time-

steps within simple groupings for reproductive status and latitudinal category.
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Figure S2.6. Male E. fuscus mass varied by Pd exposure time-steps north and south. 

Circles are raw data points and boxes represent 50% of data. Thick lines within the boxes 

represent median values and vertical whiskers above and below each box represent an 

additional 25% of data each. Lowercase letters indicate significant differences based off 

Tukey tests for data across four comparisons for Pd exposure time-steps within simple 

groupings for latitudinal category. 
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Table S2.1. Variance (σ2) and standard deviations (SD) for random effects of month, site 

and year for female and male mass. Table values are from initial mass variation models 

(Fig 2.2B, Model 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Model Random Effect σ2 SD 

Female Month 3.6769 1.9167 

 Site 2.1794 1.4763 

 Year 0.2609 0.4805 

 Residual 5.3534 2.3137 

Male Month 4.2006 2.0495 

 Site 0.9976 0.9988 

 Year 0.0479 0.2188 

  Residual 3.3210 1.8224 
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APPENDIX B 

CHAPTER 3 SUPPORTING INFORMATION 

 

Torpid metabolism to fat calculations 

I converted torpid V
.
 O2

 (mL O2 min-1 g-1) to grams of fat burned in an 18.78 g bat in a day 

for post-Pd and pre-Pd average mass-specific V
.
 O2

 from Szewczak & Jackson (1992) at 

each temperature setpoint. To do so, I used the following standard conversion factors: 

 

To convert mL to L, I used 1 L = 1000 mL. 

 

To convert min to days, I used 60 min = 1 hr and 24 hr = 1 day. 

 

To convert L of O2 to grams of fat, I used 1.96 L O2 = 1 g of fat  (Brown & Brengelmann 

1966). 

 

Therefore, for any given average V
.
 O2

, conversions to grams of fat burned in 180 days Ire 

as follows: 

 
𝑚𝐿 O2

min 𝑔
∗

60 𝑚𝑖𝑛

1 ℎ𝑟
∗

24 ℎ𝑟

1 𝑑𝑎𝑦
∗

1 𝐿

1000 𝑚𝐿
∗

18.78 𝑔

1
∗

1 𝑔 𝑓𝑎𝑡

1.96 𝐿 𝑂2
 

 

 

 

For pre-Pd data from Szewczak & Jackson (1992) at a Tsk setpoint of 5 ℃: 

 
0.0005 𝑚𝐿 O2

min 𝑔
∗

60 𝑚𝑖𝑛

1 ℎ𝑟
∗

24 ℎ𝑟

1 𝑑𝑎𝑦
∗

1 𝐿

1000 𝑚𝐿
∗

18.78 𝑔

1
∗

1 𝑔 𝑓𝑎𝑡

1.96 𝐿 𝑂2
= 0.006 𝑔 𝑓𝑎𝑡 

 

 

For pre-Pd data from Szewczak & Jackson (1992) at a Tsk setpoint of 10 ℃: 

 
0.0006 𝑚𝐿 O2

min 𝑔
∗

60 𝑚𝑖𝑛

1 ℎ𝑟
∗

24 ℎ𝑟

1 𝑑𝑎𝑦
∗

1 𝐿

1000 𝑚𝐿
∗

18.78 𝑔

1
∗

1 𝑔 𝑓𝑎𝑡

1.96 𝐿 𝑂2
= 0.008 𝑔 𝑓𝑎𝑡 
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For pre-Pd data from Szewczak & Jackson (1992) at a Tsk setpoint of 20 ℃: 

 
0.0018 𝑚𝐿 O2

min 𝑔
∗

60 𝑚𝑖𝑛

1 ℎ𝑟
∗

24 ℎ𝑟

1 𝑑𝑎𝑦
∗

1 𝐿

1000 𝑚𝐿
∗

18.78 𝑔

1
∗

1 𝑔 𝑓𝑎𝑡

1.96 𝐿 𝑂2
= 0.03 𝑔 𝑓𝑎𝑡 

 

 

For pre-Pd data from Szewczak & Jackson (1992) at a Tsk setpoint of 30 ℃: 

 
0.0069 𝑚𝐿 O2

min 𝑔
∗

60 𝑚𝑖𝑛

1 ℎ𝑟
∗

24 ℎ𝑟

1 𝑑𝑎𝑦
∗

1 𝐿

1000 𝑚𝐿
∗

18.78 𝑔

1
∗

1 𝑔 𝑓𝑎𝑡

1.96 𝐿 𝑂2
= 0.10 𝑔 𝑓𝑎𝑡 

 

 

For pre-Pd data from Szewczak & Jackson (1992) at a Tsk setpoint of 37 ℃: 

 
0.0159 𝑚𝐿 O2

min 𝑔
∗

60 𝑚𝑖𝑛

1 ℎ𝑟
∗

24 ℎ𝑟

1 𝑑𝑎𝑦
∗

1 𝐿

1000 𝑚𝐿
∗

18.78 𝑔

1
∗

1 𝑔 𝑓𝑎𝑡

1.96 𝐿 𝑂2
= 0.22 𝑔 𝑓𝑎𝑡 

 

 

For post-Pd data at a Ta setpoint of 5 ℃: 

 
0.0067 𝑚𝐿 O2

min 𝑔
∗

60 𝑚𝑖𝑛

1 ℎ𝑟
∗

24 ℎ𝑟

1 𝑑𝑎𝑦
∗

1 𝐿

1000 𝑚𝐿
∗

18.78 𝑔

1
∗

1 𝑔 𝑓𝑎𝑡

1.96 𝐿 𝑂2
= 0.11 𝑔 𝑓𝑎𝑡 

 

 

For post-Pd data at a Ta setpoint of 10 ℃: 

 
0.0043 𝑚𝐿 O2

min 𝑔
∗

60 𝑚𝑖𝑛

1 ℎ𝑟
∗

24 ℎ𝑟

1 𝑑𝑎𝑦
∗

1 𝐿

1000 𝑚𝐿
∗

18.78 𝑔

1
∗

1 𝑔 𝑓𝑎𝑡

1.96 𝐿 𝑂2
= 0.07 𝑔 𝑓𝑎𝑡 

 

 

For post-Pd data at a Ta setpoint of 20 ℃: 

 
0.0082 𝑚𝐿 O2

min 𝑔
∗

60 𝑚𝑖𝑛

1 ℎ𝑟
∗

24 ℎ𝑟

1 𝑑𝑎𝑦
∗

1 𝐿

1000 𝑚𝐿
∗

18.78 𝑔

1
∗

1 𝑔 𝑓𝑎𝑡

1.96 𝐿 𝑂2
= 0.13 𝑔 𝑓𝑎𝑡 

 

 

For post-Pd data at a Ta setpoint of 30 ℃: 

 
0.0190 𝑚𝐿 O2

min 𝑔
∗

60 𝑚𝑖𝑛

1 ℎ𝑟
∗

24 ℎ𝑟

1 𝑑𝑎𝑦
∗

1 𝐿

1000 𝑚𝐿
∗

18.78 𝑔

1
∗

1 𝑔 𝑓𝑎𝑡

1.96 𝐿 𝑂2
= 0.26 𝑔 𝑓𝑎𝑡 
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For post-Pd data at a Ta setpoint of 37 ℃ and 37.5 ℃: 

 
0.0159 𝑚𝐿 O2

min 𝑔
∗

60 𝑚𝑖𝑛

1 ℎ𝑟
∗

24 ℎ𝑟

1 𝑑𝑎𝑦
∗

1 𝐿

1000 𝑚𝐿
∗

18.78 𝑔

1
∗

1 𝑔 𝑓𝑎𝑡

1.96 𝐿 𝑂2
= 0.31 𝑔 𝑓𝑎𝑡



178 

 

 
 

Figure S3.1. Bats Ire housed at Wright State University in 62.5 L plastic enclosures with two pillow cases draped over the long 

sides of the enclosure (A). Bats typically roosted underneath pillowcases (B) or hung vertically on the pillowcases (C). 
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Figure S3.2. Bats Ire placed in a 0.9 L metabolic chamber for O2 data collection. This 

chamber allowed bats to roost sternal (A and B) or vertical (C) depending on individual 

bat preference. A foam panel wrapped in copper mesh provided bats with material to hold 

on to with their hind limbs and allowed skin temperature probes to press on bat 

abdomens. 
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Table S3.1. Sex, average mass (g), average forearm length (mm) and Pd detection results 

via PCR for each individual bat collected in winters 2020 and 2021. 
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Table S3.2. Average torpid metabolic rates, skin temperatures and ambient temperatures of each individual E. fuscus sampled 

in 2020 and 2021 at each ambient temperature set point and collection day. NAs represent where individual E. fuscus data was 

not collected and ‘removed’ values indicate where individual values were removed from analyses due to small signal to noise 

ratios. 
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Table S3.2. Continued 
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APPENDIX C 

CHAPTER 4 SUPPORTING INFORMATION 

 

 
 

Figure S4.1. Bayesian generalized linear mixed model creation occurred in two steps to determine differences in adult 

demographics (A) or female reproductive demographics (B). Models Ire created using the brms package in R (Bürkner 2017; R 

Core Team 2021). 
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Figure S4.2. Demographic changes to the abundance of E. fuscus occurred over Pd exposure time-steps with latitude for adults 

[R2 = 0.36 (0.34, 0.37); A] and females-only [R2 = 0.49 (0.46, 0.51); B] and males. The interaction of Pd time-steps, latitude 

and sex (A) or female reproductive status (B) occurred at 39.3 °N for adult and female-only models (vertical black line). 

Values south of spatial thresholds varied compared to values north of spatial thresholds. Circles are predicted posterior mean 

estimates for whole number latitudes from 30-45 °N. Lines represent predicted values for posterior mean estimates with shaded 
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95% credible intervals. Color reflects Pd exposure time-steps for males (blue hues) or females (pink hues), and line type 

reflects reproductive status (females only, A).
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