University of New Hampshire

University of New Hampshire Scholars' Repository
Doctoral Dissertations

Student Scholarship

Fall 2020

DEMOGRAPHY OF A RECOVERY: TRACKING THE REBOUND OF
LITTLE BROWN BAT (MYOTIS LUCIFUGUS) POPULATIONS
Katherine Ineson
University of New Hampshire, Durham

Follow this and additional works at: https://scholars.unh.edu/dissertation

Recommended Citation
Ineson, Katherine, "DEMOGRAPHY OF A RECOVERY: TRACKING THE REBOUND OF LITTLE BROWN BAT
(MYOTIS LUCIFUGUS) POPULATIONS" (2020). Doctoral Dissertations. 2529.
https://scholars.unh.edu/dissertation/2529

This Dissertation is brought to you for free and open access by the Student Scholarship at University of New
Hampshire Scholars' Repository. It has been accepted for inclusion in Doctoral Dissertations by an authorized
administrator of University of New Hampshire Scholars' Repository. For more information, please contact
Scholarly.Communication@unh.edu.

DEMOGRAPHY OF A RECOVERY: TRACKING THE REBOUND OF LITTLE BROWN
BAT (MYOTIS LUCIFUGUS) POPULATIONS

BY
Katherine M. Ineson
Baccalaureate degree (BA), Boston University, 2012

DISSERTATION

Submitted to the University of New Hampshire
in Partial Fulfillment of
the Requirements for the Degree of

Doctor of Philosophy
in
Natural Resources & Earth Systems Science

September, 2020

ALL RIGHTS RESERVED
© 2020
Katherine M. Ineson

This dissertation has been examined and approved in partial fulfillment of the requirements for
the degree of Doctor of Philosophy in Natural Resources & Earth Systems Science by:

Dissertation Co-Director, Rebecca J. Rowe
Associate Professor of Natural Resources & the Environment
University of New Hampshire
Dissertation Co-Director, Jeffrey T. Foster
Associate Professor of Biological Sciences
Northern Arizona University
Adrienne Kovach
Associate Professor of Natural Resources & the Environment
University of New Hampshire
Erik Blomberg
Associate Professor of Wildlife Ecology
University of Maine
Jonathan Reichard
Assistant National White-nose syndrome Coordinator
United States Fish & Wildlife Service

On July 28, 2020

Approval signatures are on file with the University of New Hampshire Graduate School.

ii

DEDICATION
To Dr. Thomas Kunz,
for introducing me to the world of bats,
inspiring me to pursue research,
and being a role model in his dedication to conservation.

iii

ACKNOWLEDGEMENTS
I first have to thank my committee, especially my original advisor, Jeff Foster, who took
me on as a graduate student and helped me cobble together funding to support my research ideas.
Becca Rowe generously adopted me into her lab and became my co-advisor halfway through
graduate school. With both Jeff and Becca as advisors, I feel I’ve had the best of both worlds in
advising styles as well as endless encouragement. Jon Reichard has been a constant supporter
since before graduate school and suggested I apply to the University of New Hampshire (UNH)
to work with Jeff in the first place. Jon, along with Erik Blomberg and Adrienne Kovach, have
provided important guidance in population ecology, bat biology, and fieldwork. Together, my
committee has allowed me room to explore different avenues while also keeping me focused on
the key questions.
I am grateful for my two lab groups, the Foster and Rowe labs, from whom I learned
about many other aspects of biology, from genetics to community ecology. They provided
important feedback on grant proposals, manuscripts, and presentations over the years. A big
thank you goes to Katy Parise for testing hundreds of samples for me and being a key sounding
board for my lab work. Matt MacManes gave me some time and space to work in his lab,
allowing me to finish my telomere study. My fieldwork would not have been possible without
the help of several UNH undergraduates, including Kim Celona, Joe Poggi, Liv Fortuna,
Veronica Bodge, and Alexa DeMember, who were hardworking, patient, and willing to stay up
to all hours of the night to help me catch bats. Family, friends, volunteers, and my lab mate,
Meghan Ange, were also critical in providing assistance in the field.

iv

The extent and scope of my research would not have been possible without the fieldwork
of numerous other graduate students from Dr. Thomas Kunz’s lab at Boston University (BU)
over the last nearly 30 years, including Scott Reynolds, Jon Reichard, Chris Richardson, Nate
Fuller, Kate Langwig, and Marianne Moore. Several of them I have known since I was an
undergraduate at BU and they have all become colleagues, collaborators, or mentors. In turn, our
fieldwork would not have been possible without the support of the landowners. I thank them for
access to their property, their hospitality, and their willingness to provide for and protect
hundreds of bats roosting in their barns. I am also grateful to the Massachusetts Department of
Conservation and Recreation for access to an important little brown bat colony in Moore State
Park as well as their staff, particularly Amanda Melinchuk. State and federal wildlife agency
personal from Massachusetts, New Hampshire, and Vermont have also played an important role
in locating, protecting, and studying bat colonies in the region, which helped jumpstart some of
my research.
The community of the UNH Natural Resources and Earth Systems Science (NRESS)
PhD Program has been amazing. While our research is diverse, we always cheer on and learn
from each other. The sense of community has grown, even as students come and go. I’d
especially like to thank Lynne Cooper, our program director, and Steve Frolking, the program
chair, for their support academically, emotionally, and financially.
My family has been incredibly supportive over the last five years. My mom, Sue
Gillman, has endured many nights of mosquitoes to help me conduct emergence counts and
record data during bat captures. Lastly, I want to thank my husband, Drew Ineson, for sitting
through multiple rounds of practice talks, making motivational playlists, and giving constant
encouragement.

v

Funding to support my research was provided by the University of New Hampshire
NRESS Student Support Fund, the American Society of Mammalogists: Grants-in-Aid of
Research, the American Museum of Natural History Theodore Roosevelt Memorial Fund, the
Roger Williams Park Zoo Sophie Danforth Conservation Biology Fund, and a United States Fish
& Wildlife Service White-nose Syndrome grant (F17AP00588). Further support was provided by
the New Hampshire Agricultural Experiment Station as part of the USDA National Institute of
Food and Agriculture McIntire-Stennis Project (NH00080-M). The UNH Graduate School
helped fund travel to several conferences, provided summer funding through several Summer
Teaching Assistantship Fellowships, and supported my final academic year with a Dissertation
Year Fellowship.

vi

TABLE OF CONTENTS

DEDICATION .............................................................................................................................. iii
ACKNOWLEDGEMENTS .......................................................................................................... iv
LIST OF TABLES ........................................................................................................................ ix
LIST OF FIGURES ...................................................................................................................... xi
ABSTRACT ................................................................................................................................. xv

CHAPTER

PAGE

1. AMBIGUITIES IN USING TELOMERE LENGTH FOR AGE DETERMINATION IN
TWO NORTH AMERICAN BAT SPECIES .......................................................................... 1
Abstract .............................................................................................................................. 1
Introduction ........................................................................................................................ 2
Methods .............................................................................................................................. 6
Results .............................................................................................................................. 12
Discussion ........................................................................................................................ 15
2. WHITE-NOSE SYNDROME AND CLIMATE INFLUENCE LIFE HISTORY AND
REPRODUCTIVE PHENOLOGY IN LITTLE BROWN BATS ......................................... 29
Abstract ............................................................................................................................ 29
Introduction ...................................................................................................................... 30
Methods ............................................................................................................................ 35
Results .............................................................................................................................. 43
Discussion ........................................................................................................................ 48

vii

3. RETURN OF THE LITTLE BROWN BAT: LONG-TERM SURVIVAL AND
POPULATION RECOVERY IN A WHITE-NOSE SYNDROME-IMPACTED
SPECIES ................................................................................................................................ 67
Abstract ............................................................................................................................ 67
Introduction ...................................................................................................................... 68
Methods ............................................................................................................................ 71
Results .............................................................................................................................. 82
Discussion ........................................................................................................................ 87
LITERATURE CITED ............................................................................................................... 113
APPENDICES ............................................................................................................................ 136
APPENDIX A IACUC APPROVAL FOR USE OF ANIMALS IN RESEARCH ................... 136
APPENDIX B SUPPLEMENTARY FIGURES FOR CHAPTER ONE ................................... 139

viii

LIST OF TABLES
Table 1.1. Summary of multiple linear regression models of relative telomere length and
chronological age in big brown bats (Eptesicus fuscus) sampled in and near Fort Collins,
Colorado, 2005–2015. Linear, quadratic, cubic, and null regression models were considered and
ranked by AICc. Coefficient estimates are shown for each model. K = number of parameters;
logLik = log likelihood; wi = model weight. ............................................................................... 21
Table 1.2. Summary of linear mixed models of relative telomere length and predictor variables in
little brown bats (Myotis lucifugus) sampled in New England, 2016–2019. Linear and quadratic
age terms were considered along with wing score (WS) and reproductive status (Rep) at the time
of capture. Models were ranked by AICc. Coefficient estimates are shown for each model. K =
number of parameters; logLik = log likelihood, wi = model weight. .......................................... 22
Table 1.3. Summary of linear mixed models of relative telomere length and predictor variables in
little brown bats (Myotis lucifugus) sampled in New England, 2016–2019, and tested for
Pseudogymnoascus destructans (Pd). Models were ranked by AICc. Coefficient estimates are
shown for each model. Pd = Pd status (positive or negative) at time of capture; K = number of
parameters; logLik = log likelihood, wi = model weight. ............................................................ 23
Table 2.1. Top five multiple linear regression models of climate variables and reproductive
timing. Mean lactation date was estimated from pooled adult reproductive status data and mean
date of birth was estimated from little brown bat pup epiphyseal gap size. Coefficient estimates
are shown for each model. Models are ranked by AICc. AM = Apr + May, Spr = Spring, P =
total precipitation, T = temperature, WNS = pre-/post-WNS, K = number of parameters; logLik =
log likelihood; wi = model weight. .............................................................................................. 56
Table 2.2. Top five linear regression models of climate variables and reproductive synchrony
(middle 50% of births). Coefficient estimates are shown for each model. Models are ranked by
AICc. T = temperature, P = precipitation, WNS = pre/post-WNS, K = number of parameters;
logLik = log likelihood; wi = model weight. ............................................................................... 57
Table 2.3. Top five linear mixed-effects models of estimated parturition timing with maternity
colony and individual ID as random effects and mass, wing score, and year as fixed effects.
Model sets were created with and without fungal load data from wing swabs tested for the
causative agent of white-nose syndrome, Pseudogymnoascus destructans (Pd). Coefficient
estimates are shown for each model. Models are ranked by AICc. K = number of parameters;
logLik = log likelihood; wi = model weight. ................................................................................ 58
Table 3.1. Historic (pre-2016) and current (2016–2019) data types collected at eight little brown
bat maternity colonies in New England. Counts are emergence counts conducted in the field.
Banded bats represent the total number of unique banded females at each site. Superscript letters
next to colony name indicate that data from that colony has been used in a published study. .... 96

ix

Table 3.2. Model selection for Cormack-Jolly-Seber mark-recapture models using banding data
from eight little brown bat maternity colonies in New England. Models are ranked by AICc. 𝜙 =
survival; p = recapture rate; K = number of model parameters; w = model weight; a = age; t =
time; g = colony; ad = adult; j = juvenile; . = constant; T = linear time trend. ............................ 97
Table 3.3. White-nose syndrome invasion timeline models for survival using banding data from
eight little brown bat maternity colonies in New England. All models included the recapture
model p(t+a+g). Models are ranked by AICc. The first year for pre-invasion, invasion front,
epidemic, and established is included for each timeline: dis1 = 2006, 2008, 2009, 2012; dis2 =
2006, 2008, 2009, 2011; dis3 = 2006, 2008, NA, 2012; dis4 = 2006, 2008, 2010, 2012. ϕ =
survival; K = number of model parameters; w = model weight; a = age class; g = colony. ........ 98
Table 3.4. Climate models for survival using banding data collected at eight little brown bat
maternity colonies in New England. Site-specific weather variables were calculated using data
from six weather stations (www.ncdc.noaa.gov). All models included the recapture model
p(t+a+g). Models are ranked by AICc. ϕ = survival; K = number of model parameters; w =
model weight; a = age class; g = colony; t = time. ....................................................................... 99
Table 3.5. Robust design model selection results for passive integrated transponder tagging data
from the Lincoln and Charlestown little brown bat maternity colonies. All models included
p(t)=c(t) for time-dependent recapture rates and 𝛾 ! (0)=𝛾 !! (1), indicating a ‘no movement’ model.
Models are ranked by AICc. S = survival; K = number of model parameters; w = model weight;
a = age; g = colony; t = time; . = constant. ................................................................................. 100

x

LIST OF FIGURES
Figure 1.1. The relationship between relative telomere length and age in A) PIT-tagged big
brown bats (Eptesicus fuscus) sampled in and near Fort Collins, Colorado, 2005–2015 and B)
banded little brown bats (Myotis lucifugus) sampled in New England, 2016–2019. Bats marked
as juveniles (closed triangles; known-age) and adults (open circles; minimum known-age) were
combined in the model analysis. The dashed black line indicates a best-fit regression through the
data where significant. ................................................................................................................. 24
Figure 1.2. The relationship between little brown bat (Myotis lucifugus) relative telomere length
and A) wing score, where 0 indicates no damage and 2 indicates moderate to high levels of wing
damage, and B) Pd status for individuals that tested negative (N) or positive (P) for
Pseudogymnoascus destructans (Pd), the fungus that causes white-nose syndrome in bats. Bats
were captured in New England, 2016–2019. Points represent mean RTL and bars represent +/–
standard error. Letters indicate significantly different means among groups. ............................. 25
Figure 1.3. Changes in relative telomere length between years, with samples collected from
individual little brown bats (Myotis lucifugus) connected by dashed lines. Bats shown here were
sampled twice over intervals of one to three years in New England, 2016–2019. ...................... 26
Figure 1.4. Correlation in relative telomere length (RTL) between wing (biopsy), mucosal
epithelial (buccal), and gastrointestinal epithelial (guano) tissues collected from the same
individual little brown bats (Myotis lucifugus) in New England, 2016–2019. All three tissue
types were not collected from every individual. Note that scales differ between graphs. ........... 27
Figure 1.5. Boxplot showing relative telomere length variation within and among sample types.
Wing (biopsy), mucosal epithelial (buccal), and gastrointestinal epithelial (guano) tissues were
collected from the same individual little brown bats (Myotis lucifugus) in New England, 2016–
2019. Letters indicate significantly different means among groups. ........................................... 28
Figure 2.1. Map of little brown bat (Myotis lucifugus) maternity colonies studied for 4–16 years
between 1993–2019, pre-white-nose syndrome (WNS) arrival in orange and post-WNS arrival in
green. Diamonds are weather station locations (www.ncdc.noaa.gov) used to create a regional
climate summary. Stars represent known hibernacula for bats from these maternity colonies. ... 59
Figure 2.2. Boxplots of annual reproductive rates for little brown bat (Myotis lucifugus) yearlings
(banded as juveniles and recaptured the following year) and adults, captured pre- and post-WNS
from 1993–2019. Lowercase letters show significant differences between groups based on
Tukey’s multiple comparison of means. ...................................................................................... 60

xi

Figure 2.3. Correlation between mean date of birth estimated from little brown bat pup
epiphyseal gap size compared to mean lactation date estimated from pooled adult reproductive
status data. Bats were captured at maternity colonies in New England from 1993–2019. Each dot
shows a year when both sets of data were available. The light gray dashed line shows a 1:1
reference line. The solid line is a linear regression and the black dashed line has the same slope
as the regression, but with a y-intercept seven days earlier. The gray ribbon is the 95%
confidence interval. ...................................................................................................................... 61
Figure 2.4. Reproductive phenology of little brown bats at maternity colonies in New England
based on the proportion of pregnant (open triangles, dashed lines) and lactating bats (open
circles, solid lines) out of the total number of adult females captured on a given sampling night.
Adult reproductive data from pre- and post-WNS were pooled. Curves are non-linear least
squares fits to the data. The intersection between the pregnancy and lactation curves represents
the median parturition date. ......................................................................................................... 62
Figure 2.5. Relationships between reproductive timing and climate variables for little brown bats
in maternity colonies in New England pre- and post-WNS. Mean lactation date (A & B) was
estimated from pooled adult reproductive status data and mean date of birth (C & D) was
estimated from little brown bat pup epiphyseal gap size. Total April and May precipitation (A &
C) and mean May temperature (B & D) are regional means calculated from six weather stations
in the study area. Regression lines are in color when pre-/post-WNS was a significant factor in
the multiple linear regression model and in black when not significant. ..................................... 63
Figure 2.6. Reproductive synchrony of the middle 50% of births in little brown bats pre- and
post-WNS related to A) mean June precipitation and B) mean May temperature. Date of birth
was estimated from pup epiphyseal gap size. Mean June preciptation and May temperature are
regional means calculated from six weather stations in the study area. Regression lines are in
color when pre-/post-WNS was a significant factor in the multiple linear regression model and in
black when not significant. .......................................................................................................... 64
Figure 2.7. For two little brown bat colonies in New England, the relationship between timing of
arrival A) for individuals between years and B) estimated parturition date based on gestation
stage at time of capture. Arrival time is the earliest passive integrated transponder tag detection
of the year. In A, the solid line is a linear regression and the dashed gray lines represent a 1:1
reference line. In B, bars show length of time for the estimated gestation stage (+/– 0.5 to 1.5
weeks) and the dashed gray lines are 40-, 50-, and 60-day gestation periods, assuming gestation
is initiated upon arrival at the maternity colony. The open diamond is the estimated date of birth
for the pup of the female first detected on April 28 (red point directly above). .......................... 65
Figure 2.8. Timing of parturition assessed by gestation stage at time of capture for little brown
bats captured post-WNS (2016–2019) in New England maternity colonies in relation to A) wing
damage due to WNS, assessed by wing score from 0 to 3; B) bat mass at time of capture; C)
fungal load of the causative agent of white-nose syndrome, Pseudogymnoascus destructans (Pd);
and D) sampling year. Lower case letters indicate significant differences between groups based
on results from Tukey’s multiple comparison of means. Solid lines in B and C are linear
regression best-fit lines by year. .................................................................................................. 66

xii

Figure 3.1. Available mark-recapture and emergence count data (black boxes) by year from eight
little brown bat maternity colonies. Dashed vertical lines separate the approximate pre-invasion
(blue), invasion front (orange), epidemic (red), and established (dark red) phases of white-nose
syndrome arrival and spread in New England. ........................................................................... 101
Figure 3.2. Correlations between field and infrared (IR) video emergence counts of little brown
bats at the Lincoln (2010–2019), Paxton (2010–2011), Newfane (2018–2019), and Charlestown
(2018–2019) maternity colonies. Solid lines are linear regressions and gray ribbons are 95%
confidence intervals. ................................................................................................................... 102
Figure 3.3. A pre-breeding census, female-based, life cycle graph for little brown bats, consisting
of two stages, yearling and adult. Survival of juveniles (sj) is from birth (which occurs
immediately after the census) through their first winter to the next pre-breeding census. Yearling
bats then survive their second winter with the same probability (sa) as older adults. Fecundity or
the probability that a female will reproduce each year (f) is divided by two, assuming an equal
offspring sex ratio, to represent only daughters returning to the maternity colony in subsequent
years. On the right is the corresponding Lefkovitch population matrix representing the change in
yearling (N1) and adult (Na) population sizes from time t to t + 1. ............................................ 103
Figure 3.4. Directed acyclic graph without the priors for an integrated population model in a
Bayesian framework. Circles indicate model parameters: fecundity (f), colony size (N), juvenile
survival (sj), adult survival (sa), and observation error (σ2). The green circle indicates that
recapture rate (p) is a nuisance parameter. Boxes indicate the data: number of reproductive
females (B), number of captured adult females (J), emergence counts (y), and mark-recapture
data (m). The large boxes indicate the three submodels within the integrated population model.
Recreated from Kéry and Schaub (2012). .................................................................................. 104
Figure 3.5. Adult colony census data from little brown bat maternity colonies, collected from
early to mid-June between 2008 and 2020 via emergence counts in the field or from infrared
video. .......................................................................................................................................... 105
Figure 3.6. Prevalence and load (log10) of Pseudogymnoascus destructans (Pd) on little brown
bats (A & C) and on roost surfaces (B & D) at summer maternity colonies sampled from 2016–
2019. Lines are LOESS fits of the data. ..................................................................................... 106
Figure 3.7. Apparent survival estimates for adult and juvenile little brown bats using banding
data from eight maternity colonies in New England. Model structure was 𝜙(time+age+colony)
p(time+age+colony). Error bars represent 95% confidence intervals. The black dashed line
represents the mean survival rate by year for all sites combined. The vertical dashed gray line
represents the start of white-nose syndrome invasion in the region. .......................................... 107

xiii

Figure 3.8. Apparent survival estimates for adults (A) and juveniles (J) by disease invasion phase
using banding data collected at maternity colonies of little brown bats in New England. Model
structure for survival included age and a disease invasion timeline (dis) of pre-invasion in 2006,
invasion front in 2008, epidemic in 2009, and established in 2012: 𝜙(age+dis)
p(time+age+colony). Error bars represent 95% confidence intervals. ....................................... 108
Figure 3.9. Annual colony size (black line), age-dependent apparent survival, and colony growth
rate estimates from integrated population models for three little brown bat maternity colonies.
Error bars and gray ribbons are 95% credible intervals. Black triangles are early- to mid-June
emergence counts collected in the field or from infrared video. ................................................ 109
Figure 3.10. Comparison of annual apparent survival estimates for adults (A) and juveniles (J) at
the Lincoln maternity colony (2016–2019) from three different models: a Cormack-Jolly-Seber
(CJS) model using banding data, an integrated population model (IPM) using banding and
emergence count data, and a robust design (RD) model using passive integrated transponder tag
data. ............................................................................................................................................ 110
Figure 3.11. Correlations between estimated annual demographic rates and colony growth rate
for the Paxton little brown bat colony from 2008 to 2019. Error bars are 95% credible intervals
for both the demographic and growth rate estimates. Correlation coefficients (r) are shown with
95% credible intervals. P(r>0) is the probability of a positive correlation. ............................... 111
Figure 3.12. Colony size projections for 2020 to 2030 using a population viability analysis within
an integrated population model under four different management scenarios for the A)
Charlestown and B) Lincoln little brown bat maternity colonies. The black line shows colony
size estimates and the dashed gray line indicates the start of the population projection.
Management scenarios included “no action” (maintaining status quo), increasing juvenile (J)
survival, increasing adult (A) survival, and increasing both juvenile and adult survival. Increases
in survival were 10% on the log scale. The purple ribbon shows 95% credible intervals for the
“no action” strategy with no additional human intervention beyond current measures. ............ 112

xiv

ABSTRACT

DEMOGRAPHY OF A RECOVERY: TRACKING THE REBOUND OF LITTLE BROWN
BAT (MYOTIS LUCIFUGUS) POPULATIONS

By

Katherine M. Ineson
University of New Hampshire, September, 2020

As the emergence of novel diseases in wildlife becomes more common, a better
understanding of the impact of disease on populations and their demographic rates will be critical
for their conservation. Populations naturally fluctuate over time as a function of the rates of birth,
death, immigration, and emigration, while at the individual level the chances of mortality and
reproduction may be influenced by age and physiological condition. Diseases, particularly
emerging infectious diseases, can cause immediate and severe changes in demographic rates.
While some populations and species may go extinct due to high mortality rates, others may
persist in smaller, but stable numbers by evolving, adapting, or demographically responding.
Diseases can also have sublethal impacts that may differentially effect individuals, sexes, or ages
and may threaten the viability of a population. White-nose syndrome (WNS) is a recently
emerged fungal disease that infects hibernating bats in North America. Little brown bat (Myotis
lucifugus) populations have declined in some areas by more than 90%, but have stabilized in

xv

remnant winter and summer colonies. In this study I investigated the long-term impacts of WNS
and changes in demographic rates on little brown bat populations in New England.
Age-related demographic rates are often important to understand for conservation and
management, but are hard to determine in long-lived species with no clear external indicators of
age. In Chapter 1, I investigated whether relative telomere length could be used as a genetic
marker of age for little brown and big brown bats (Eptesicus fuscus). I found that in big brown
bats, there was a quadratic relationship with chronological age, where middle-aged individuals
had the longest telomeres. For little brown bats, individuals with more wing damage due to WNS
had shorter telomeres, suggesting an impact of disease on their physiological condition. Finding
no relationship of telomere length to chronological age, little brown bats should, for now,
continue to be grouped as either juveniles or adults, which may be appropriate as there is little
evidence for senescence in Myotis bats.
In Chapter 2, I compared yearling (one-year-old) and adult reproductive rates using
banding records from an extensive study at one summer maternity colony prior to WNS and
from work at eight colonies since WNS emerged. I found that yearling reproductive rates have
significantly increased and are now very similar to the observed adult reproductive rate of 0.95,
suggesting a shift in life-history related to age of first reproduction. I also found that reproductive
phenology has advanced by 6–10 days, most likely driven by warming spring temperatures, but
also potentially as a response to WNS. Earlier reproduction could benefit offspring by giving
them more time to accumulate fat stores before hibernation, thus increasing the chances of firstwinter survival and reproduction as yearlings. Bats with more wing damage due to WNS had
later parturition dates, suggesting that the energetic costs of infection delay reproduction for
individuals, but are not delaying the overall timing of reproduction at the population level.

xvi

Long-term survival rates are also important to understand for population modeling. In
Chapter 3, I used mark-recapture and colony count data to estimate survival in three different
types of population models. I found that survival estimates were similar among models and
showed that survival probabilities were lowest immediately after WNS invasion, but have since
returned to or surpassed pre-WNS survival probabilities. Juvenile survival was lower than adult
survival, but was generally higher than those reported from pre-WNS. I then used these survival
estimates and the reproductive rates from Chapter 2 to conduct population viability analyses
under different management strategies, which showed colony growth even without additional
human intervention. These findings suggest that little brown bat populations in New England
have responded to WNS and are beginning to rebound, but some management actions that boost
survival could help ensure long-term recovery.

xvii

CHAPTER 1
AMBIGUITIES IN USING TELOMERE LENGTH FOR AGE DETERMINATION IN TWO
NORTH AMERICAN BAT SPECIES1

Abstract
The age of an animal, determined by time (chronological age) as well as genetic and
environmental factors (biological age), influences the likelihood of mortality and reproduction
and thus the animal’s contribution to population growth. For many long-lived species, such as
bats, a lack of external and morphological indicators has made determining age a challenge,
leading researchers to examine genetic markers of age for application to demographic studies.
One widely studied biomarker of age is telomere length, which has been related both to
chronological and biological age across taxa, but only recently has begun to be studied in bats.
We assessed telomere length from the DNA of known-age and minimum known-age individuals
of two bat species using a quantitative PCR assay. We determined that telomere length was
quadratically related to chronological age in big brown bats (Eptesicus fuscus), although it had
little predictive power for accurate age determination of unknown-age individuals. The
relationship was different in little brown bats (Myotis lucifugus), where telomere length instead
was correlated with biological age, apparently due to infection and wing damage associated with
white-nose syndrome. Furthermore, we showed that wing biopsies currently are a better tissue
source for studying telomere length in bats than guano and buccal swabs; the results from the
latter group were more variable and potentially influenced by storage time. Refinement of

1

K. M. Ineson, T. J. O’Shea, C. W. Kilpatrick, K. L. Parise, J. T. Foster. In press. Journal of Mammalogy.
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collection and assessment methods for different non-lethally collected tissues will be important
for longitudinal sampling to better understand telomere dynamics in these long-lived species.
Although further work is needed to develop a biomarker capable of determining chronological
age in bats, our results suggest that biological age, as reflected in telomere length, may be
influenced by extrinsic stressors such as disease.
Introduction
Determining the age of individuals is critical to understanding mammalian demography,
population ecology, and conservation or management needs. Chronological age, or time elapsed
since birth, can influence the likelihood of reproduction or mortality, which in turn influences
population growth rate (Stearns 1992, Brunet-Rossinni and Austad 2004, Roach and Carey
2014). Ecological factors interact with chronological age to determine physiological state, or
biological age, which can lead to differences in development, reproduction, and longevity among
individuals in a population (Stearns 1992, Dunshea et al. 2011, Jarman et al. 2015). Both
chronological and biological age are needed to fully understand the ecology (Stearns 1992) and
conservation (Roach and Carey 2014) of a species. Bats are a particularly interesting taxon for
studying age because they are long-lived for their body size, generally have low extrinsic
mortality, and in some lineages have evolved behavioral or genetic mechanisms to resist viruses
and suppress cancer (Wilkinson and Adams 2019). Bats are, however, susceptible to some
diseases. The arrival and spread of white-nose syndrome, a fungal disease, has led to the collapse
of bat populations throughout eastern North America (Frick et al. 2010b), bringing new urgency
to the need to better understand the demographics of remnant populations.
Bats pose a unique challenge to demographic studies because while they are long-lived,
they do not have reliable external indicators of age (Brunet-Rossinni and Wilkinson 2009). Two

2

well-studied vespertilionid species in North America, the little brown bat (Myotis lucifugus) and
the big brown bat (Eptesicus fuscus) have recorded lifespans of 34 years (Davis and Hitchcock
1995) and 19 years (Hitchcock 1965), respectively. These species may regularly live at least 10
years without signs of senescence in reproductive activity (Hall et al. 1957, Paradiso and
Greenhall 1967) and there are multiple records of little brown bats living over 20 years (Keen
and Hitchcock 1980, White et al. 2019). Although these species can be identified as juveniles
during their first summer (Kunz and Anthony 1982), there is no reliable way to determine age
after their first year. For example, tooth wear is not a dependable predictor of age in little brown
bats (Hall et al. 1957) and has never been successfully calibrated against samples of known-age
individuals for Eptesicus spp. (Christian 1956, Hood et al. 2002, Gol'din et al. 2018).
Incremental lines of cementum and dentin in teeth or bones likewise have not been well
calibrated (Phillips et al. 1982) and also are impractical for studies of live animals. Without
external indicators of age, long-term banding or passive integrated transponder (PIT) tagging
efforts currently are the only options for determining the chronological age of individuals and
studying age-related changes in survival and reproduction.
Whereas external markers have been unsuccessful for determining age in little and big
brown bats, genetic markers such as telomere length offer a potential solution. Telomeres have
been widely studied as genetic markers of both chronological (Jarman et al. 2015) and biological
age in a variety of taxa (Monaghan 2010), but only recently in bats (Foley et al. 2018).
Telomeres are made up of the tandemly repeated nucleotide sequence TTAGGG and a suite of
protein complexes, forming the protective endcaps on chromosomes that shorten each time a cell
divides (Blackburn 1991). Studies across vertebrate taxa have shown that while telomeres tend to
shorten in relation to chronological age in a population, there can be considerable variation in
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telomere length between individuals of the same age (Dunshea et al. 2011). This variation,
reflecting biological age, is thought to be mediated by a range of factors including inherited
telomere length (Dugdale and Richardson 2018), environmental conditions during early life
(McLennan et al. 2016, Dugdale and Richardson 2018), and extrinsic pressures throughout life,
such as habitat (Ibáñez-Álamo et al. 2018), stress (Haussmann and Marchetto 2010), and disease
(Beirne et al. 2014, Hammers et al. 2015). Declines in telomere length can be countered by
telomere repair mechanisms, such as telomerase. Other telomere maintenance genes are still
being discovered and seem to vary among tissues, individuals, and species (Dunshea et al. 2011,
Foley et al. 2018).
Telomeres are present in all eukaryotic cells (Blackburn 1991), but the choice of tissue
and the method of collection for the objective of age determination depend upon the study
organism. In light of the impacts of white-nose syndrome on bat populations, non-lethal tissue
sampling is preferred. This limits the types of tissue that can be collected, but permits the release
of an organism after processing, with the potential for recapture and carrying out longitudinal
studies. A small biopsy of wing tissue, which heals in 2–3 weeks (Weaver et al. 2009, Greville et
al. 2018), has been the standard for non-lethally obtaining DNA from bats, but other sources
increasingly are being used. Mucosal epithelial cells, collected with buccal swabs, and
gastrointestinal epithelial cells, found in guano, yield lower amounts of DNA than do wing
biopsies (Corthals et al. 2015), but have successfully been used for genotyping (Puechmaille et
al. 2007, Ramón-Laca et al. 2015, Oyler-McCance et al. 2018) and species identification (Walker
et al. 2016) in bats. Whereas buccal swabs have previously been used to study telomere length in
edible dormice (Glis glis; Hoelzl et al. 2016b) and humans (e.g., Thomas et al. 2008, Finnicum et
al. 2017), to our knowledge, guano or feces have not yet been used in any telomere studies.
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The type of tissue used in studies of telomere dynamics may be important because
telomeres may be shortened by different rates of cell division across tissue types, damaged by
different levels of oxidative stress (von Zglinicki 2002), or repaired through differentially
expressed mechanisms, such as telomerase (Gomes et al. 2011, Nussey et al. 2014, Foley et al.
2018). This results in disparities in telomere length and telomere attrition rate among tissue
types. Numerous studies in humans have shown that telomere length and attrition rate are
correlated between tissue types (Daniali et al. 2013, Schmidt et al. 2016, Finnicum et al. 2017),
but results from other vertebrate species have been mixed (Reichert et al. 2013). Tissue samples
collected non-lethally from bats, such as wing biopsies, buccal swabs, and guano, each contain
epithelial cells, but experience different stressors and may therefore show differences in telomere
length. Mucosal and gastrointestinal epithelial cells proliferate rapidly and experience high
turnover rates due to their function as barriers from bacterial and mechanical damage during
mastication and digestion (Squier and Kremer 2001), whereas skin epithelial cells typically
divide slowly (Tian et al. 2018). For North American bats, however, the skin cells on their wings
may be dividing at a faster rate than normal if they sustain wing damage (Cryan et al. 2010) due
to Pseudogymnoascus destructans (Pd), the fungus that causes white-nose syndrome (Lorch et al.
2011).
The inability to age adult bats presents a challenge to describing age-related aspects of
their biology, including demographic traits, with implications for the conservation of species
impacted by white-nose syndrome. In this study, we investigated relative telomere length (RTL)
as a possible marker of chronological age in two long-lived bat species, little and big brown bats.
In addition, we explored RTL correlations and differences among tissue types collected from
little brown bats and using longitudinal samples, we examined RTL as an indicator of
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dynamically changing ecological events that may impact biological age. Furthermore, because
disease is known to influence telomere length in other taxa, we investigated whether infection
from white-nose syndrome was associated with shorter telomeres in little brown bats, a highly
impacted species (Frick et al. 2010b).
Methods
Study area and sample collection
We sampled little brown bats at maternity colonies (n = 6) in Massachusetts, New
Hampshire, and Vermont, from mid-May to mid-September of 2016–2019. Bats in all six
colonies roosted in large wooden barns located within a 100 km radius centered in southwestern
New Hampshire. Bats were banded beginning as early as 2006 at four sites and beginning in
2016 at two sites. We used harp traps (Bat Conservation & Management, Carlisle, Pennsylvania)
to capture bats upon their return to the roost after their first foraging bout. All individuals were
held in separate mesh bags before being identified to species, examined to determine sex and
reproductive condition (Racey 2009), and measured for mass (g) and right forearm length (mm).
We determined age (juvenile or adult) based on the presence of an epiphyseal gap in the fourth
metacarpal joint (Kunz and Anthony 1982). For bats banded as adults and recaptured, we
recorded their minimum age as years since initial capture plus one, such that if they were banded
five years before recapture, they were at least six years old. Only bats banded as juveniles were
considered to be known-age individuals. Wing damage associated with white-nose syndrome
was assessed by transilluminating the wings over a light box and quantified using a modified
version of a scoring system that ranks bats from zero (no damage) to three (heavy damage;
Reichard and Kunz 2009). In addition, we collected wing swabs from a subset of bats to test for
Pd and categorized them as positive or negative for the fungus based on assay results following
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the qPCR methods of Muller et al. (2013) and the sampling and analysis of Langwig et al.
(2015b). One wing biopsy was collected from a subset of bats captured on a given night using a
sterile 2 mm (2016) or 3 mm (2017–2019) biopsy punch after cleaning the wing membrane with
an isopropyl alcohol wipe. We also collected buccal cells from some bats by swabbing the inside
of the mouth for one minute with a Whatman OmniSwab (GE Healthcare, Chicago, Illinois).
Guano was collected opportunistically directly from the bats or from their holding bags. All
samples were stored in separate tubes containing 0.5 ml RNAlater (Ambion, Austin, Texas) at
-80°C until DNA could be isolated.
We collected big brown bats from maternity colonies (n = 10) roosting in buildings in
and near Fort Collins, Colorado from 2005–2015. Study area descriptions in relation to use by
big brown bats have been described in detail elsewhere (e.g. Neubaum et al. 2007, O'Shea et al.
2011). During 2001–2005, we used mist nets, harp traps, funnel traps, and handheld nets to
capture bats as they emerged from roosts around dusk. At capture, bats were examined to
determine sex and reproductive condition, classified as adults or juveniles based on the presence
of an epiphyseal gap, and implanted with PIT tags (AVID, Norco, California). Beginning in 2005
and opportunistically through 2015, previously tagged bats were removed from the population
and euthanized in the course of other studies (Cryan et al. 2012, Castle et al. 2015). All whole
bats were stored at -80°C. In 2010, we collected two wing biopsies (3 mm) each from a subset of
frozen bats and stored them in lysis buffer at room temperature until DNA extraction in 2019. To
further expand the age range of samples, wing biopsies were obtained in 2019 from the carcasses
of six older bats that had been previously collected during 2010–2015; these tissues were briefly
stored in RNAlater until DNA extraction. All big brown bats included in this study were
unaffected by white-nose syndrome as Pd had not reached Colorado in 2015 (Neubaum 2018).
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Handling and sampling protocols for little brown bats were approved by the University of
New Hampshire's Institutional Animal Care and Use Committee and work was conducted under
appropriate state permits from New Hampshire, Vermont, and Massachusetts. All capture,
tagging, sampling, and euthanasia procedures for big brown bats were approved by the
Institutional Animal Care and Use Committees of the U.S. Geological Survey and Colorado
State University. Big brown bats were captured under authority of scientific collecting licenses
issued by the Colorado Division of Wildlife. All procedures followed the guidelines of the
American Society of Mammalogists for the use of wild mammals in research (Sikes et al. 2011,
Sikes et al. 2016).

DNA isolation and estimation of relative telomere length
We extracted genomic DNA from wing biopsy and buccal swab samples using the
DNeasy Blood & Tissue kit (Qiagen, Inc., Valencia, California) following the Animal Tissue
Spin-Column protocol. For buccal samples, we replaced the RNAlater with 1X Tris-EDTA after
centrifuging and soaked swabs for one hour prior to extraction to remove some of the RNAlater
salts (Walker et al. 2016). Biopsy samples were lysed for at least four hours and buccal swabs for
at least 12 hours. From guano samples, we extracted DNA using the DNeasy PowerSoil kit
(Qiagen, Inc., Valencia, California) following the manufacturer’s recommended protocols. We
quantified DNA concentration of biopsy and guano samples using a Qubit 2.0 Fluorometer (Life
Technologies, Carlsbad, California). All isolated DNA was used immediately or stored at -20°C
or -80°C until further use.
We determined RTL following the method of Cawthon (2002), which estimates the ratio
of telomere repeats to a single or non-variable copy number reference gene in a sample relative
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to a calibrator. The tel1b (CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT) and
tel2b (GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT) primers were used for
the telomere reactions (Callicott and Womack 2006). Following Smith et al. (2011), we selected
the reference gene primers from a panel including rag2 (Corthals et al. 2015), 36B4 (Cawthon
2002), 36B4u (Callicott and Womack 2006), c-myc (Hoelzl et al. 2016a), and BDNF (Foley et
al. 2018). We chose the primers developed based on chiropteran sequences (Corthals et al. 2015),
rag2-q2-F1 (ACACCAAACAATGAGCTTTC) and rag2-q2-R1 (CCATATCTGGCTTCAGG),
as they showed the most consistent amplification and cleanest melt curves. After selection of the
primers, we ran a conventional PCR and gel electrophoresis to verify correct band size of
amplicons for each sample type.
All qPCR reactions were carried out in 20 µl final volumes consisting of 10 µl 2X
Quantifast SYBR Green Mastermix (Qiagen, Inc., Valencia, California), 4 µl ultrapure water, 2
µl of forward and reverse primers (1 µM final concentration), and 2 µl of template DNA, with
the exception of buccal samples, for which 4 µl of template DNA and 2 µl of water were used to
increase the final DNA concentration in each well. No-template controls and a calibrator sample
were run in triplicate on each plate. The calibrator sample for little brown bats came from a
single individual not included in the analysis. For big brown bats, we pooled equal volumes of
DNA eluate from 64 samples to create a calibrator sample. Samples were run in triplicate for
both primer sets on the same plate to minimize inter-plate variation. Assays were run on a 7500
Fast Real-Time PCR System (Applied Biosystems, Foster City, California) with the following
thermocycling conditions: 95°C for 5 min, 40 cycles of 95°C for 10 s and 60°C for 30 s,
followed by a melt curve at the end of each run. To assess inter-run repeatability, we repeated the
analysis of a single plate of samples under the same conditions.

9

We analyzed raw, non-baseline corrected fluorescence data using LinRegPCR (Ruijter et
al. 2009) with separate windows-of-linearity for each amplicon group (telomere and rag2). Minor
adjustments were made to individual windows-of-linearity to improve correlations between
points in the exponential phase of the amplification curves. We calculated coefficients of
variation (CV) using the Cq values of sample replicates and where CV exceeded 5%, we
excluded single replicates from further analysis when they were clear outliers (Ehrlenbach et al.
2009). The following equation was then used to calculate RTL:
RTL =

(#$ &'()*+',-+ . #$! /'01(2)
"! !
(#$/ &'()*+',-+ . #$/ /'01(2)

"4

.

where ET and ES are the mean primer efficiencies among all samples on a plate for the telomere
(T) and rag2 (S) primers, respectively. Mean calibrator Cq values (CqTcalibrator and CqScalibrator) are
used to standardize RTL values across plates compared to the mean Cq values (CqTsample and
CqSsample) for each sample (Pfaffl 2001).

Statistical analyses
We analyzed RTL from the two species separately using R v3.6.1 (R Core Team 2018)
and the ‘lme4’ package (Bates et al. 2015). For big brown bats, we first considered linear mixed
models with RTL as the response variable and age as the fixed effect. Reproductive status was
excluded from the analysis because incomplete data would have biased the results. We did not
include plate or year as random effects because bats were not randomly distributed among qPCR
plates by age and year was highly correlated with age due to our sampling method. Including
colony as a random effect did not improve model fit based on a likelihood ratio test (LRT; P =
0.999), multiple linear regression therefore was used for further analyses. We created a set of
models to assess whether RTL was related to age, including linear, polynomial (quadratic and
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cubic), and null age terms, then selected the best model using Akaike’s Information Criterion
corrected for small sample size (AICc). Residuals were plotted against fitted values and
examined for homogeneity and normality to assess model fit.
All models for little brown bats used RTL from the wing biopsy samples as the response
variable and included individual ID and year as random effects. When tested as a random effect,
we found that colony did not improve model fit (P = 0.257) and was subsequently excluded from
the analysis. We did not include qPCR plate as a random effect because bats were not randomly
distributed among plates by age. An a priori set of models was created with biologically relevant
combinations of age (linear and quadratic), wing score, and reproductive status as fixed effects.
Julian date was not included as it was highly correlated with reproductive status and wing score.
Age also was partitioned into within- and between-subject effects using within-subject centering,
which can be used to distinguish individual variation in RTL measurements from populationlevel variation in RTL (van de Pol and Wright 2009). For bats sampled more than once, mean
age between sampling points (between-subject) and delta age or age at sample minus mean age
(within-subject) were calculated. For bats sampled once, mean age is simply age at sampling and
delta age is zero. The best model was selected based on AICc and model fit was evaluated by
examining the residuals. Likelihood ratio tests were used to compare the fit of nested models. Pd
status (positive or negative) was evaluated in a separate linear mixed model because not all bats
were tested for Pd. The best model for each species was run again with only bats of known age
(tagged or banded as juveniles) to evaluate the influence of including individuals of unknown
age on the models.
To examine drivers of change in RTL over time for little brown bats, individuals sampled
in consecutive years (n = 16) were included in a separate longitudinal analysis. Multiple linear
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regression models were fit with delta RTL (change in RTL between years) as the response
variable and initial reproductive status, wing score, and age included as fixed effects in separate
models due to small sample size. Initial RTL was included as a fixed effect in each model to
account for regression to the mean (Hoelzl et al. 2016a). Models were compared to a model with
only initial RTL using likelihood ratio tests. To further explore within-subject changes in RTL,
temporal autocorrelation was examined by fitting a linear mixed model of RTLT+1 with age and
RTLT as fixed effects and sample year as a random effect. The slope of the RTLT term estimates
the degree of temporal autocorrelation corrected for age effects (Fairlie et al. 2016).
Differences in RTL values among little brown bat tissues (biopsy, buccal, and guano)
were examined using a linear mixed model with tissue type and age as fixed effects and
individual ID as a random effect to control for multiple tissues coming from a single bat
(although all three tissues were not collected from every individual). Differences in mean RTL
among tissue types were determined post hoc with Tukey’s contrasts using the ‘multcomp’ R
package (Hothorn et al. 2008). Correlations in RTL among tissue types were determined using
Pearson’s correlation tests. The same calibrator sample was used for all tissue types to allow for
comparison.
Results
We analyzed 153 wing biopsy samples from 122 female little brown bats ranging in age
from 0 to ≥12 years old, 32 of which were banded as juveniles. Thirty-one little brown bats were
sampled twice over the study period with time between sampling ranging from zero to three
years. We also analyzed 34 buccal swabs and 32 guano samples collected from little brown bats.
For big brown bats, we analyzed 73 wing biopsy samples from 71 females and 2 males ranging
in age from 0 to ≥14 years old, 49 of which were PIT-tagged as juveniles.
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The mean PCR efficiency for little brown bat samples was 1.93 ± 0.02 SD and 1.92 ±
0.02 for telomeres and rag2, respectively, while for big brown bats, PCR efficiency was 1.88 ±
0.02 for telomeres and 1.90 ± 0.01 for rag2. Mean inter-assay CV, based on the Cq values of the
little brown bat calibrator samples, was 1.65% for both amplicons, while mean intra-assay CV
was 1.88% for telomeres and 1.64% for rag2. For big brown bats, inter-assay CV was 2.54% for
telomeres and 2.55% for rag2, while mean intra-assay CV was 2.44% for telomeres and 2.21%
for rag2. RTL values from the samples analyzed twice were highly correlated (R2 = 0.89, P <
0.001), supporting low among-run variation (Appendix B, Fig. B1).

RTL and predictor variables
The best model for big brown bats indicated a quadratic relationship between RTL and
age, although it only explained a small amount of the variation in RTL (adj. R2 = 0.24, F2,70 =
12.62, P < 0.001). There also was support for a model with cubic age (∆AICc = 0.79), but the
quadratic model was selected as the more parsimonious of the two (Table 1.1). RTL in big brown
bat samples appeared to increase with age until approximately 4–8 years of age, then decrease
(Fig. 1.1A). Results were similar when the quadratic model was run again with only known-age
bats tagged as juveniles (adj. R2 = 0.14, F2,46 = 4.99, P < 0.05).
Delta age and mean age were not significant in explaining variation in RTL in little
brown bats (see below); we therefore used age and age2 in the final models. The best model
indicated a relationship between RTL and wing score (LRT, 𝜒 # = 4.720, P < 0.05; Table 1.2),
followed by models with age2 (∆AICc = 2.12) and wing score and age (∆AICc = 2.12). Age by
itself was not related to RTL (𝜒 # = 0.109, P = 0.74; Fig. 1.1B). We found similar results when
the best model was run again with only known-age bats, but as a linear model due to small

13

sample size (adj. R2 = 0.12, F1,33 = 5.56, P < 0.05). Upon closer inspection of our data, we
determined that, by chance, individuals with higher wing scores were all 1- or 2-year-old bats,
which was not representative of our sampling population. To test whether the uneven distribution
of wing scores by age influenced our results, we reran the model with only the 1- and 2-year-old
bats and observed the same effect of wing score on RTL, while the inclusion of age had less
support (Appendix B, Table B1). Tukey’s post hoc tests showed that bats with more wing
damage (WS = 2) had significantly shorter telomeres than those with a wing score of zero (P <
0.05), but not than those with intermediate wing damage (P = 0.12, Fig. 1.2A). Bats with a wing
score of zero or one had similar telomere lengths (P = 0.32). We also found significant support
for Pd status influencing telomere length compared to a null model (𝜒 # = 5.245, P < 0.05; Table
1.3), where Pd-positive individuals (n = 45) had significantly shorter telomeres than Pd-negative
(n = 50) individuals (Tukey, P < 0.05; Fig. 1.2B), independent of age (𝜒 # = 0.206, P = 0.65).

Longitudinal samples and tissue comparisons
We detected a significant, but weak between-individual effect of age within little brown
bats sampled twice (LRT, 𝜒 # = 4.388, P < 0.05); however, when all bats were included in the
analysis, we found no significant within- (𝜒 # = 0.067, P = 0.79) or between-individual (𝜒 # =
0.637, P = 0.43) effects of age on RTL. It is possible that RTL of bats sampled once may have
masked any within- or between-subject effects in the dataset because there were nearly three
times more bats sampled once than twice. Initial reproductive status (t = 0.739, P = 0.48), wing
damage (t = -0.983, P = 0.34), and age (t = -0.181, P = 0.86) were not significant in explaining
changes in RTL across ages in bats sampled in consecutive years (n = 16) when accounting for
regression to the mean. In addition, there was no significant temporal autocorrelation in RTL
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measurements of individuals between years (𝜒 # = 1.134, P = 0.29). Changes in telomere length
within individuals appeared to be complex (Fig. 1.3) and were not explained by any covariates
that we collected on little brown bats.
We found no correlation in RTL between wing tissue and buccal cells within individual
little brown bats (R = 0.01, P = 0.98, n = 32). Similarly, guano RTL was not correlated with RTL
in wing tissue (R = -0.05, P = 0.79, n = 29) or buccal cells (R = 0.11, P = 0.60, n = 25; Fig. 1.4).
Mean wing tissue and buccal cell RTL measurements were not significantly different (Tukey; P
= 0.99), but RTL was significantly longer in guano than in wing tissue (P < 0.001) and buccal
cells (P < 0.001; Fig. 1.5), independent of age (LRT, 𝜒 # = 0.746, P = 0.39). Guano samples had
higher variation in RTL (mean ± SD: 2.57 ± 1.92) than wing tissue (1.14 ± 0.31) and buccal
swabs (1.13 ± 0.62).
Discussion
Our results demonstrate that telomere length is not a reliable predictor of chronological
age in little or big brown bats and that age-related declines in telomere length vary between the
two bat species we studied. While we did not find a correlation between age and RTL in little
brown bats (Fig. 1.2B), we detected a quadratic relationship between age and RTL in big brown
bats (Fig. 1.2A), albeit one with little predictive power to age individuals of unknown ages. Our
results are similar to those of Foley et al. (2018), who did not find a correlation between RTL
and age in M. myotis and M. bechsteinii, but found linear relationships in Rhinolophus
ferrumequinum and Miniopterus schreibersii. This suggests that there may be something unique
about age effects on telomeres of Myotis spp. Differences among species, particularly Myotis
spp. compared to other genera, are potentially due to differences in telomere maintenance
strategies. Some species of bats suppress or limit expression of telomerase (Gomes et al. 2011,
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Foley et al. 2018), similar to large-bodied mammals (Tian et al. 2018), and instead rely on other
mechanisms for DNA maintenance. Several recent studies have suggested a relationship between
longevity and the unique set of genes under positive selection in Myotis spp., including those
involved in repairing DNA, resisting tumors, and reducing oxidative damage (Ma et al. 2016,
Tian et al. 2017, Foley et al. 2018). In M. lucifugus, the telomere maintenance genes DKC1 and
TERT are under positive selection (Morgan et al. 2013). In addition, certain telomere
maintenance genes appear to be differentially expressed in Myotis spp. compared to other
mammals (Foley et al. 2018). This may explain the lack of telomere attrition observed in little
brown bats, but further work is needed in non-Myotis species to see if there are phylogenetic
patterns in telomere length maintenance. There also is room for more study within the genus, as
the three Myotis species studied thus far all fall into lineages that have high maximum longevity
according to current lifespan data (Wilkinson and Adams 2019).
The quadratic relationship between age and RTL in big brown bats previously has been
observed in several vertebrate taxa, including mammals, reptiles, and fish (Anchelin et al. 2011,
Fairlie et al. 2016, Rollings et al. 2017). Increases in RTL for middle-age individuals have been
explained in part by selective disappearance, or mortality of young individuals with shorter
telomeres (Fairlie et al. 2016), and partly by within-individual increases in telomere length,
which could be due to increased telomerase expression (Ujvari et al. 2017). Similar to little
brown bats, big brown bats appear to suppress telomerase (Gomes et al. 2011) and may instead
have evolved alternate mechanisms for telomere maintenance. Both species are hibernators with
high maximum longevity (Wilkinson and Adams 2019) and appear to be able to reduce oxidative
damage compared to other groups of mammals of similar size or with similar metabolic rates
(Brunet-Rossinni 2004, Brown et al. 2009). Because our study did not allow for a longitudinal
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study of big brown bats, we cannot distinguish between selective disappearance and withinindividual changes in telomere length as potential explanations for the observed quadratic trend.
Although our cross-sectional data show no significant changes in RTL for little brown
bats with age, the longitudinal data suggest a more complex pattern of individual increases and
decreases in RTL between years. Similar longitudinal patterns can be seen in Soay sheep (Ovis
aries; Fairlie et al. 2016); European badgers (Meles meles; van Lieshout et al. 2019); Seychelles
warblers (Acrocephalus sechellensis; Spurgin et al. 2017); great tits (Parus major; Salmón et al.
2017); and frillneck lizards (Chlamydosaurus kingii; Ujvari et al. 2017). Despite concerns of
measurement error (Steenstrup et al. 2013), a recent study (Bateson and Nettle 2017) as well as
our low inter- and intra-plate CVs and high inter-plate repeatability (Appendix B, Fig. B1)
suggest that many of the observed changes in RTL were real. The lack of temporal
autocorrelation between RTL measurements among years as well as the lack of support for
within-subject age-related declines in RTL also support the complex patterns in telomere length
we observed in little brown bats (Fig. 1.3).
While we were unable to explain inter-annual changes in RTL with reproductive status
and age, there was evidence that white-nose syndrome was associated with shorter telomeres in
little brown bats. Infections have been associated with shorter telomere length and poor
biological state in several species (Monaghan 2010), including malaria in birds (Asghar et al.
2015, Hammers et al. 2015) and humans (Asghar et al. 2018); bovine tuberculosis in European
badgers (Beirne et al. 2014); and Salmonella enterica in experimentally-infected house mice
(Mus musculus musculus; Ilmonen et al. 2008). Hibernating bats in North America can be
repeatedly infected with Pd each winter when they pick up the fungus from the substrate of
hibernacula and from other bats (Lindner et al. 2011, Lorch et al. 2013). Pd infection loads
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gradually increase over the winter (Langwig et al. 2015b) and cause changes in hibernation
patterns. Colonies undergoing the early stages of WNS invasion show increased arousal
frequency (Reeder et al. 2012), while remnant colonies that have been exposed to Pd for a
decade or more appear to have similar arousal rates to pre-WNS bats, but arouse for longer
periods and from lower skin temperatures (Lilley et al. 2016). Both increased arousal frequency
and time spent euthermic have been associated with higher levels of telomere damage in edible
dormice (Hoelzl et al. 2016a). Although bats naturally arouse periodically during the winter, it
appears that Pd infection may contribute to telomere damage as a result of altered hibernation
patterns, leading to bats having shorter telomeres when they emerge from hibernation.
For individuals that survive the winter, Pd infection results in a flare-up of wing damage
within a few weeks after emergence from hibernation (Fuller et al. 2011, Meteyer et al. 2011,
Fuller 2016). In the spring, females are recovering from hibernation, migrating to summer sites,
and initiating fetal development, all energetically costly activities that compound the added costs
of fighting Pd infection and recovering from WNS (Moore et al. 2013, Fuller 2016). Given these
added costs, it is unsurprising that infected bats have shorter telomeres; however, it is also
possible that bats can recover and restore telomere length over the course of the summer (Fig.
1.3). Djungarian hamsters (Phodopus sungorus) that use spontaneous daily torpor are able to
elongate their telomeres and recover from telomere losses sustained during hibernation (Turbill
et al. 2012). Bats also use torpor during the active season, particularly as an energy-saving
strategy in the spring and summer, to compensate for cold temperatures and low food availability
(Racey 1973, Besler and Broders 2019), but potentially also for telomere maintenance. Torpor
may allow bats to repair their telomeres and even compensate for increased cell turnover in
portions of their wings that repeatedly are damaged by white-nose syndrome. In a study of forced
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tissue regeneration via fin-clipping, telomere length remained stable in zebrafish (Danio rerio)
over their lifetime (Lund et al. 2009), suggesting that some animals may have cellular
mechanisms, such as those discussed above, capable of maintaining telomere length in
individuals over time.
Our results suggest that wing biopsies currently are the best source of tissue for studying
telomere dynamics in bats. Buccal RTL was not significantly correlated with wing biopsy RTL,
unlike the results of Hoelzl et al. (2016b). We cannot, however, rule out the use of buccal swabs
as an alternative to wing biopsies for studying telomere dynamics in bats when the qPCR method
is used, which requires a small amount of DNA compared to other telomere measurement
techniques (Nakagawa et al. 2004). Our data suggest that storage time may have affected RTL
measurements for the buccal swabs, where swabs stored for longer periods of time had more
variable RTL. Although we were able to amplify telomere sequences from guano samples, there
was much higher variation in RTL among individuals and there was no correlation in guano RTL
with either buccal or wing biopsy RTL (Figs. 1.4 & 1.5). Boston et al. (2012) successfully used
wing tissue and guano samples for genotyping purposes, but it is possible that telomere length
assessment is more susceptible to PCR inhibitors present in guano samples (Taberlet et al. 1999)
or that telomeres are more degraded in shed gastrointestinal epithelial cells. There also is much
less endogenous DNA in guano relative to bacterial and insect DNA (Ramón-Laca et al. 2015),
however, the telomere primers used in this study only should have amplified vertebrate telomeres
(Hinnebusch et al. 1990, Vitková et al. 2005). Further refinement of sampling and assessment
procedures may help reduce the variability in buccal swab and guano RTL measurements,
making it easier to use these types of non-invasive samples in future telomere studies.
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We found no significant difference between buccal and wing biopsy mean RTL, which
was unexpected given the different turnover rates in these epithelial cells (Squier and Kremer
2001, Tian et al. 2018). Results from two human studies showed similar RTL between these
tissue types, but were inconclusive (Gadalla et al. 2010, Dlouha et al. 2014). The variety of cell
types found in each tissue may be partially obscuring differences in RTL. The wing membranes
of bats are composed of epidermal epithelial, lymphatic, blood, nerve, and muscle cells (Cryan et
al. 2010) whereas buccal samples can contain low levels of leukocytes (Finnicum et al. 2017,
Theda et al. 2018). Multiple cell types in a sample may decrease observed differences in RTL
between tissues even if RTL differs between cell types. Other studies that have compared tissue
types suggest that telomere length differences are established during early life (Daniali et al.
2013, Reichert et al. 2013, Schmidt et al. 2016) and are not related to cell replication rates
(Thomas et al. 2008). It also is possible that the mechanisms by which these tissues arrived at
their current telomere lengths are drastically different, resulting in observed similarities that
mask underlying tissue-specific telomere dynamics.
Our findings demonstrate that RTL in little brown bats is more a reflection of biological
age than chronological age. In this species, telomere length was influenced by infection and wing
damage associated with white-nose syndrome, but not chronological age. In big brown bats, RTL
was quadratically associated with age, but our model explained little of the variation in RTL.
Reasons for differences in the patterns between the two species are as yet unclear. Although
telomere length will most likely not be useful in determining chronological age of unknown age
bats, other molecular biomarkers such as DNA methylation patterns (De Paoli-Iseppi et al. 2017,
Wright et al. 2018) may be more successful.
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Table 1.1. Summary of multiple linear regression models of relative telomere length and
chronological age in big brown bats (Eptesicus fuscus) sampled in and near Fort Collins,
Colorado, 2005–2015. Linear, quadratic, cubic, and null regression models were considered and
ranked by AICc. Coefficient estimates are shown for each model. K = number of parameters;
logLik = log likelihood; wi = model weight.
Model
Age2
Age3
Null
Age

Intercept
0.926
0.989
1.165
1.203

Age
0.136
0.053

Age2
-0.012
0.007

Age3

K
3
4
1
2

-0.001

-0.008
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logLik
-17.47
-16.71
-28.71
-28.47

AICc
43.52
44.31
61.58
63.29

∆AICc
0.00
0.79
18.06
19.76

wi
0.60
0.40
0.00
0.00

Table 1.2. Summary of linear mixed models of relative telomere length and predictor variables in
little brown bats (Myotis lucifugus) sampled in New England, 2016–2019. Linear and quadratic
age terms were considered along with wing score (WS) and reproductive status (Rep) at the time
of capture. Models were ranked by AICc. Coefficient estimates are shown for each model. K =
number of parameters; logLik = log likelihood, wi = model weight.
Model

Intercept

Age

WS

1.243

Age2

1.140

0.083

Age + WS

1.069

-0.002

Null

1.191

Rep

1.234

Age

1.198

Rep + WS

1.240

Age + Rep
Age + Rep
+ WS

1.234

-0.001

1.288

-0.001

Age2

WS

Rep

K

logLik

AICc

∆AICc

wi

4

-58.23

126.88

0.00

0.42

5

-58.21

129.00

2.12

0.14

5

-58.21

129.00

2.12

0.14

3

-60.59

129.46

2.58

0.12

7

-56.65

130.30

3.42

0.08

4

-60.54

131.49

4.61

0.04

+

8

-56.45

132.16

5.28

0.03

+

8

-56.65

132.55

5.68

0.02

+

9

-56.45

134.44

7.57

0.01

-0.103
-0.008
-0.106
+
0.004
-0.037

-0.038
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Table 1.3. Summary of linear mixed models of relative telomere length and predictor variables in
little brown bats (Myotis lucifugus) sampled in New England, 2016–2019, and tested for
Pseudogymnoascus destructans (Pd). Models were ranked by AICc. Coefficient estimates are
shown for each model. Pd = Pd status (positive or negative) at time of capture; K = number of
parameters; logLik = log likelihood, wi = model weight.
Model
Pd
Pd + Age
Null
Age

Intercept
1.180
1.202
1.103
1.115

Pd
+
+

Age
-0.006
-0.003

K
3
4
2
3

logLik
-29.13
-29.03
-31.75
-31.72
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AICc
68.93
71.00
71.95
74.12

∆AICc
0.00
2.07
3.02
5.19

wi
0.61
0.22
0.13
0.05

Figure 1.1. The relationship between relative telomere length and age in A) PIT-tagged big brown bats
(Eptesicus fuscus) sampled in and near Fort Collins, Colorado, 2005–2015 and B) banded little brown
bats (Myotis lucifugus) sampled in New England, 2016–2019. Bats marked as juveniles (closed
triangles; known-age) and adults (open circles; minimum known-age) were combined in the model
analysis. The dashed black line indicates a best-fit regression through the data where significant.
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Figure 1.2. The relationship between little brown bat (Myotis lucifugus) relative telomere length
and A) wing score, where 0 indicates no damage and 2 indicates moderate to high levels of wing
damage, and B) Pd status for individuals that tested negative (N) or positive (P) for
Pseudogymnoascus destructans (Pd), the fungus that causes white-nose syndrome in bats. Bats
were captured in New England, 2016–2019. Points represent mean RTL and bars represent +/–
standard error. Letters indicate significantly different means among groups.
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Figure 1.3. Changes in relative telomere length between years, with samples collected from
individual little brown bats (Myotis lucifugus) connected by dashed lines. Bats shown here were
sampled twice over intervals of one to three years in New England, 2016–2019.
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Figure 1.4. Correlation in relative telomere length (RTL) between wing (biopsy), mucosal
epithelial (buccal), and gastrointestinal epithelial (guano) tissues collected from the same
individual little brown bats (Myotis lucifugus) in New England, 2016–2019. All three tissue
types were not collected from every individual. Note that scales differ between graphs.
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Figure 1.5. Boxplot showing relative telomere length variation within and among sample types.
Wing (biopsy), mucosal epithelial (buccal), and gastrointestinal epithelial (guano) tissues were
collected from the same individual little brown bats (Myotis lucifugus) in New England, 2016–
2019. Letters indicate significantly different means among groups.
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CHAPTER 2
WHITE-NOSE SYNDROME AND CLIMATE INFLUENCE LIFE HISTORY AND
REPRODUCTIVE PHENOLOGY IN LITTLE BROWN BATS

Abstract
The rate and timing of reproduction, which can have important implications for the
survival of individuals and growth of a population, are known to be influenced by extrinsic
factors, such as climate and disease. Since 2006, the fungal disease white-nose syndrome (WNS)
has resulted in catastrophic declines in the little brown bat (Myotis lucifugus) population in New
England. Bats are annually re-infected during hibernation and female survivors recover from
wing damage caused by WNS in the spring just as gestation begins. The goals of the study were
to determine whether reproductive rates have changed since the onset of WNS and to assess the
impacts of climate and disease on reproductive timing. We used a 27-year dataset spanning preand post-WNS arrival to compare reproductive rates in adults and yearlings and determine the
drivers of inter-annual variation in reproductive timing. From 2016–2019, we assessed gestation
stage and tested bats for the WNS pathogen, Pseudogymnoascus destructans (Pd), to further
evaluate the impact of disease on the timing of parturition. We found that mean yearling
reproductive rate increased from 0.49 (+/– 0.40) pre-WNS to 0.85 (+/– 0.13) post-WNS arrival
and that more individuals were returning to their natal colonies as yearlings, suggesting a lifehistory shift in age of first breeding. Adult reproductive rate (0.95 +/– 0.03) did not change over
time. Mean parturition date varied by as much as two weeks among years and was earlier when
springs were warmer and drier. There was also some evidence for earlier reproductive timing
post-WNS independent of climate, but not for a decrease in reproductive synchrony. At the
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individual level, females with more wing damage had later parturition dates than those with less
damage. Infection appears to impose high energy costs in the early spring, delaying or slowing
gestation, but not preventing reproduction altogether in most individuals. Little brown bats may
be benefiting from warming spring temperatures, which could reduce energy trade-offs and lead
to advanced reproductive phenology at the population level that could offset delays associated
with Pd infection at the individual level. Understanding both the demographic response to WNS
and the impacts of climate on reproduction will be important for the conservation of little brown
bats.
Introduction
Emerging infectious diseases are increasingly recognized as threats to wildlife
populations and global biodiversity (Daszak et al. 2000, Fisher et al. 2012). Fungal pathogens
alone are responsible for population declines in multiple taxa, including trees, amphibians,
snakes, and North American bats (Fisher et al. 2012, Yap et al. 2015). Most diseases, however,
do not end in extinction (Voyles et al. 2018). Disease-induced mortality can diminish over time
as a disease shifts from epidemic to established (Langwig et al. 2015a), resulting in smaller, but
stable, populations (Lampo et al. 2011, Maslo et al. 2015, Langwig et al. 2017, Scheele et al.
2017). These remnant populations are more vulnerable to extinction (De Castro and Bolker 2005,
McKnight et al. 2017), but may persist for a variety of reasons, including reduced pathogen
virulence (Newell et al. 2013), changes in host behavior or environmental conditions,
immigration of individuals from other populations (rescue effect; Scheele et al. 2017), or genetic
selection for resistance (evolutionary rescue; Gonzalez et al. 2013).
Populations can also respond to changes in abundance or density by altering particular
life-history traits such as decreasing mean age of first reproduction, increasing reproductive rate,
or increasing survival rate of some or all age classes (Eberhardt 2002, Coulson et al. 2004).
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Shifts in life history related to changes in abundance and density have been documented in
species that have become endangered due to non-disease factors (Grenier et al. 2007) or been
over-harvested (Coulson et al. 2004, Olsen et al. 2004), but less commonly in species impacted
by disease. A few long-term studies that preceded and continued after disease arrival have
documented compensatory responses to disease-induced population declines in multiple
amphibian species impacted by chytridiomycosis (Muths et al. 2011, Lampo et al. 2011) as well
as in Tasmanian devils (Sarcophilus harrisii) impacted by Devil facial tumor disease (Jones et al.
2008, Lachish et al. 2009).
For disease-impacted populations, shifts in life history may be hindered by infection,
which can impact reproduction directly (e.g., by damaging reproductive tissues) or indirectly by
decreasing the nutritional status or physiological condition of individuals (Scott 1988). When
resources are limited, individuals recovering from infection or healing from wounds may face a
trade-off between immune response and maintenance or reproduction (Bernardo and Agosta
2005, Archie 2013). Females, for example, may be unable to allocate sufficient resources
towards reproduction (Racey and Entwistle 2000, Reichard and Kunz 2009), meaning pregnancy
may not be initiated or may be terminated; this is especially critical if infection reduces foraging
efficiency, thereby limiting food intake and available resources (Reichard and Kunz 2009). For
long-lived species under such unfavorable conditions, life-history theory predicts that females
should forgo reproduction that breeding season (Barclay et al. 2004).
When reproduction does occur, energetically costly immune responses to infection and
elevated maintenance costs may terminate, delay, or slow reproduction (Scott 1988, Archie
2013). Blood parasites and ectoparasites, for example, can delay reproduction or reduce
reproductive rate in birds (Allander and Bennett 1995, Møller et al. 2006) and mammals (Lin et
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al. 2014), although there are exceptions where parasites have either shown no impact (Murray et
al. 2006) or even accelerated reproductive timing (Mulvey et al. 1994). In many species that
breed seasonally, the timing of reproduction is critical to the survival and recruitment of
offspring (Price et al. 1988, Ransome 1989, Frick et al. 2010a) and is already influenced by
climate and food availability (Arlettaz et al. 2001). The impacts of disease on life history and
reproductive phenology are, therefore, important for understanding population dynamics.
In North America, white-nose syndrome (WNS) first appeared in 2006 (Blehert et al.
2009) and has since spread throughout much of the continent, causing local declines of >90% in
several hibernating bat species (Turner et al. 2011). The fungus that causes WNS,
Pseudogymnoascus destructans (Pd), persists in environmental reservoirs (Lorch et al. 2013,
Hoyt et al. 2015a), re-infecting bats during fall swarming and hibernation. Survivors of these
annual infections and their subsequent offspring now make up remnant bat populations. Little
brown bats (Myotis lucifugus) are one of the hardest hit species, but have persisted in hibernating
winter colonies (Langwig et al. 2017, Frick et al. 2017) and summer maternity colonies (Dobony
et al. 2011, Reichard et al. 2014, Dobony and Johnson 2018).
The period of recovery from infection may be crucial for conservation in terms of
reproduction (Fuller 2016). In the spring, survivors emerging from hibernation continue to suffer
from infection as an immune response to Pd causes severe inflammation and damage to the wing
membrane (Fuller et al. 2011, Meteyer et al. 2011, 2012, Fuller et al. 2020). Bats with more
extensive wing damage have a lower body-mass index (Reichard and Kunz 2009, Fuller et al.
2011) and shorter telomeres (Ineson et al. In press), suggesting poorer physiological condition.
Most bats are able to heal from wing damage completely within a few weeks following peak
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effects (Fuller et al. 2011, Pollock et al. 2015), however, survivors of infection have elevated
cortisol levels, a sign of chronic stress (Davy et al. 2016).
Female little brown bats initiate pregnancy upon emergence from hibernation, when they
may have to cope with suboptimal climate conditions or low food availability (Anthony and
Kunz 1977). Adverse conditions in early spring have been shown to decrease reproductive rate
and delay parturition in numerous bat species (Ransome and McOwat 1994, Burles et al. 2009,
Lučan et al. 2013, Linton and MacDonald 2018). Temperate insectivorous bats may compensate
by increasing torpor use (Geiser 2004, Wojciechowski et al. 2007, Dzal and Brigham 2013),
particularly when they first arrive at their maternity colonies (Solick and Barclay 2007, Besler
and Broders 2019). As the reproductive season progresses, however, the trade-off between the
energy and water conservation of daily torpor conflicts with the delayed reproductive timing
caused by reduced fetal and post-natal growth rates (Racey 1973, Racey et al. 1987, Audet and
Fenton 1988, Grinevitch et al. 1995, Dzal and Brigham 2013). Bats impacted by WNS face
additional energy costs from immune responses to Pd infection and wing damage repair. Infected
bats in captivity only use shallow torpor, possibly as a fever response or trade-off between
energy savings and immune function (Fuller et al. 2020).
Inter-individual variation in torpor use (Besler and Broders 2019) and wing healing rates
(Fuller et al. 2011, 2020) could have further energy implications by reducing reproductive
synchrony. For temperate mammals, reproductive synchrony optimizes the timing of seasonal
food resources with the peak energetic demands of reproduction and has potential energetic and
thermoregulatory benefits for species that aggregate (Webb et al. 1996). Although some studies
have suggested reproduction in little brown bats is highly synchronous both within and between
colonies (Schowalter et al. 1979), most research has shown that this species already has
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relatively low levels of synchrony (O'Farrell and Studier 1973), or levels of synchrony that are
influenced by intrinsic and extrinsic factors (Reynolds 1999). Decreased reproductive synchrony
may exacerbate energy tradeoffs for adults and slow post-natal development of pups by reducing
the thermal benefits of clustering while their mothers are foraging during the night (O'Farrell and
Studier 1973).
Little brown bats present a unique opportunity for studying the impacts of WNS on lifehistory strategies and population-level demographic rates. Here we present the results of a
demographic study conducted at nine maternity colonies in New England. One colony was
extensively studied for 16 years beginning in 1993 and ending in 2009 when the colony was
almost completely extirpated by WNS (Reynolds 1999, Frick et al. 2010a). Nearby colonies have
been studied since the arrival of WNS (Reichard and Kunz 2009, Fuller et al. 2011, Reichard et
al. 2014, Langwig et al. 2015b), providing a 27-year dataset that we used to compare aspects of
reproduction and distinguish disease impacts from climate-related stochasticity. Previous
research on mammal populations that have undergone dramatic population declines suggest an
accelerated reproductive maturation or earlier age of first reproduction (Houston and Stevens
1998, Jones et al. 2008, Lachish et al. 2009). We therefore predicted 1) that a higher proportion
of yearling females would reproduce post-WNS, which we would see through an increase in
reproductive rate. As infection has been shown to delay reproduction in other animals, we also
predicted that 2) bats with higher levels of wing damage would give birth later in the summer
than bats with less damage, resulting in 3) a decrease in reproductive synchrony and 4) an overall
shift in the timing of reproduction to later in the summer compared to pre-WNS.
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Methods
Bat capture and data collection
We captured little brown bats at maternity colonies in New England roosting in wooden barns
from early May to mid-September. Our pre-WNS analysis comes from data collected between
1993–2007 at a single colony in Peterborough, New Hampshire. Here, we captured bats by hand
on 5–26 days per summer between 5 and 7am. Our post-WNS arrival dataset was collected from
2008–2019, where we captured bats at emergence or upon return to the roost at eight colonies in
New Hampshire, Vermont, and Massachusetts (Fig. 2.1) using harp traps (Bat Conservation &
Management, Carlisle, PA, USA). Not all colonies were trapped every year and the number of
capture events varied widely among sites. The bats in these colonies are considered to be part of
a single population (Wilder et al. 2015), so for the purposes of this study we pooled sites,
resulting in 5–29 capture events per summer.
Bats were identified to species, sexed, and aged as juveniles or adults based on the
presence of an epiphyseal gap in the fourth metacarpal joint (Kunz and Anthony 1982), the shape
of the epiphyses, and darker fur coloration in juveniles (Davis and Hitchcock 1965). We assessed
reproductive condition of adult females as pregnant (based on palpation of the abdomen),
lactating (based on expression of milk from the mammary glands), post-lactating (based on
nipple morphology), or non-reproductive (Racey 2009). From 1993–2007 and 2016–2019, we
measured epiphyseal gap size of juveniles to the nearest 0.1 mm using a pre-calibrated ocular
micrometer mounted in a portable dissecting microscope (Kunz and Anthony 1982, Kunz et al.
2009). For all bats, we measured mass to the nearest 0.1 g and forearm length to the nearest 0.1
mm. All bats were banded with lipped aluminum bands (Porzana Limited, East Sussex, UK) and
released at the site of capture.
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From 2016–2019, adult bats were assessed for wing damage using a modified version of
the wing damage index scoring system (Reichard and Kunz 2009). We also swabbed the
forearms of a subset of adult bats to test for Pd (Muller et al. 2013) and quantify fungal load
(Langwig et al. 2015b). At two sites, Lincoln (2017–2019) and Charlestown (2017), we
subcutaneously implanted a passive integrated transponder (PIT) tag (HPT9, Biomark, Boise,
Idaho, USA) between the scapula in a subset of bats and sealed the insertion site with adhesive
glue. A PIT tag reader (HPR Plus, Biomark, Boise, Idaho, USA) and antenna were deployed at
each site before bats arrived in the spring and left to record until early October. The antenna was
placed at the main opening used by bats to exit and enter the barn, but there were a few other
small openings available to bats at each site that we did not attempt to close off.
All handling and sampling procedures were conducted under state scientific collecting
permits and followed the guidelines of the American Society of Mammalogists for the study of
wild mammals (Sikes et al. 2011, Sikes et al. 2016). Bat handling from 2016–2019 followed
appropriate decontamination protocols and was approved by the University of New Hampshire’s
Institutional Animal Care and Use Committee (#160105 and 181209).

Reproductive rate
For each year of the study, we calculated the reproductive rate as the proportion of captured adult
females that showed signs of reproduction (pregnant, lactating, or post-lactating). Reproductive
rate was calculated separately for yearling bats, which were banded as juveniles and recaptured
the following summer. In the late spring to early summer, bats may be in early gestation and
pregnancy can be difficult to determine by palpation (Kunz et al. 1999), potentially resulting in
an underestimation of reproductive rate. Bats assigned as ‘non-reproductive’ before the first
lactating female of the year were therefore excluded from our analyses (Dobony and Johnson
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2018) while those captured after were considered non-reproductive (Barclay et al. 2004). For
bats captured more than once in a summer, we only used their final reproductive status in the
calculation of reproductive rate. Yearling females emerge from hibernation later (Norquay and
Willis 2014) and reproduce later than adult females (Cagle and Cockrum 1943, Davis and
Hitchcock 1965, Reynolds 1999), therefore for the calculation of yearling reproductive rate we
added four days to the capture date of the first adult lactating female, which represents the
difference between the mean lactation date for adults and yearlings. This four-day difference was
consistent between pre- and post-WNS data sets. In this study, reproductive rate refers only to
those bats roosting in maternity colonies. Non-reproductive females may simply not return to
their summer colony in a given year, which means we may be overestimating the populationwide reproductive rate, but if so, we are consistent between comparison groups.
Reproductive phenology
We calculated an annual mean lactation date using the lactating females captured throughout the
summer. We used lactation instead of pregnancy to determine reproductive timing because 1) the
period of lactation (~3–4 weeks (Anthony and Kunz 1977)) is less variable and shorter in
duration than gestation (Racey 1973), 2) lactation is more readily observed, whereas the early
stages of gestation are harder to detect (Kunz et al. 1999) and 3) generally the entire lactation
period was sampled in this study whereas sampling did not always cover the total gestation
period. Due to coarse sampling, we used a generalization of Sheppard’s method to calculate a
corrected mean lactation date to represent reproductive timing (Johnson et al. 2004), which
generally agreed with the logistic regression method of Arlettaz et al. (2001). Both methods had
issues when there were few sampling nights or large gaps between sample nights. For one year
post-WNS (2011), mean lactation date was adjusted using the day of year corresponding to the
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peak of a LOESS smoothing curve fitted to the proportion of lactating females captured
throughout the summer. Seven years with inadequate sampling periods were removed from
further analysis, which also improved the match in sampling periods between years (Heideman
and Utzurrum 2003). To compare overall reproductive timing between pre- and post-WNS
arrival, we fit non-linear least-squares curves to the pooled pregnancy and lactation data. The
intersection between the pregnancy and lactation curves indicates median parturition date (Kunz
1973, Reichard et al. 2009).
Date of birth timing
We used longitudinally-derived linear equations to estimate age (+/– 1 day) of juveniles captured
before and soon after the onset of volancy (Kunz and Anthony 1982, Baptista et al. 2000). We
were then able to estimate date of birth (DOB) by subtracting age (number of days old) from the
Julian date of capture. Forearm length is a more accurate predictor of age for juveniles 0–11 days
old whereas total epiphyseal gap length is more accurate for juveniles 12–32 days old. After
approximately 32 days, the epiphyseal gap is nearly closed and becomes less accurate for age
determination (Baptista et al. 2000). Juveniles in this latter group were excluded from DOB
analyses. Pre-WNS, we handled both non-volant and volant pups, while nearly all of the pups
captured after the onset of WNS were already volant. This meant that DOB for more bats preWNS was calculated with forearm length while we primarily used epiphyseal gap size postWNS. To determine whether this difference in methodology influenced mean DOB, we removed
all of the pre-WNS pups for which DOB was calculated using forearm length, then re-calculated
mean DOB. Mean DOB with and without these pups included was highly correlated (Pearson
correlation; R = 0.88, P < 0.001) and the average difference in mean DOB was 0.58 +/– 1.87 SD
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days. Since there was no bias in the estimates to an earlier or later mean DOB, we used all of the
available pup data.
Due to different timing and level of sampling effort between years, we subset the capture
nights in our dataset so that our sampling periods matched and differences in reproductive timing
between years could be accurately assessed (Heideman and Utzurrum 2003). Looking across the
entire study, we determined the maximum earliest and minimum latest sampling nights when
juveniles were captured, then subset each year of data to fall within those dates. While this
reduced our sample size in some years, mean DOB shifted by only 0.69 +/– 2.14 SD days and
was no longer significantly correlated with mean sample night (R = -0.06, P = 0.912). We used a
Shapiro-Wilks test to determine whether DOB followed a normal distribution for each year.
Although only a few years actually followed a normal distribution, mean and median values
were generally within a few days of each other with no evidence of kurtosis. We therefore used
mean DOB in further analyses.

Reproductive synchrony
As a measure of reproductive synchrony, we calculated the number of days over which the
middle 50% of bats were born in a given year (interquartile range). By matching our sampling
periods as described above, we effectively removed the beginning and end of the sampling
periods as well as any outliers. We could not, therefore, accurately compare the entire parturition
period between years and chose to look at the middle 50% of births to avoid the tails of the birth
distributions.
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Individual Parturition Date
For bats captured from 2016–2019, we further assessed gestation by assigning each bat to one of
five stages based on palpation of the abdomen (Racey 1969, Kunz et al. 1999, Richardson et al.
2009, Mason et al. 2010). In the first few weeks of gestation the fetus is not detectable by
palpation and females are either not pregnant or in early pregnancy (Kunz et al. 1999). After a
few weeks, the embryo may be palpable (Racey 2009) as a small or medium embryo. The end of
gestation was split into large embryo and bony embryo when the uterus is rapidly growing
(Buchanan and Younglai 1986), fetus weight and length are increasing exponentially (Kunz
1973, Adams 1992), and the fetal skeleton can be easily palpated (Kunz et al. 1999). The little
brown bat gestation period is estimated to be 50–60 days (Wimsatt 1945, O'Farrell and Studier
1973). We used 56 days (8 weeks) as the average gestation period, which was split among our
five gestation stages to account for exponential fetal growth, where the later stages had shorter
time periods. We assigned each gestation stage a period of time from 1–3 weeks and used the
midpoint of these ranges to forecast the parturition date for each female. For the purposes of this
study, we assumed that bats captured as “no embryo” were in the first few weeks of gestation,
but excluded these individuals if they were captured after the first lactating bat of the year. When
we examined the records for bats captured twice during pregnancy in the same summer (n = 8),
the number of days and the change in gestation stage between captures roughly matched our
timeline, which was more accurate when bats were first captured as medium embryo or later.
Bats that have recently fed, as is the case for bats captured from 2016–2019, may be more
difficult to palpate and assess pregnancy (Racey 2009), but our data suggest that very few bats
that were classified as reproductive and recaptured later in the summer were no longer classified
as reproductive. A change from reproductive to non-reproductive could be due to misclassification during capture, resorption of the embryo, or postnatal pup mortality (Racey and
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Entwistle 2000). Over 80% of bats classified as small or medium embryo and recaptured in the
same summer (n = 21) were reproductive, suggesting that we were able to accurately assess early
gestation most of the time. In addition, as part of another study, a subset of bats was held for
several hours to measure basal metabolic rate, at which point they would have emptied their
digestive tracks (Buchler 1975), and palpated again before release. For fewer than 2.5% of these
bats (6 of 258) was gestation stage different by more than one stage as that assigned in the field.

Timing of arrival at maternity colonies
We used the PIT tag data from 2017–2019 to look at the timing of arrival at maternity colonies.
To account for a truncated sampling period immediately after tagging, only data from years
following the initial tagging year were used to determine date of arrival. The first detection was
used as an indication of arrival at the colony, although bats could have used alternate openings
and avoided detection. For bats tagged in 2017 and detected in both 2018 and 2019, we used a
Pearson correlation to determine whether there were patterns in individual arrival timing. Bats
tagged in one year and physically captured in subsequent years were used to look at the
relationship between timing of arrival and parturition date, based on gestation stage.

Climate data
We combined daily temperature and precipitation data from six weather stations
(www.ncdc.noaa.gov) located throughout the study area (Fig. 2.1) to represent the regional
climate. Daily regional mean temperatures were highly correlated with daily mean temperatures
calculated from temperature logger data (Thermochron iButton, Maxim Integrated Products, San
Jose, CA, USA) collected hourly during the summer at the Lincoln colony from 2017–2019 (R =
0.96, P < 0.001) and the Charlestown colony from 2018–2019 (R = 0.95, P < 0.001). Since
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iButton data were not available for all years and sites and they were correlated with the regional
means, we used the regional means to calculate our monthly weather variables. For each month
from April to June, we calculated mean average temperature, total precipitation (mm), and total
days with precipitation over 1.3 mm. We also calculated cumulative precipitation for the periods
April–May, May–June, and Apr–June. Lastly, we calculated monthly and seasonal severity
indices by summing the number of days where average temperature was <10°C, a threshold
below which insect activity and bat foraging is reduced (Anthony et al. 1981, Rydell 1989).
Severity was also a proxy for mean minimum temperature (Pearson correlation for May: R =
-0.75, P < 0.001). Total number of days with precipitation over 1.3 mm was correlated with total
monthly precipitation (Pearson correlation for June: R = 0.81, P < 0.001) and was excluded from
model sets.

Statistical analyses
All analyses were conducted in R v3.6.1 (R Core Team 2018). We used Tukey’s multiple
comparison of means to test whether annual reproductive rates were significantly different
between pre- and post-WNS arrival for adults and yearlings as well as whether adult and yearling
rates were different for each time period. We used linear models to test whether any of our
monthly or seasonal weather variables were correlated with annual adult reproductive rate.
Reproductive timing data from pups and adults were analyzed separately. To determine
which weather variables best predicted the timing of reproduction, we constructed a set of linear
models with annual mean lactation date or annual mean DOB as the response variable and
weather variables as the predictors. We limited models to a maximum of two predictor variables
due to small sample size: models either had one weather variable or a weather variable and a
categorical variable for pre-/post-WNS arrival. Models with an interaction between the weather
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variable and pre-/post-WNS were also considered. Additive and interactive models with pre/post-WNS were used to separate the influence of WNS on the timing of reproduction from
changes in climate over time. We tested whether an additive model or an interactive model
provided a better fit to the data. If the slopes for the pre- and post-WNS years were parallel, but
offset, as in the additive model, this indicated an effect of WNS on the timing of reproduction
independent of climate change, but only if the fit was also significantly better than a model with
just the weather variable. We used similar methods to look at reproductive synchrony related to
climate and WNS.
We then looked at the timing of reproduction in individuals by first examining whether
arrival date corresponded to parturition date, then by testing the effect of WNS. We used the
‘lme4’ package (Bates et al. 2015) to construct a set of linear mixed-effects models with
parturition date, as determined by gestation stage, as the response variable. Wing score, Pd load,
mass, and year were included as fixed effects in all possible additive combinations with colony
and individual as random effects. Year was included as a fixed effect to account for inter-annual
variation in spring weather conditions.
All model sets were ranked using Akaike’s Information Criteria corrected for small
sample size (AICc) with the MuMIn package (Bartón 2020). Model residuals were evaluated for
normality and homogeneity. Nested models were compared using F-tests or likelihood ratio tests
to determine the significance of predictor variables.
Results
We captured 3265 adult female little brown bats pre-WNS and 3149 post-WNS arrival over 179
and 186 trapping nights, respectively. Pre-WNS, we captured 2369 pups and from 2016–2019 we
captured 457 pups for which we could determine date of birth.
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Reproductive rate
Mean annual reproductive rates for adult females were 0.95 +/– 0.03 pre-WNS and 0.95 +/– 0.04
post-WNS arrival (Fig. 2.2), and were not significantly different (Tukey’s test; t = 0.033, P =
0.99). Captures of yearling females ranged from 2–9 per summer pre-WNS and 2–16 per
summer post-WNS. A total of 27 out of 63 and 13 out of 74 yearlings captured pre- and postWNS, respectively, were excluded because they were captured before the first date of lactation.
Mean annual reproductive rates for yearling females were significantly higher post-WNS (0.89
+/– 0.13) than pre-WNS (0.49 +/– 0.40; Tukey’s test; t = -3.455, P < 0.01). Post-WNS, yearling
and adult reproductive rates were not significantly different (Tukey’s test; t = -0.610, P = 0.93).
To reduce the influence of years with few captured bats, we pooled yearlings into pre- and postWNS, resulting in slightly different reproductive rates of 0.55 (20/36) pre-WNS and 0.85 (52/61)
post-WNS. We found no significant relationship between either yearling or adult reproductive
rate and any of the monthly or seasonal weather variables.
Nearly all of the bats originally identified as ‘non-reproductive’ were found to be
reproductive if recaptured later in the same summer. Of 639 pre-WNS and 182 post-WNS bats
captured more than once in a summer, only 7 and 9, respectively, went from reproductive to nonreproductive, suggesting that fewer than 5% were misclassified or had terminated pregnancies.

Mean lactation date & pup date of birth
After excluding seven years without adequate sampling, we ended up with 12 years pre-WNS
and 8 years post-WNS arrival where we were able to determine mean lactation date, which
occurred between June 23 and July 7. For the pup data, we had 14 years pre-WNS and 4 years
post-WNS, with mean DOB occurring between June 15 and June 30. Mean lactation date and
44

mean DOB were correlated (linear regression: R2 = 0.55, P < 0.001) and the difference between
them was 5.29 +/– 3.08 days (Fig. 2.3).

Reproductive phenology & climate
The reproductive data, pooled for pre- and post-WNS arrival, suggested that reproduction
occurred earlier in the summer post-WNS by approximately 10 days (Fig. 2.4). This comparison,
however, did not account for potential climate effects, so we analyzed annual reproductive
timing based on adult reproductive stage and pup DOB. To evaluate whether climate change has
shifted the reproductive phenology of this population, we analyzed for a shift in reproductive
timing in the context of our weather variables. We detected no significant trend in the timing of
reproduction (linear regression: R2 = 0.03, P = 0.24) from 1993 to 2019. There was also no
significant trend in mean May precipitation (R2 = -0.02, P = 0.46) or mean April temperature (R2
= 0.02, P = 0.23), however, there was a marginally significant increase in May temperature (0.07
+/– 0.03°C/year, R2 = 0.11, P < 0.05) over the 27-year sampling period.
Inter-annual variation in spring weather had a significant impact on reproductive timing.
The highest ranking models using mean lactation date included April–May precipitation, mean
May temperature, May precipitation, total spring precipitation, and the categorical variable for
pre- and post-WNS arrival (Table 2.1). Overall, parturition occurred earlier in years when May
was warmer, and April and May were drier (Fig. 2.5). The top model indicated a significant
interaction between April–May precipitation and pre-/post-WNS (F1,16 = 14.03, P < 0.01) and
explained 62.1% of the variation in reproductive timing (F3,16 = 11.36, P < 0.001). Parturition
was later in wetter years pre-WNS, but precipitation did not seem to explain reproductive timing
post-WNS (Fig. 2.5A). Mean May temperature explained 28.7% of the variation in parturition
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timing (P < 0.01) and including a pre-/post-WNS factor did not improve model fit (F1,17 = 0.97,
P = 0.34; Fig. 2.5B).
Using the pup DOB data, the highest ranking models included May precipitation, April–
May precipitation, mean May temperature, total spring precipitation, and the categorical variable
for pre-/post-WNS arrival (Table 2.1). The top model with May precipitation explained 71.4% of
the variation in reproductive timing (F2,15 = 22.23, P < 0.001), while May temperature and pre/post-WNS explained 66.1% (F2,15 = 17.57, P < 0.001; Fig. 2.5D). There was no significant
interaction between pre-/post-WNS and either May precipitation (F1,14 = 0.65, P = 0.74) or May
temperature (F1,14 = 0.08, P = 0.78). The additive models indicated that the relationships between
parturition date and May climate were the same pre- and post-WNS, but were 6.3 days earlier
post-WNS. The second highest ranking model, April–May precipitation and pre-/post-WNS,
explained 68.6% of the variation (F2,15 = 19.57, P < 0.001; Fig. 2.5C).

Reproductive synchrony
The middle 50% of births occurred within a 4–10 day period. The highest ranking models for
reproductive synchrony included June precipitation, mean May temperature, and the categorical
variable for pre-/post-WNS arrival (Table 2.2). Overall, synchrony increased with higher levels
of precipitation in June and warmer mean temperatures in May (Fig. 2.6). The top model with
June precipitation explained 39.7% of the variation in synchrony (F1,16 = 12.19, P < 0.01).
Including pre-/post-WNS with June precipitation did not improve model fit as an additive (F1,15
= 0.76, P = 0.40) or interactive effect (F1,14 = 1.14, P = 0.30). May temperature only explained
17.4% of the variation in synchrony by itself, but had a nearly identical model weight with a
model including pre-/post-WNS (F1,15 = 3.01, P = 0.10) that improved the adjusted R2 to 26.7%.
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This model indicated that parturition was slightly less synchronous post-WNS than pre-WNS and
the middle 50% of births took an additional 1.72 days, independent of May temperature.

Effects of arrival time and white-nose syndrome on parturition
Bats PIT-tagged in 2017 and detected in both 2018 and 2019 (n = 39) showed that individuals
arrive at approximately the same time each year (Fig. 2.7A), with a difference in arrival time
ranging from 1–21 days (72% arrived within 10 days of previous year’s arrival date). Timing of
arrival at the maternity colony was not significantly correlated with parturition date (F1,14 = 3.23,
P = 0.10, R2 = 0.13), but there was a general trend of bats that arrived earlier giving birth earlier
than those that arrived later (Fig. 2.7B). Parturition date tended to fall within a 40–60 day
expected gestation period, assuming that bats initiated gestation immediately before or upon
arrival at the maternity colony.
Linear mixed models indicated a significant effect of wing score, year, and mass on the
timing of parturition (n = 582; Table 2.3). In a separate analysis of 340 bats with positive Pd
swabs, including Pd load did not significantly improve model fit (LRT, c2 = 1.889, P = 0.17,
coefficient estimate 0.954, SE = 0.692), however, the top two models had nearly equal model
weights (Table 2.3). Tukey’s test indicated that bats with more wing damage, at or above an
Early 1, had significantly later parturition dates than those with less damage, at or below Late 1
(Fig. 2.8A). Bats with higher mass (Fig. 2.8B) and lower Pd loads (Fig. 2.8C) at time of capture
had earlier parturition dates. In addition, mean parturition dates were significantly different
between years, except between 2016 and 2017, and were significantly later in 2019 (Fig. 2.8D).
Linear models of PIT-tagged bats that were physically recaptured while pregnant (n = 18) also
showed that bats with higher wing scores had later parturition dates than bats with lower wing
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scores. Wing score explained 72.1% of the variation in parturition date, while arrival time (F1,13
= 0.25, P = 0.63) and mass (F1,13 = 2.35, P = 0.15) were not significant predictors.

Discussion
Reproductive rate
For iteroparous species, such as the little brown bat, age at first reproduction is likely the result
of both life history and physiological constraint (Stearns 1989). We found age at first
reproduction to be a flexible strategy with yearling little brown bats reproducing at higher rates
than immediately before WNS (Frick et al. 2010a) and higher than what has been previously
reported in the literature (Davis and Hitchcock 1965, Humphrey and Cope 1976), while adult
females continue to reproduce at high rates of approximately 95% (Fig. 2.2). These results are
similar to data from the same species in upstate New York (Dobony and Johnson 2018) and the
greater horseshoe bat Rhinolophus ferrumequinum, where the youngest age class increased their
reproductive rate following a population collapse (Ransome 1995). We did not detect a
relationship between reproductive rate and any of the weather variables included in our study,
unlike in two European Myotis spp. (Lučan et al. 2013, Linton and MacDonald 2018).
Our results also suggest a higher recruitment rate than pre-WNS, which is a function of
the rate at which yearling females survive their first winter and return to their natal maternity
colony to reproduce the following summer. Previous studies on known-aged individuals found
that yearlings returned at much lower rates than adults (Brenner 1968, Tuttle 1976) and that
yearlings were more likely to return and breed if born earlier in the summer (Frick et al. 2010a).
In this study, we captured more yearling females at maternity colonies post-WNS than were
captured in this population pre-WNS, suggesting that yearling females are returning to their natal
colonies at a higher rate since the population collapse created by WNS.
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As in many other studies of reproductive rates in bats at maternity colonies, our study
similarly faces the challenges of accurately determining reproductive status and population level
reproductive rate. Temperate hibernating bats, such as the little brown bat, have delayed
fertilization (Wimsatt 1945, Oxberry 1979, Racey and Entwistle 2000), which allows females to
begin reproduction immediately upon emergence from hibernation without the temporal or
energetic costs of mating. However, under adverse conditions, temperate bats can control
reproduction by resorbing embryos (Pearson et al. 1952). Resorption is most likely to occur
during the early stages of pregnancy (Wasser and Barash 1983), therefore it is possible that some
females initiate pregnancy, but convert to non-reproductive individuals soon after arrival to the
maternity colony. The proportion of these females that remain in or abandon the maternity
colony for the remainder of the season is poorly understood, but has important implications for
the population-level reproductive rate. This may be especially important for yearling
reproductive rate. If yearlings do not return to reproduce in their first year, then our estimates of
yearling cohort size will be underestimated and reproductive rate will be biased high.
Our study attempted to control for changing reproductive condition by limiting our
analysis to reproductive individuals that were palpably pregnant, lactating, or post-lactating, and
excluding individuals that were undetermined or non-reproductive prior to this stage. Based on
the low rate of re-classification of reproductive individuals to non-reproductive (<5%), our data
suggest that there are low levels of pre-natal mortality and embryonic resorption once gestation
has progressed to the point that it is physically detectable. There were also very few dead pups
found within the maternity colony (Scott Reynolds, personal communication) suggesting that
pre-weaning mortality is generally low in this species. While we lose some of the variation in
life- history strategies that may be occurring early in the reproductive season, our methodology
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produces a more repeatable estimate of reproductive rates for individuals that are roosting in
maternity colonies. Better estimates of population level reproductive rates would require
extensive trapping on the landscape, early spring trapping at hibernacula and maternity colonies
with a reliable assay that could detect early pregnancy, or more intensive banding combined with
the appropriate mark-recapture models to account for non-reproductive individuals that do not
return to their maternity colonies or that abandon them after pregnancy termination.

Reproductive phenology
A possible mechanism for the increased recruitment of yearlings is an earlier reproductive
phenology. We found that the mean reproductive timing since the onset of WNS has advanced
by six to ten days (Figs. 2.4 & 2.5), similar to results from West Virginia (Francl et al. 2012).
Young that are born earlier have a longer period to grow physiologically mature prior to
hibernation (Ransome and McOwat 1994). Earlier reproductive timing would also create more
opportunity for juveniles to accumulate body fat in anticipation of hibernation and would most
significantly improve overwintering survivorship for juveniles, who are the most challenged to
allocate adequate energy reserves prior to their first winter (Davis & Hitchcock 1965; Racey
1982, Lenihan and Van Vuren 1996). Increased fat stores may not only improve survival chances
of juveniles, but also allow for reproduction as yearlings (Kunz et al. 1998), who are generally
thought to be reproductively limited by their pre-hibernation fat stores (Kunz et al. 1998,
McGuire et al. 2009). This energetic constraint is evidenced by the fact that yearling
reproductive rates are dependent on the timing of birth (Frick et al. 2010a) and post-weaning
foraging conditions (Holroyd 1993; Frick et al. 2010a). Earlier reproductive timing may also
partly explain why little brown bats are now entering hibernation with higher levels of body fat
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(Cheng et al. 2019). While we did not have the data to look at selection for larger offspring,
larger and potentially fatter juveniles that survive may also reproduce earlier and their offspring
may in turn inherit a larger body size, resulting in more higher quality individuals that could also
potentially explain the observed higher recruitment rate.
There is also evidence to suggest that the shift towards earlier age at first reproduction
could be partially explained by warming spring temperatures that allow females to emerge from
hibernation earlier than they could prior to WNS. Spring emergence phenology is correlated with
ambient temperature, hibernacula air flow (Meyer et al. 2016), and falling barometric pressure
(Czenze and Willis 2015). Because successful emergence requires a positive energy balance, a
shift in emergence timing created by warmer spring conditions likely results from either reduced
thermoregulatory costs or improved foraging conditions (Czenze and Willis 2015). There also
appears to be an individual quality component, as adult female bats with higher body condition
index (BCI) emerged earlier in the spring than those with lower BCI and earlier than subadult
(yearling) females (Norquay and Willis 2014). Although data from this study and others (e.g.,
Norquay and Willis 2014) do not show any detectable shift in seasonal arrival to the maternity
sites compared to historical data (Davis and Hitchcock 1965), it is possible that improving early
spring conditions are making emergence and initiation of reproduction more energetically
favorable for all cohorts, including yearlings.
Although spring temperature and precipitation did not show a consistent temporal trend
typical of climate change, variation in both weather variables contributed to inter-annual
variation in reproductive phenology. Mean reproductive timing varied among years by up to two
weeks over the course of the study (Fig. 2.5). Unlike other studies where spring temperature was
more important (Rydell 1989, Ransome and McOwat 1994, Burles et al. 2009, Lučan et al. 2013,
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but see Grindal et al. 1992, Linton and MacDonald 2018), we found that precipitation in April
and May provided a better fit to the reproductive timing data (Fig. 2.5, Table 2.1). May
temperature was also a significant predictor but carried less weight than precipitation. Variation
in reproductive timing related to climate is expected for income breeders (Henry et al. 2002) who
depend on constant food intake during reproduction rather than stored fat reserves. The timing of
reproduction is thought to correspond with insect availability, such that insect abundance peaks
during lactation, when energy demands are highest (Kurta et al. 1989, Racey and Entwistle
2000). The relationships between these weather variables and reproductive timing were the same
pre- and post-WNS arrival when we used the pup DOB data (Fig. 2.5), but not when we used the
adult lactation data, suggesting that there may be influences of both climate change and disease
on annual reproductive timing. These disparate results are most likely a result of differences in
sampling intensity and timing across our study, which we could not avoid, but attempted to
minimize by matching the sampling periods.
Inter-annual variation in spring weather also influenced the synchrony of parturition,
where years with higher precipitation in June had higher rates of synchrony (Fig. 2.6, Table 2.2).
We predicted that reproductive timing would be less synchronous post-WNS due to individual
variation in emergence BCI and wing damage. The higher reproductive rate of yearlings would
also contribute to less reproductive synchrony, as yearlings typically reproduce later than other
age cohorts. The data, however, did not support a significant decrease in reproductive synchrony
following the onset of WNS. It is possible that bats returning late or with more extensive wing
damage were able to compensate for the delay through faster pre-natal growth in May and June
due to warmer temperatures, increasing insect abundance, and reducing the use of daily torpor
(Racey and Swift 1981), however, our data did not allow for measurement of inter-annual or
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inter-individual variation in pre- or post-natal growth rates. If there is compensatory growth, this
would also partially explain why arrival time did not correlate well with estimated parturition
date (Fig. 2.7B).

Effects of arrival time and white-nose syndrome on parturition
While reproductive timing was on average earlier post-WNS than pre-WNS arrival, contrary to
what we predicted, there was considerable variation in the timing of parturition between
individuals. We found that bats with higher levels of wing damage at the time of capture were in
earlier stages of gestation than bats with less wing damage (Fig. 2.8A), independent of when they
arrived at the colony. Individuals arrived at approximately the same time each year (Fig. 2.7A,
which could mean it is an inherited trait, is dependent on individual quality, or is related to
distance from hibernaculum to summer colony. The energy costs in the spring associated with
immune responses to Pd and tissue repair (Archie 2013, Fuller et al. 2020) appear to be
sufficiently high to delay the timing of reproduction at the individual level. However, even
among bats with the same level of wing damage, there was variation in parturition date, which
could be due to mis-classification of gestation stage, differences in capture date, or disparities in
individual quality that would result in differences in arrival time (Fig. 2.7), wing healing rate
(Fuller et al. 2011), or torpor use (Besler and Broders 2019). Energy costs from infection,
however, do not appear to be high enough to force females at maternity colonies to forgo
reproduction altogether nor to delay reproduction at the population level. Wing damage peaks
and heals within three to four weeks of emerging from hibernation (Fuller et al. 2011, Meteyer et
al. 2011, 2012, Fuller et al. 2020), which coincides with early gestation when energy demands
related to reproduction are the lowest (Kurta et al. 1989). Warmer springs would create less need
for torpor and potentially improve insect availability in early spring, reducing foraging costs that
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might otherwise be higher with damaged wings (Fuller 2016). This may be allowing females to
allocate sufficient resources to wing healing during this time without significantly delaying
reproduction.
Although WNS inflicts high energy costs after emergence from hibernation and during
early gestation, our observed rates of reproduction (Fig. 2.2) and survival (see Chapter 3) in both
juveniles and adults suggest that there are no immediate, apparent tradeoffs between
maintenance and reproduction or reproduction and survival. This may be contrary to studies of
trade-offs and the costs of reproduction in wild mammals (Calow 1979). Recent evidence from
European Myotis spp. suggests interspecific differences in reproductive costs on primiparous
female survival as well as in the success of the first reproductive attempt. For most iteroparous
species that can be flexible in their reproductive strategy, yearlings (or primiparous females in
species that take multiple years to reach sexual maturity) that do reproduce generally have much
lower reproductive success than other age cohorts (Green and Rothstein 1991, Derocher et al.
1992, O'Donnell 2002; Culina et al. 2019). For some species, early reproduction had a positive
impact on lifetime reproductive success (Gustafsson and Pärt 1990, Cassinello and Alados 1996)
and allowed individuals to reproduce before succumbing to disease (Jones et al. 2008). However,
reducing the age of first reproduction may result in long-term trade-offs, such as shortened life
expectancy (Reiter and Le Boeuf 1991, Ransome 1995, Wilkinson and South 2002, Desprez et
al. 2014), and can impact offspring quality or the quality of parental care, leading to reduced
offspring survival (Stearns 1989; Ransome and McOwat 1994; Ransome 1995). Further work is
needed in this regional population to determine whether there are short-term or long-term tradeoffs occurring, such as early reproduction and survivorship, which could shorten generation
times, but would have important implications for population growth over time.
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Our study shows that little brown bats have demographically responded to WNS by
shifting their life history to decrease the mean age of first reproduction, while adult females are
continuing to reproduce at high rates despite wing damage caused by WNS. The long-term
nature of this study, combined with the use of known-age and marked individuals, suggests both
inter-annual and inter-individual variation play a significant role in determining parturition date.
Several factors may have contributed to the shift in reproductive phenology, including selection
for higher quality individuals, phenotypic plasticity, and changing spring weather, ultimately
leading to the population advancing the mean date of parturition. Warming spring temperatures
could reduce energy trade-offs and lead to advanced reproductive phenology at the population
level that could offset delays associated with Pd infection at the individual level.
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Table 2.1. Top five multiple linear regression models of climate variables and reproductive timing. Mean lactation date was
estimated from pooled adult reproductive status data and mean date of birth was estimated from little brown bat pup epiphyseal gap
size. Coefficient estimates are shown for each model. Models are ranked by AICc. AM = Apr + May, Spr = Spring, P = total
precipitation, T = temperature, WNS = pre-/post-WNS, K = number of parameters; logLik = log likelihood; wi = model weight.
Intercept

AM P

Spr P

May T

May P

WNS

AM P*
WNS

+

+

Spr P*
WNS

May P*
WNS

K

logLik

AICc

∆AICc

wi

4

-44.93

104.14

0.00

0.92

4

-48.85

111.99

7.85

0.02

2

-52.42

112.34

8.20

0.02

+

3

-51.22

113.11

8.98

0.01

+

3

-51.81

114.30

10.15

0.01

+

3

-38.58

88.24

0.00

0.45

+

3

-39.43

89.93

1.69

0.20

+

3

-40.12

91.32

3.07

0.10

3

-40.36

91.79

3.55

0.08

4

-38.51

92.01

3.77

0.07

Mean lactation date
182.397

-0.019

182.282

-0.012

203.866
171.966

+

+

-1.719
0.036

172.343

0.022

Mean date of birth
172.745

56

171.985

0.046
0.028

193.572
172.276
172.482

-1.235
0.017

+
0.049

+

+

Table 2.2. Top five linear regression models of climate variables and reproductive synchrony
(middle 50% of births). Coefficient estimates are shown for each model. Models are ranked by
AICc. T = temperature, P = precipitation, WNS = pre/post-WNS, K = number of parameters;
logLik = log likelihood; wi = model weight.
Intercept
9.355
9.116
9.272
15.820
17.000

May T

-0.656
-0.775

June P
-0.024
-0.023
-0.024

WNS

June P * WNS

+
+
+
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K
2
3
4
2
3

logLik
-32.26
-31.81
-31.11
-35.10
-33.45

AICc
72.23
74.70
77.22
77.91
77.98

∆AICc
0.00
2.47
4.98
5.67
5.75

wi
0.61
0.18
0.05
0.04
0.03

Table 2.3. Top five linear mixed-effects models of estimated parturition timing with maternity
colony and individual ID as random effects and mass, wing score, and year as fixed effects.
Model sets were created with and without fungal load data from wing swabs tested for the
causative agent of white-nose syndrome, Pseudogymnoascus destructans (Pd). Coefficient
estimates are shown for each model. Models are ranked by AICc. K = number of parameters;
logLik = log likelihood; wi = model weight.
Intercept Pd Load Mass
Without Pd swab data
185.438
-2.578
177.244
-1.284
164.244
203.016
-3.374
168.497
With Pd swab data
185.438
-2.578
187.768
0.954
-2.342
171.436
2.091
187.865
3.222
-0.899
179.670
3.422

Wing Score

Year

K

logLik

AICc

∆AICc

wi

+
+
+

+

10
7
6
2
4

-1231.50
-1262.90
-1266.58
-1295.73
-1304.23

2490.12
2546.47
2551.70
2601.63
2622.80

0.00
56.34
61.58
111.51
132.68

1.00
0.00
0.00
0.00
0.00

10
11
10
8
7

-1231.50
-1230.56
-1241.50
-1250.29
-1252.20

2490.12
2490.42
2510.12
2523.38
2525.06

0.00
0.29
20.00
33.25
34.93

0.54
0.46
0.00
0.00
0.00

+
+
+
+
+
+

+
+
+
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Figure 2.1. Map of little brown bat (Myotis lucifugus) maternity colonies studied for 4–16 years
between 1993–2019, pre-white-nose syndrome (WNS) arrival in orange and post-WNS arrival in
green. Diamonds are weather station locations (www.ncdc.noaa.gov) used to create a regional
climate summary. Stars represent known hibernacula for bats from these maternity colonies.
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Figure 2.2. Boxplots of annual reproductive rates for little brown bat (Myotis lucifugus) yearlings
(banded as juveniles and recaptured the following year) and adults, captured pre- and post-WNS
from 1993–2019. Lowercase letters show significant differences between groups based on
Tukey’s multiple comparison of means.
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Figure 2.3. Correlation between mean date of birth estimated from little brown bat pup
epiphyseal gap size compared to mean lactation date estimated from pooled adult reproductive
status data. Bats were captured at maternity colonies in New England from 1993–2019. Each dot
shows a year when both sets of data were available. The light gray dashed line shows a 1:1
reference line. The solid line is a linear regression and the black dashed line has the same slope
as the regression, but with a y-intercept seven days earlier. The gray ribbon is the 95%
confidence interval.
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Figure 2.4. Reproductive phenology of little brown bats at maternity colonies in New England
based on the proportion of pregnant (open triangles, dashed lines) and lactating bats (open
circles, solid lines) out of the total number of adult females captured on a given sampling night.
Adult reproductive data from pre- and post-WNS were pooled. Curves are non-linear least
squares fits to the data. The intersection between the pregnancy and lactation curves represents
the median parturition date.
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Figure 2.5. Relationships between reproductive timing and climate variables for little brown bats
in maternity colonies in New England pre- and post-WNS. Mean lactation date (A & B) was
estimated from pooled adult reproductive status data and mean date of birth (C & D) was
estimated from little brown bat pup epiphyseal gap size. Total April and May precipitation (A &
C) and mean May temperature (B & D) are regional means calculated from six weather stations
in the study area. Regression lines are in color when pre-/post-WNS was a significant factor in
the multiple linear regression model and in black when not significant.
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Figure 2.6. Reproductive synchrony of the middle 50% of births in little brown bats pre- and
post-WNS related to A) mean June precipitation and B) mean May temperature. Date of birth
was estimated from pup epiphyseal gap size. Mean June preciptation and May temperature are
regional means calculated from six weather stations in the study area. Regression lines are in
color when pre-/post-WNS was a significant factor in the multiple linear regression model and in
black when not significant.
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Figure 2.7. For two little brown bat colonies in New England, the relationship between timing of
arrival A) for individuals between years and B) estimated parturition date based on gestation
stage at time of capture. Arrival time is the earliest passive integrated transponder tag detection
of the year. In A, the solid line is a linear regression and the dashed gray lines represent a 1:1
reference line. In B, bars show length of time for the estimated gestation stage (+/– 0.5 to 1.5
weeks) and the dashed gray lines are 40-, 50-, and 60-day gestation periods, assuming gestation
is initiated upon arrival at the maternity colony. The open diamond is the estimated date of birth
for the pup of the female first detected on April 28 (red point directly above).
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Figure 2.8. Timing of parturition assessed by gestation stage at time of capture for little brown
bats captured post-WNS (2016–2019) in New England maternity colonies in relation to A) wing
damage due to WNS, assessed by wing score from 0 to 3; B) bat mass at time of capture; C)
fungal load of the causative agent of white-nose syndrome, Pseudogymnoascus destructans (Pd);
and D) sampling year. Lower case letters indicate significant differences between groups based
on results from Tukey’s multiple comparison of means. Solid lines in B and C are linear
regression best-fit lines by year.
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CHAPTER 3
RETURN OF THE LITTLE BROWN BAT: LONG-TERM SURVIVAL AND POPULATION
RECOVERY IN A WHITE-NOSE SYNDROME-IMPACTED SPECIES

Abstract
Effective conservation of disease-impacted wildlife populations depends on understanding both
the immediate and long-term effects of disease on demographic rates. Little brown bat (Myotis
lucifugus) populations in the Northeastern United States have declined by over 90% since the
emergence of white-nose syndrome (WNS), leaving small, remnant populations. Despite
repeated exposure to Pseudogymnoascus destructans (Pd), the fungal pathogen that causes WNS,
individuals are surviving and some colonies are persisting and even growing. To understand how
demographic rates have changed over time, we conducted a 14-year mark-recapture study at
eight summer maternity colonies in New England, close to the WNS epicenter. Our banding
study showed that survival rates crashed upon Pd invasion and have since increased and
stabilized at rates similar to or higher than survival rates pre-WNS. In all years, adult survival
rates were higher than those of juveniles, and survival rates varied between sites. We also
documented long-term survival, with some individuals living for at least 10–12 years.
Combining the mark-recapture data with up to 13 years of emergence count data, we created
integrated population models for three colonies, and extrapolated them as population viability
analyses under different management scenarios. Since WNS became established in the region,
mean growth rates for all three colonies were above 1 and population projections suggested
colony growth into the future, even without additional human intervention beyond current
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management efforts. This study provides evidence of regional population growth and suggests
that management efforts targeted at slower-growing colonies, such as summer roost or habitat
enhancement, will further ensure recovery for the little brown bat.
Introduction
Wildlife populations naturally fluctuate over time due to environmental and demographic
stochasticity (Seber 1982, Morris and Doak 2002, Mills 2013). Novel threats, such as emerging
infectious diseases, can have immediate and catastrophic impacts on population size (Daszak et
al. 2000, Fisher et al. 2012), sometimes leading directly to extinction or leaving small, remnant
populations that are more vulnerable to extinction (De Castro and Bolker 2005, McKnight et al.
2017). Compensatory demographic responses (Coulson et al. 2004), behavioral adaptations
(Langwig et al. 2012), or the evolution of resistance or tolerance to the pathogen (Gonzalez et al.
2013, McKnight et al. 2017) may allow populations to stabilize, even when pathogen prevalence
remains high (Scheele et al. 2017, Frick et al. 2017). For these persisting populations, the longterm effects of disease on demographic rates and viability can be hard to disentangle from
changes in pathogen virulence or host evolution (De Castro and Bolker 2005). Long-term
monitoring may be required to see changes in demographic rates, life history (Scheele et al.
2017, Lazenby et al. 2018), or population growth (Newell et al. 2013).
White-nose syndrome (WNS) is a recently emerged infectious disease that is caused by
the fungal pathogen Pseudogymnoascus destructans (Pd; Lorch et al. 2011, Warnecke et al.
2012). Since its discovery in upstate New York in the winter of 2006–2007 (Blehert et al. 2009),
WNS has killed millions of bats and now threatens the extinction of several hibernating bat
species in North America (Frick et al. 2017). Pd quickly spread throughout much of the
Northeastern United States and has been present in some hibernacula there for over a decade

68

(whitenosesyndrome.org). Little brown bats (Myotis lucifugus) have been heavily impacted, with
population declines of >75% observed in winter hibernacula (Frick et al. 2010b, Turner et al.
2011) and during the summer (Dzal et al. 2011, Brooks 2011, Dobony et al. 2011). Extensive
studies of little brown bats in this region prior to and after the emergence of WNS makes them an
ideal candidate to study the long-term impacts of disease on population dynamics and recovery.
Work at summer maternity colonies in the Northeast since WNS has shown that
individuals are surviving Pd infection and reproducing (Fuller et al. 2011, Dobony et al. 2011,
Reichard et al. 2014, Dobony and Johnson 2018, Chapter 2). Although some maternity colonies
have disappeared, others have stabilized, resulting in fewer and smaller colonies. Some winter
sites are also persisting (Maslo et al. 2015, Langwig et al. 2017) and even increasing (Frick et al.
2017), which suggests a regional transition into the established phase of disease invasion
(Langwig et al. 2015a). Persistence may be the result of evolved resistance or tolerance to Pd
(Langwig et al. 2017, Frick et al. 2017) with the potential for evolutionary rescue (Maslo et al.
2015), but there has been little work on the demography of these persisting colonies (Dobony et
al. 2011, Dobony and Johnson 2018) and possible compensatory responses to WNS.
Compensatory demographic responses are important to understand for management and
conservation, yet are not always taken into account in population models. Context-dependent
management strategies, such as facilitating demographic rates (e.g., increasing survival),
promoting the evolution of resistance, and reducing secondary stressors (Kilpatrick 2006,
Langwig et al. 2015a) depend on a solid understanding of current demographic rates as well as
the potential impacts of management strategies on those demographic rates. Significant
differences in vital rates can exist between healthy and declining populations or between
populations before and after disease emergence (Johnson et al. 2010), so relying on previous
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demographic rates in population models could create misleading results. However, obtaining
adequate, long-term data on small, disease-impacted populations, can be a challenge (Beissinger
and Westphal 1998), which sometimes necessitates using old, short-term, or sparse data to try to
inform management strategies. Several previous studies on little brown bat population dynamics
related to WNS have relied on published or estimated vital rates from before or immediately
after the emergence of WNS (Frick et al. 2010b, Erickson et al. 2014, Maslo et al. 2015, Russell
et al. 2015, Fletcher et al. 2020) to estimate population viability and future population
trajectories. Ours is the first study to incorporate long-term changes in demographic rates postdisease invasion in population models and future projections.
For little brown bats, WNS has not resulted in immediate extirpation, however, the
population may still be vulnerable and the full impact of WNS on demographic rates remains
unknown. In this study, we used mark-recapture data from summer maternity colonies monitored
as early as 2006, just prior to WNS invasion, to the present to estimate survival rates in a
Cormack-Jolly-Seber (CJS) framework. We also combined the mark-recapture data with
emergence counts and annual reproductive rates in integrated population models (IPM) to
estimate annual survival and colony growth rates (Besbeas et al. 2002, Schaub and Abadi 2010)
at three different sites. IPMs allow the estimation of certain demographic parameters even when
there are missing data or mis-matching timeframes. Combining these data in a Bayesian
hierarchical framework enables improved precision of demographic rates and adequately
incorporates process and observation error from all data sets into one model (Schaub and Abadi
2010, Zipkin and Saunders 2018). An IPM can also easily be modified into a population viability
analysis (PVA) and used to evaluate potential management strategies (Schaub and Abadi 2010).
To our knowledge, this is the first study to conduct a PVA on a bat species using an IPM. We
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evaluated the effectiveness of a range of improvements in survival rates for adults, juveniles, or
both on colony size projections, taking into account inter-colony differences. Our aim was to
better inform future population models and help target conservation measures to best support the
recovery of little brown bats in the region.
Methods
Study sites
We conducted fieldwork from 2006 to 2020 at eight little brown bat maternity colonies in New
England. Seven of the colonies roosted in large wooden barns on private property while the
eighth roosted in a specially built bat shed in a state park. A variable number of big brown bats
(Eptesicus fuscus) also roosted in several of the barns and a few eastern small-footed bats
(Myotis leibii) were captured at the Milford colony. Previous banding efforts (Griffin 1940,
Davis and Hitchcock 1965) as well as genetic work (Burns and Broders 2014, Vonhof et al.
2015, Wilder et al. 2015) suggest that the little brown bats in this study are part of one large
population. Bats have been tracked between a few hibernacula in Vermont and New York and
summer colonies throughout a large part of New England (Griffin 1940, Davis and Hitchcock
1965, Reichard et al. 2014). Along with band recaptures during our study, the evidence suggests
that a substantial number of bats from these summer colonies are hibernating in or near Mt.
Aeolus in Vermont, which was first detected as positive for Pd in the winter of 2007–08, while
some may be hibernating in alternate locations, such as Eagle Cave in New York (see Fig. 2.1).

Bat capture and Pd sampling
Bats were captured at maternity colonies between May and September. The first year of trapping,
number of captures per year, and the number of capture years varied widely between sites (Fig.
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3.1, Table 3.1). We used harp traps (Bat Conservation & Management, Carlisle, Pennsylvania) to
capture bats either at emergence or upon return to the roost and held them in individual paper,
mesh, or cloth bags before processing. All individuals were identified to species, sexed, and
measured for mass and forearm length. An epiphyseal gap (Kunz & Anthony 1982), darker fur
coloration, and epiphyseal gap shape (Davis & Hitchcock 1965) were used to distinguish
juveniles from adults. For adults, we assessed bats for reproductive status as pregnant, lactating,
post-lactating, or non-reproductive (Racey 2009). All individuals were banded with aluminum
alloy lipped 2.9 mm bands (Porzana Limited, East Sussex, UK).
From 2016–2019, we assessed wing damage due to WNS using a modified version of the
wing damage index (Reichard and Kunz 2009) and swabbed the right wing and muzzle of a
subset of bats following Langwig et al. (2015b). From 2018–2019, we also swabbed roost
surfaces before the bats returned in the spring, throughout the summer, and after the bats
departed in the fall. We used sterile polyester swabs dipped in sterile deionized water and stored
them in RNAlater. Swabs were tested for Pd presence and load following Muller et al. (2013). At
two sites, Charlestown (2017) and Lincoln (2017–2019), a subset of bats were implanted
subcutaneously with 9 mm passive integrated transponder (PIT) tags (HPT9, Biomark, Boise,
Idaho). These two sites were monitored with PIT tag readers (HPR Plus, Biomark, Boise, Idaho)
from early April to early October (Charlestown: 2017–2019 and Lincoln 2017–2020).

Emergence counts
Emergence counts can provide highly reliable estimates of maternity colony size on a given
night, assuming all openings are being watched and there are fewer than 1000 individuals (Kunz
and Reynolds 2003). From 2016–2019, emergence counts were conducted at seven sites in the
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evening immediately before each capture event. Prior to 2016, the number of emergence counts
varied widely between sites (Table 3.1, Fig. 3.1). We conducted emergence counts by sitting or
lying beneath an exit point in order to silhouette bats against the sky (Kunz 2003, Kunz and
Reynolds 2003) and counted bats entering and exiting the roost. The emergence was considered
complete after no bats had emerged for approximately 10 minutes. When present, big brown bats
were included in the total count as they could not always be reliably distinguished from little
brown bats. Volunteers conducted emergence counts at Charlestown (2009–2016) and Newfane
(2013–2015). These counts were shorter than our average count or only included bats emerging
from one opening when there were two. We corrected their counts by approximating the
percentage of missed bats using counts that we conducted from 2017–2019 at the same sites
during the corresponding times of year.
Near infrared (IR) cameras (Lorex Technology, Inc., Markham, Canada or AXIS
Communications, Lund, Sweden) were set up to record nightly from approximately 7–10 pm at
four colonies: Charlestown (2017–2019), Lincoln (2010–2020), Newfane (2017–2019), and
Paxton (2009–2011). Emergence counts were conducted from the IR videos and, when available,
compared to field counts from the same night. Overall, field counts were higher by 6.8 +/– 15.7
SD bats, but were highly correlated with video counts (Fig. 3.2). As field and video counts were
similar and neither were consistently available throughout the study, we considered counts from
the two methods interchangeable. Counts from early- to mid-June, a relatively stable period
during which adult females are all present and juveniles are not yet volant (Kunz and Anthony
1996, Kunz 2003, Kunz and Reynolds 2003), were used to represent annual adult colony size.
When both field and video counts were available for early- to mid-June in a given year, the
highest count was used.
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Climate data
We calculated seasonal weather variables for each colony using daily temperature and
precipitation data from the closest available weather station (www.ncdc.noaa.gov; see Fig. 2.1).
We considered the summer active season to be April to October and the winter hibernation
season to be November to March (Frick et al. 2010a). From each weather station, we calculated
total precipitation (mm) by season, mean daily minimum temperature in the winter, and mean
daily average temperature during the summer. Lastly, we calculated seasonal severity indices by
summing the number of days when average temperature was below 10°C, when insects are less
active and bat foraging is reduced (Anthony et al. 1981).

Mark-recapture data
Band recaptures and PIT tag detections were used to construct individual capture histories,
consisting of a 1 if captured/detected and a 0 if not captured/detected in a given time period. For
the banding data, multiple capture sessions within a summer were condensed into one occasion
for estimates of annual survival. Detections of PIT-tagged bats within each summer were divided
into four sessions, two before and two after juveniles became volant. Separate sets of detection
histories were created for each colony. Males disperse on the landscape and are rarely captured at
maternity colonies (Davis & Hitchcock 1965; Humphrey & Cope 1976), so they were excluded
from the mark-recapture data.
Goodness-of-fit (GOF) for the banding data was assessed using U-CARE v2.3.4
(Choquet et al. 2009). U-CARE does not accept age-based groups, so adults and juveniles were
combined (Gimenez et al. 2018). The model we assessed included an interaction between colony
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(g) and time (t) for both survival (𝜙) and recapture (p): 𝜙(t*g)p(t*g). The global test indicated a
2

good fit of this model to the data (χ = 92.61, df = 112, P = 0.91) and slight underdispersion (𝑐̂ =
2

χ /df = 0.827), so we did not adjust the AICc values (Cooch and White 2019). There was
evidence of trap-dependence in only one colony (Charlestown; standardized log-odds-ratio =
2.41, P < 0.05, signed statistic = 2.18 (>0 indicates trap-shyness)), however the overall test was
2

not significant (Test2.CT: χ = 8.84, df = 4, P = 0.07). There was also evidence of transience in
one colony (Milford; standardized log-odds-ratio = 3.03, P < 0.01), but the overall test was not
2

significant (Test3.SR: χ = 10.05, df = 8, P = 0.26). We accounted for transience by structuring
our model to include young transitioning to adults after one year (Pradel et al. 1997, Cooch and
White 2019). There is currently no clear method for assessing GOF of robust design models;
typically, secondary sessions are collapsed within primary sessions, resulting in a CJS-type
model (Kendall 2018). For the PIT-tag data from Lincoln, we collapsed the capture histories into
annual occasions and tested the fully time-dependent model in U-CARE. We found no evidence
2

for lack of fit (χ = 4.84, df = 2, P = 0.09).

Mark-recapture models
All mark-recapture models were analyzed in R v3.6.1 (Team 2018) using the RMark package
v2.2.7 (Laake 2013, Laake and Rexstad 2017), calling Program MARK (White and Burnham
1999). We estimated survival and recapture probabilities from the banding data using a CJS
model (Cooch and White 2019). Our data were too sparse to estimate all of the parameters in the
global model with full age- (a), time-, and colony-dependence, so we reduced model complexity
in a stepwise fashion to the model 𝜙(t*a+g)p(t+a+g). We fixed p to zero when there was no
trapping at a site in a given year, including years before trapping was initiated at each site. The
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additive structure of the colony term in the model permitted estimation of survival for years
before trapping was initiated at each site, however, we discarded these estimates from the results.
We first accounted for potential temporal differences in recapture rate by comparing
models with time-dependence, site-specific capture effort (number of trapping nights per year),
and a site-specific capture index (total bats captured divided by the number of trapping nights per
year). The three models were ranked on the basis of the Akaike Information Criteria corrected
for small sample size (AICc). Time-dependence had the most support (ΔAICc = 52.83 between
first and second models) and was used for all subsequent models. We then created an a priori set
of additional models with age, colony, and time variables to explain variation in recapture rate,
keeping the survival model the same. The recapture model with the lowest AICc value was then
used to select the best model for survival. We again built an a priori set of candidate models with
age, colony, and time variables to explain variation in survival. We also included models where
adult survival was allowed to vary over time while juvenile survival was constant, and we
considered a linear time trend. We ranked models by AICc and if the ΔAICc value was greater
than two from the top model, we considered that model to have substantially less support
(Burnham and Anderson 2002).
Influences of disease and climate on survival were explored in two separate sets of
models. In the first set, we compared models with different timelines for Pd invasion in our study
area, following the invasion phase designations from Langwig et al. (2015a): pre-arrival,
invasion front, epidemic, and established. We used our colony count data and Pd spread data
(whitenosesyndrome.org) to create four different timelines, all of which had 2006 as the prearrival phase and 2007 as the invasion front phase. We varied the start of the epidemic phase
between 2009 and 2010 and the start of the established phase between 2011 and 2012. In one
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timeline, we considered the invasion front and epidemic stages to be simultaneous. Survival was
held constant during each invasion stage, but could potentially vary by additive effects of age
and/or colony. In the second set of survival models, we tested a suite of weather covariates.
Environmental conditions, such as rainfall, have been shown to be important predictors of bat
survival (e.g., Frick et al. 2010a, O'Shea et al. 2011). Spring and fall severity, summer and winter
precipitation, and mean winter and summer temperature were tested along with colony and age
covariates. Models without weather covariates were also included in the model set.
Using the PIT tag detections, we estimated survival (S) using the Huggins robust design
model (Huggins 1989), which uses a conditional-likelihood approach and does not include
population size as a parameter within the model likelihood. The robust design (RD) combines
open and closed population models by including multiple secondary capture sessions within
primary capture sessions, between which the population is considered open. This allows the
simultaneous estimation of temporary emigration, apparent survival, and recapture probabilities
(Kendall and Nichols 1995, Kendall et al. 1997, Kendall 2018). We again employed a stepwise
model selection procedure and first tested combinations of age, time, and colony variables for
recapture and within-primary session recapture rate (c). Then we tested for parameters
representing the probability of temporarily emigrating away from the colony (𝛾 !! ) as well as the
return rate of temporary emigrants (1 – 𝛾 ! ). Lastly, we tested models for survival and ranked
models by AICc.

Integrated population models
Mark-recapture data were combined with annual emergence count (Fig. 3.1) and reproductive
data to build separate IPMs for three of the eight colonies: Charlestown, Lincoln, and Paxton.

77

These three sites had the longest and most consistent count data available, had few to no big
brown bats, and represented a range of colony size trends from stable, to moderately increasing,
to rapidly growing. Though the count and mark-recapture datasets were obtained from the same
colonies, different sampling protocols were used, which should minimize bias and adequately
ensure independence (Abadi et al. 2010).
Emergence count data were used in a state-space model, which takes into account the
state process (the true, but unknown population size at different times described by the
demographic parameters) and the observation process (observation error; Schaub and Abadi
2010). Colony size in a given year (yt) was modeled with a normal distribution,
𝑦$ ~ 𝑁𝑜𝑟𝑚𝑎𝑙(𝑁%,$ + 𝑁',$ , 𝜎 # )
where 𝜎 # is the observation error, Nj is the number of one-year-old (yearling) females, and Na is
the number of 2+ year-old females in the colony.
Capture-recapture data were used in a CJS model with time-dependent recapture and agedependent survival (juvenile survival Sj and adult survival Sa) that was allowed to vary by Pd
invasion phase, using the best supported timeline from the mark-recapture models described
above. For the three colonies we chose, there were no pre-invasion mark-recapture data
available. We used constant survival rates for the invasion front and epidemic phases as they had
only 1–3 years of data. For the established phase, we allowed for random time effects, which
also enabled future population projection. Without accounting for invasion phase, the mean
survival rate used for population projection would have been lower and the variation larger due
to the inclusion of the initial low survival rates and high colony declines. Capture histories were
summarized into m-arrays, one for juveniles and one for adults, taking into account the transition
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from juvenile to adult after one year (Kéry & Schaub 2012). We modeled survival and recapture
following a multinomial distribution,
𝑚 ~ 𝑀𝑢𝑙𝑡𝑖𝑛𝑜𝑚𝑖𝑎𝑙(𝑅 , Π)
where R is the number of marked individuals released each year and Π is a function of survival
and recapture probability (Kéry & Schaub 2012).
The number of reproductive adults was used as a measure of fecundity since little brown
bats typically only have one pup per year (Fenton and Barclay 1980). Bats captured early in the
season were excluded as their reproductive status could not always be reliably determined. We
pooled reproductive data across sites as it was not available for each site in all years. Mean
juvenile reproductive rate post-WNS arrival is not significantly different than adult reproductive
rate (see Chapter 2), therefore we assumed the same fecundity for adults and juveniles in this
analysis. Adult females show high fidelity to their maternity colonies, returning year after year to
reproduce (Hall et al. 1957; Davis & Hitchcock 1965; Humphrey & Cope 1976; Norquay et al.
2013), with little evidence for temporary emigration (Frick et al. 2010a). Recent evidence
suggests that yearling females are now returning to their natal colonies at higher rates than preWNS (see Chapter 2), so we assumed a breeding propensity of 1 for both age classes (Frick et al.
2010a). The number of reproductive females (J) in year t was modeled with a binomial
distribution as a function of the total number of females examined (B) and fecundity (f):
𝐽$ ~ 𝐵𝑖𝑛𝑜𝑚𝑖𝑎𝑙(𝐵$ , 𝑓$ )
Demographic rates were linked to the number of individuals of each age class within a
colony with a female-based, pre-breeding, 2 x 2 stage population projection model (Fig. 3.3).
Fecundity was divided by two, assuming an equal offspring sex ratio (Reynolds 1999), to include
only female offspring. The contributions of yearlings (Nj) and adults (Na) at time t to the size of
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each colony segment in year t + 1 were modeled with Poisson and binomial distributions,
respectively:
𝑁%,$() ~ 𝑃𝑜𝑖𝑠𝑠𝑜𝑛((𝑁%,$ + 𝑁',$ ) ∗ 𝑆%,$ ∗

𝑓$
)
2

𝑁',$() ~ 𝐵𝑖𝑛𝑜𝑚𝑖𝑎𝑙(𝑁%,$ + 𝑁',$ , 𝑆',$ )
Juvenile survival, as modeled here, encompasses the entire period from birth to the following
summer. We assumed that all pups survived to volancy, which is supported by the low observed
rate of pre-weaning mortality (Chapter 2). Total population size in year t was the sum of the
number of adults and yearlings:
𝑁$*$,$ = 𝑁%,$ + 𝑁',$
We derived annual growth rate (𝜆$ ) along with credible intervals within the IPM as:
𝜆$ = 𝑁$*$,$() ⁄𝑁$*$,$
and calculated a geometric mean growth rate to compare among colonies.
The overlapping parameters among the three datasets represent the integration of the
three sub-models (Fig. 3.4). The product of the component likelihoods is the joint likelihood of
the model, which is informed by the priors and from which the posterior samples were generated
(Kéry & Schaub 2012). We used vague uniform priors U(0,1) for the survival, recapture, and
productivity parameters, which ensures that the posterior distribution is driven by the data. For
the hyperpriors for the random effects, representing standard deviation, we used uniform priors,
U(0,5) for the demographic parameters and U(0.5,50) for the observation error. For initial
population size, we used informative priors to improve model convergence (Schaub and Abadi
2010). For the starting population size of the yearling and adult age classes, we used normal
priors truncated to positive values where adults were 60% and yearlings were 40% of the colony
count in the first year (Fletcher et al. 2020).
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Population viability analysis and management strategies
We incorporated a population viability analysis into two of the IPMs by extrapolating the model
for an additional 10 years. We projected colony size for only 10 years, to 2030, as uncertainty
rapidly increases when projecting farther into the future. The mean demographic rates from the
established phase along with their temporal variability were used to project the population
forward in time in a stochastic manner while accounting for all of the uncertainty in each
parameter (Kéry & Schaub 2012). Within each PVA we incorporated three different
management strategies: 1) increase juvenile survival, 2) increase adult survival, and 3) increase
both juvenile and adult survival. Proportional increases of 5, 10, and 20% on the log scale were
evaluated for each strategy. For each strategy and each proportional increase, we evaluated the
effect on the final colony size after 10 years. Management strategies were compared to the
“status quo”, or no additional action, to assess their relative effectiveness.

Statistical analysis
IPMs were fit in a Bayesian framework and implemented in JAGS (Plummer 2003) via R (R
Core Team 2018) using the R2jags package (Su and Yajima 2020). We used Markov Chain
Monte Carlo (MCMC) simulations to calculate the posterior distributions for the parameters of
interest. Models were run for 30,000 iterations with a burn-in of 5,000 iterations and thinning to
every 5 iterations. We visually examined traceplots and considered convergence achieved if all
R-hat values were < 1.1 (Gelman and Rubin 1992). Parameter estimates are presented below
along with 95% credible intervals (CRI), which represent the highest posterior density intervals
(Kéry and Schaub 2012).
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Results
Population monitoring
We conducted trapping on a total of 188 nights at eight maternity colonies between 2006 and
2019, with the number of trapping events ranging from 0–9 per colony in a given year. The
number of years of trapping at each colony ranged from 4–10 (Fig. 3.1). We captured and
banded 3,344 unique female little brown bats, 2608 as adults and 736 as juveniles. The number
of unique females banded at each colony ranged from 210–606 (Table 3.1), with the number
banded at a colony in a given year ranging from 9–282 individuals. We recaptured 557
individuals banded as adults and 117 individuals banded as juveniles a total of 867 times, 212 of
which were same-summer recaptures (bats were captured twice or more in the same summer).
Over the study, we captured 10 individuals that were banded as adults between 2006 and 2009
that were at least 10–12 years old at the time of recapture. We captured 54 adult and 479 juvenile
male individuals, with only 12 total recaptures of male bats.
Emergence counts were conducted in the field or from infrared video 1–38 times per
summer at seven of eight colonies beginning as early as 2008 (Table 3.1). From these, we had a
total of 59 emergence counts that were conducted from early- to mid-June that were used as an
estimate of annual adult colony size (Figs. 3.1 & 3.5). The colony count data showed declines in
three colonies from 2008 to 2011, after which colony size appeared to stabilize for some colonies
and increase at others (Fig. 3.5). Colony size in 2020 ranged from 170–735 adult female bats.
The two smallest colonies, Pepperell and Milford, also contained the largest number of big
brown bats, estimated to comprise 30–50% of the total number of bats.
We PIT-tagged 71 female little brown bats at the Lincoln colony between 2017 and 2019,
57 as adults and 14 as juveniles. From June 2017 to June 2020, we detected these individuals
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over 17,000 times. All PIT-tagged bats that were physically recaptured had retained their tags, so
we have no direct evidence of tag loss (all tagged bats were also banded), however, there is
evidence that detection of PIT tags was not perfect. In 2019, we recaptured two bats tagged in
2017 that had no or very few detections in 2018 and 2019, but we were able to read their tags
with a handheld PIT tag reader, suggesting that they may have consistently been using an
alternate opening or were temporarily absent. At the Charlestown colony, we PIT-tagged 29
females in 2017, 25 as adults and four as juveniles. We detected these bats over 17,000 times
from June 2017 to September 2019.
We swabbed 1414 bats from 2016–2019 to test for Pd and found that in most years,
prevalence was nearly 100% in mid-May, when our sampling began, and declined to 25% or less
by mid- to late-June (Fig. 3.6A). From 521 roost swabs collected in 2018–2019, over half
contained detectable Pd throughout the year (Fig. 3.6B). For both wing and roost swabs,
however, we may have been detecting remnant DNA and not viable fungal spores. Pd loads on
bats and roost surfaces both declined over the course of the summer (Figs. 3.6C & D).
Prevalence and load patterns were similar between years. Together with data from previous
studies at summer maternity colonies and winter hibernacula (Langwig et al. 2015b, Frick et al.
2017), these results suggest that Pd is persisting in hibernacula and has not diminished over time.
As in Langwig et al. (2015) and Dobony et al. (2018), we found that bats are not avoiding being
re-infected each winter and are carrying Pd to their summer colonies. From these data, we
therefore assumed that all the bats in our study were annually infected with Pd and did not
attempt to model survival as a function of Pd status, fungal load, or wing damage.
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CJS and robust design models
Our CJS model selection procedure resulted in an additive model for both survival and recapture
with age, time, and colony covariates (Table 3.2). We could not reliably estimate survival in
2010 and 2014 from any model due to data sparseness, so these years were removed from the
results. Survival estimates for adults in 2006 (Framingham: 0.53, 95% CI 0.11–0.91; Milford:
0.62, 95% CI 0.30–0.86) were similar to pre-WNS rates reported in Frick et al. (2010a). Between
2006 and 2008, survival rates sharply declined to 0.18 (95% CI 0.04–0.53) in Framingham and
0.23 (95% CI 0.12–0.40) in Milford. After 2008, survival rates gradually increased until 2012
then remained relatively stable until 2017 when they fell slightly (Fig. 3.5). Juvenile survival was
lower than adult survival in all years and for all sites by an average of 0.19 +/– 0.06 SD (range
0.07–0.26).
The disease invasion models showed the most support for a Pd invasion timeline
separated into four phases, pre-invasion in 2006, invasion front in 2007, epidemic from 2009 to
2011, and established from 2012 and on (Table 3.3). Survival rates for adults were 0.61 (95% CI
= 0.29–0.85) pre-invasion, lowest during the invasion front (0.21, 95% CI = 0.12–0.33),
significantly higher in the epidemic phase (0.64, 95% CI = 0.56–0.71), and significantly higher
still in the established phase (0.88, 95% CI = 0.84–0.92; Fig. 3.8). Juvenile survival was lower
than adult survival, increasing from 0.07 (95% CI = 0.03–0.16) during the invasion front to 0.35
(95% CI = 0.23–0.49) in the epidemic phase and to 0.70 (95% CI = 0.55–0.81) in the established
phase (Fig. 3.8). No juveniles were banded in 2006, so we could not estimate juvenile survival
rate pre-WNS.
The climate models suggest that the demographic response to WNS has overwhelmed
any clear relationship between survival and inter-annual variation in spring weather. The model
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with just time-dependence received 100% of the model weight, whereas models including a
weather variable received 0% of the model weight and a ΔAICc of at least 33.93 (Table 3.4).
Even when we examined the second ranked model with summer precipitation further, we found
that while there was a negative correlation between summer precipitation and survival, summer
precipitation was also negatively correlated with year. The time-dependent model shows that
survival was increasing over this same time period, suggesting that summer precipitation was not
the primary driver of survival patterns.
Using the PIT-tag detections from the Lincoln colony, the RD model with age-dependent
survival had the most support (Table 3.5). Adult survival was 0.78 (95% CI = 0.70–0.85) and
juvenile survival was 0.50 (95% CI = 0.26–0.74). For the Charlestown colony, all models had a
ΔAICc value < 2.5 from that of the top model (Table 3.5). Interestingly, the age-dependent
model survival estimates were very similar to those from the Lincoln colony, though with wider
confidence intervals. Adult survival was 0.76 (95% CI = 0.62–0.86) and juvenile survival was
0.50 (95% CI = 0.12–0.88).

Integrated population models
The IPMs for the Lincoln, Charlestown, and Paxton colonies showed that the estimated colony
sizes had high precision and largely matched our emergence counts (Fig. 3.9). Mean fecundity
was approximately 0.95 for all three colonies, which was expected given that we used the same
reproductive data for each IPM and the observed reproductive rates were consistently high (see
Chapter 2). We found similar trends in apparent survival estimates between colonies over time
(Fig. 3.9) and, for the Lincoln colony, similar survival estimates for 2016 to 2019 to those from
the CJS and RD models (Fig. 3.10). The Paxton colony was the only one with a colony count in
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2008 during the invasion front, but did not have corresponding banding data. We found that
survival was low for both juveniles (0.31, 95% CRI = 0.01–0.62) and adults (0.13, 95% CRI =
0.01–0.28) in 2008 (Fig. 3.9). During the epidemic phase, we estimated survival as a constant for
all colonies due to little or no available mark-recapture data. We found that survival for both age
classes was greater than 25%, though the credible intervals for juveniles in Lincoln and Paxton
were wide. During the established phase, adult survival was generally > 75%, while juvenile
survival estimates were more variable and less precise (Fig. 3.9). The dip in juvenile survival for
the Lincoln colony in 2017 may be due to few juveniles being banded in 2017 and none of them
being recaptured in 2018 or 2019. The CJS and RD models suggest that juvenile survival was
closer to 50% in 2017 (Fig. 3.10).
Colony growth rates likewise increased between the epidemic and established phases.
Geometric mean growth rates (𝜆J) during the epidemic phase were 0.75 or less for Lincoln and
Charlestown and close to 1 for Paxton. During the established phase, the credible intervals did
not cross 1 in most years, indicating that the colonies were definitely growing (Fig. 3.9). Mean
geometric growth rates calculated from the epidemic phase only indicated that, as expected, the
Paxton colony had the highest mean growth rate (𝜆J = 1.17 +/– 0.08, range: 1.04–1.28), while
Charlestown (𝜆J = 1.14 +/– 0.09, range: 1.01–1.27) and Lincoln (𝜆J = 1.10 +/– 0.08, range: 0.96–
1.17) had lower mean growth rates. A retrospective analysis showed that for the Paxton colony,
adult survival had the highest correlation with colony growth rate (Fig. 3.11) suggesting that
variation in adult survival rate contributed more to variation in colony growth rates from 2008 to
2019 than variation in juvenile survival or fecundity.
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Population viability analysis and management strategies
Our PVAs for both colonies suggest that increasing both juvenile and adult survival results in a
larger colony than increasing adult or juvenile survival alone, which had about the same impact
on colony size projections. Increasing adult and juvenile survival by 10% on the log scale
resulted in colony sizes in 2030 that were 70 (Lincoln) and 134 (Charlestown) bats larger
compared to colony sizes under a “status quo” strategy. However, none of the strategies that we
evaluated resulted in significantly better outcomes than the “status quo” strategy (Fig. 3.12). Rate
of colony growth varied, with the Charlestown colony projected to triple in size (Fig. 3.12A),
compared to slower growth in Lincoln, with the colony barely surpassing its 2009 size by 2030
(Fig. 3.12B).
Discussion
Our results show that, despite repeated infection with Pd (Fig. 3.6), little brown bats are now
surviving at high rates (Fig. 3.7) and can endure annual infections over multiple years, with some
individuals surviving since early in the WNS epizootic. While the Framingham colony was
apparently extirpated by WNS, the other colonies in our study persisted and, in some cases,
increased in size (Fig. 3.5). Increasing survival rates (Maslo et al. 2015), population growth rates
(Langwig et al. 2012), and colony sizes (Langwig et al. 2017, Frick et al. 2017, Frank et al.
2019) have been documented at some winter colonies within a few years after Pd arrival, but
there have only been two quantitative studies of survival at summer colonies of little brown bats
thus far (Dobony et al. 2011, Dobony and Johnson 2018). As in Dobony et al. (2018), we found
increasing survival probabilities over time. Survival of both adult and juvenile females were
severely impacted during the first few years of the arrival of Pd, but have since returned to or
even exceeded pre-WNS survival (Frick et al. 2010a; Fig. 3.8). Our disease timeline model
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(Table 3.3) and colony count data (Fig. 3.5) suggest that the little brown bat population in New
England hit a low point and Pd became established or enzootic around 2012, just 4–5 years after
initial arrival.
The survival rates ascribed to invasion phases here differ from those described by
Langwig et al. (2015), who considered population size during the invasion front to be stable or to
show initial declines. Our invasion front phase, with the lowest survival rates, more closely lines
up with the epidemic phase described in Langwig et al. (2015a). We suggest that in New
England, the invasion front was essentially simultaneous with the epidemic phase, as Pd quickly
swept through the region and large declines were observed in both winter (Frick et al. 2010b)
and summer (Fig. 3.3) within 1–2 years after Pd arrival. Aeolus Cave was first detected as
having infected bats in the winter of 2007–2008, however, we have no emergence count or
banding data from 2007 to track the very beginning of the invasion front in New England.
We used three types of models with different combinations of demographic and count
data and found similar results. Overall, there was agreement in estimated survival between the
CJS model, RD model, and IPMs (Fig. 3.10). Our CJS models had the most support for age- and
colony-dependent survival, suggesting inter-colony differences and lower juvenile survival. Our
IPMs also suggested that survival probabilities were different between colonies, resulting in
some colonies that were stable or growing slowly while others were growing rapidly (Fig. 3.9).
All model types showed that while juvenile survival was highly variable, it was not half of adult
survival, as found in Frick et al. (2010a & b) pre-WNS, and was in some cases nearly the same
as adult survival. Juvenile survival estimates from our RD model were not more precise than
those from the CJS model, but this may be due to the low number of PIT-tagged juveniles.
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Precision improved compared to the IPM and for adult survival (Fig. 3.10), similar to previous
research on big brown bats (Ellison et al. 2007).
Immigration has been proposed as a potential explanation for the observed increases in
winter and summer colonies post-WNS arrival. While female roost fidelity is thought to be high
in little brown bats (Norquay et al. 2013), we cannot rule out the possibility of some dispersal by
juvenile females (Dixon 2011), particularly from the colonies that are stable rather than
increasing. We found no evidence of permanent movement of juvenile females, however one
individual PIT-tagged in Lincoln was briefly detected at the Charlestown colony before returning
to Lincoln. Documented instances of roost switching are rare (Davis and Hitchcock 1965,
Dobony and Johnson 2018), but may be extremely difficult to detect. In the CJS models,
dispersal is not distinguishable from mortality, which means our high apparent survival
probabilities also support high fidelity. We also found no evidence of temporary emigration from
our RD models, suggesting that bats are returning to their maternity colonies at high rates every
year. This agrees with the results for adult females from Frick et al. (2010a), though they found
that juvenile females had a much higher probability of temporary emigration than adults that
depended on weather conditions in the summer of their birth. While it is possible that some
colonies in our study could be acting as source populations, the observed survival and
reproductive rates are sufficient to explain the increases in colony size without immigration.
Other studies from the Northeast suggest that immigration, if occurring, is not a major factor in
the observed increases in survival and colony size (Maslo et al. 2015, Dobony and Johnson
2018).
We found no relationship between weather and survival rates (Table 3.4), suggesting that
changes in survival rates since WNS are due to some form of disease response rather than
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climate. White-nose syndrome has placed a strong selective pressure on little brown bats and
increasing survival rates may be a result of one or several factors, including genetic selection,
adaptive immune responses, changes in little brown bat hibernation patterns or selection of
microclimates, reduced pathogen virulence, or a demographic response. Early reports of bats
flying outside hibernacula in the winter (Blehert et al. 2009) most likely represented individuals
that succumbed to WNS, caused by a depletion of fat reserves due to increased arousal frequency
(Warnecke et al. 2012). Within a few years after WNS emerged, bats were observed hibernating
in different microclimates and exhibiting different clustering behavior (Langwig et al. 2012).
Populations exposed to WNS for about a decade appear to shift back to “normal” torpor bout
durations (Lilley et al. 2016, Frank et al. 2019) and are going into and emerging from hibernation
with higher mass (Frank et al. 2019, Cheng et al. 2019). Genetic selection has also been
documented in several populations of little brown bats post-WNS; genes associated with
thermoregulation, brown fat production, and hibernation behavior have been identified as under
selection (Gignoux-Wolfsohn et al. 2019, Auteri and Knowles 2020, Lilley et al. 2020),
suggesting the potential for evolutionary rescue (Gonzalez et al. 2013, Maslo and Fefferman
2015). The observed changes in demographic rates also match theoretical expectations for a
demographic response in long-lived species undergoing drastic change in population size. For
long-lived vertebrates, demographic rates generally respond to changes in density in a specific
order: juvenile survival, age at first reproduction, adult reproductive rate, and then adult survival
(Eberhardt 2002). Age at first reproduction has decreased (see Chapter 2) and in this study we
observed increases in adult and juvenile survival rates, though it is hard to say in what order this
occurred. Variation in adult survival seems to have had the strongest effect on variation in
growth rate since WNS (Fig. 3.11). Evidence of lower fungal loads on bats in persisting winter
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colonies compared to bats in recently infected hibernacula is also occurring (Langwig et al.
2017). While nearly all of the bats sampled in our study were infected with Pd (Fig. 3.6) and had
some level of wing damage related to WNS, it is possible that infection intensity has declined
over time for this population. Most likely, there are multiple simultaneous responses to WNS
(Dobony and Johnson 2018) that are all contributing to little brown bats’ persistence.
While survival and growth rates at each of the colonies in our study followed similar
trends, there were some differences among colonies according to the CJS models and IPMs (Fig.
3.9). The Paxton colony had the highest growth rate, which can be seen in the rapid change in
colony size since 2011. For this reason, we did not conduct a PVA for Paxton and focused on
two colonies with slow to moderate growth. Both of our PVAs predicted colony growth under
the status quo, but there was higher uncertainty in the population trajectory for Lincoln than
Charlestown (Fig. 3.12). Differences in survival and growth rate could reflect a variety of
factors, including genetics, though these colonies are thought to be panmictic (Wilder et al.
2015), hibernation conditions, summer roost conditions, or habitat quality. Management
strategies could therefore be undertaken to reduce uncertainty and promote population recovery
by targeting the slower-growing summer colonies. Alternatively, management actions
undertaken during the winter would potentially benefit many summer colonies at once, as bats
from one hibernaculum disperse to several maternity colonies in the summer (Davis and
Hitchcock 1965, Burns et al. 2014).
Management strategies for increasing survival or reproductive rates of one or both age
classes can take on many forms. Ongoing studies of a variety of potential treatments, including
biological, chemical, and immunological options are meant to prevent or slow the growth of Pd.
Some of the treatments have to be applied directly to bats, such as probiotics (Cheng et al. 2016),
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chitosan (Hoyt et al. 2019), bacteria (Hoyt et al. 2015b), or a vaccine (Rocke et al. 2019). Other
treatments, such as UV light (Palmer et al. 2017) or volatile organic compounds (Padhi et al.
2018) would be applied to the environment, mainly cave or mine walls, to prevent Pd growth.
Treatment effectiveness at the population level is generally higher when more of the population
is treated (Fletcher et al. 2020), which may be challenging, particularly if portions of hibernacula
are inaccessible or hibernation sites are unknown. Other options that could be implemented
during the winter include manipulating the temperature and humidity in hibernacula to reduce Pd
growth and providing dietary supplementation (McGuire et al. 2019). Habitat improvements in
the vicinity of hibernacula could increase the abundance or diversity of insects available for bats
to consume, potentially helping bats accumulate fat in the fall during swarming and thus increase
the chances of overwinter survival (Cheng et al. 2019).
Enhancement of summer roosts and habitat are likely to be beneficial without the
potential negative effects of disturbing hibernating bats (Thomas 1995). During the active
season, providing heated bat boxes (Wilcox and Willis 2016) may help bats recover from WNS
and benefit offspring by enhancing pre- and post-natal growth rates (Zahn 1999). Providing a
stable, warm environment that minimizes heat loss during the night should increase post-natal
growth, increasing the fitness of both mom and offspring (Studier and O'Farrell 1972, Kunz and
Anthony 1982, Gilbert et al. 2009, Olson and Barclay 2013) by giving juveniles more time to
forage before hibernation (Frick et al. 2010a, Cheng et al. 2019). Yearling females may then
emerge from hibernation in better body condition and thus be more capable of successful
reproduction. Although it may be more difficult to enhance roosts for adult males, as they tend to
be dispersed on the landscape (Fenton and Barclay 1980), juvenile males would benefit from
more favorable roost conditions at maternity colonies.
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Roost enhancement should not, however, be limited to bat boxes. Little brown bats in
New England, and possibly throughout much of their range, almost exclusively use
anthropogenic roosts, such as attics, barns, and bridges in the summer months (Fenton and
Barclay 1980, Johnson et al. 2019). These roosts provide relatively stable temperatures compared
to ambient conditions (Burnett and August 1981, Burnett and Kunz 1982, Zahn 1999, Sedgeley
2001, Willis and Brigham 2007, Betts 2010), offer more places for bats to roost that mimic the
cavities and crevices in tree roosts (Bergeson et al. 2015), and give bats the opportunity to
optimize temperature and humidity, resulting in lower metabolic rates and reduced heat loss
(Kurta 1985, Sedgeley 2001, Willis and Brigham 2007). Structural complexity was suggested to
be the key factor in roost preference for brown long-eared bats (Plecotus auritus), which appear
to prefer complex attic spaces with more roof compartments and a range of temperatures
(Entwistle et al. 1997). Larger structures may also protect bats from extreme heat compared to
bat boxes. Bats will move within structures to avoid extreme, dangerous temperatures (e.g.,
Humphrey 1971, Burnett and August 1981), but juveniles may be less mobile and less tolerant to
heat, so the architecture of roosts may be important to consider in management plans. While
climate change may promote healing and growth in the early spring, these benefits could be
negated if warmer temperatures and rising prevalence of extreme heat waves increase pup
mortality. All age classes may benefit from enhancing roosting locations, whether through
supplying an artificial heat source, protecting known roosting sites, installing large bat houses, or
providing roost modules within larger structures.
Our results suggest that at least some colonies in the Northeast are on track to recover to
their pre-WNS levels. While we are encouraged by the observed trends, the response of one
population to disturbance may not be a reliable indicator of another’s response (Caro et al. 2005),
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a potential problem when attempting to extrapolate the response of little brown bats in New
England to populations across their entire range or to other species. Ideally, each population and
species should be monitored to develop appropriate management actions (Johnson et al. 2010). A
similar enzootic fungal disease, chytridiomycosis, shows how different responses can be among
populations and species of amphibians. Chytridiomycosis has resulted in the extinction of dozens
of species, but other species are stable or recovering due to compensatory recruitment, the
evolution of resistance (Scheele et al. 2017), and reduced pathogen virulence (Newell, Goldingay
& Brooks 2013). Even within species, such as the common mistfrog (Litoria rheocola), some
populations are persisting while others have been extirpated (Sapsford et al. 2015), similar to
what we observed at maternity colonies in New England.
In this study we showed that survival has increased over time since the initial phase of
WNS invasion, resulting in stable to growing summer colonies. We also showed that emergence
count and mark-recapture data are both important for monitoring, but do not have to overlap
entirely to be able to generate demographic rate estimates, as we were able to do with the IPMs.
Future work on the rates and role of dispersal and immigration in little brown bats would greatly
contribute to understanding whether or not they are significantly contributing to the observed
population recovery. This could potentially be accomplished using IPMs, which can estimate or
account for unknown parameters, such as immigration (Besbeas et al. 2002), though there is
concern about the reliability of indirectly estimated latent parameters (Riecke et al. 2019). If little
brown bat colonies continue to grow, as predicted by our PVAs, this may also present a unique
opportunity to monitor populations for signs of positive density-dependence, such as decreases in
reproductive rates or increased dispersal. Questions also remain about the role of inter-specific
competition in population recovery as well as if and where new colonies of little brown bats will
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form in the future. Our system is well suited to monitor these dynamics with the loss of some
colonies due to WNS leaving some sites vacant while other sites, such as Milford and Pepperell,
have seen increases in their big brown bat colonies, a species much less affected by WNS. Most
significantly, our findings have important implications for future population modeling efforts and
show that long-term monitoring is important for tracking changes in demographic rates in
persisting populations.
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Table 3.1. Historic (pre-2016) and current (2016–2019) data types collected at eight little brown
bat maternity colonies in New England. Counts are emergence counts conducted in the field.
Banded bats represent the total number of unique banded females at each site. Superscript letters
next to colony name indicate that data from that colony has been used in a published study.
Pre-2016
State

Colony

Banding

VT

Newfane
Charlestown

2009–13 2009–15*

X

b,c,d,e,f

Milford
2006–12
b,c,d,e
Framingham
2009–11
Lincoln

MA

IR video

2013–15*
d,e,f

NH

Counts

d,e,f

Princeton

a

Paxton

X

X
2010–15

2010–15

2016–2019
PITIR Banded
Banding
Counts
tagging
video
bats
X
X
X
210

2009–15

2010
ˆ

2011–15 1979–15

2008–11

d,f

X

X

X
X

X

X

X

X

X

Pepperell
2011–15
X
*Counts pre-2016 were conducted by volunteers
ˆCounts were conducted in 1979, 1984, 1993–1996, and 2010–2015
a
Burnett and August (1981)
b
Reichard and Kunz (2009)
c
Fuller et al. (2011)
d
Reichard et al. (2014)
e
Langwig et al. (2015)
f
Fuller (2016)
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X

X

546
499
471

X

268
606

X

448
296

Table 3.2. Model selection for Cormack-Jolly-Seber mark-recapture models using banding data
from eight little brown bat maternity colonies in New England. Models are ranked by AICc. 𝜙 =
survival; p = recapture rate; K = number of model parameters; w = model weight; a = age; t =
time; g = colony; ad = adult; j = juvenile; . = constant; T = linear time trend.
𝜙

p

K

AICc

ΔAICc

wi

Deviance

g+t+a

g+t+a
a+t
t+g
ad:t + j
t
a*g
a+g
a
g
.

40
33
39
33
32
36
29
22
28
21

4487.44
4500.83
4501.71
4512.11
4515.85
4554.62
4554.64
4562.33
4570.28
4573.71

0.00
13.38
14.27
24.67
28.41
67.17
67.19
74.88
82.84
86.26

0.99
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

656.92
684.60
673.24
695.89
701.67
732.27
746.56
768.46
764.24
781.86

g+t+a
g*a + t
t+g
t*a + g
t+a
t
T+a
t*a
T
ad:t + j + g
T+g
ad:t + j
g*a
g+a
g
a
.

g+t+a

40
47
39
51
33
32
23
44
22
41
29
33
36
29
28
22
21

4487.44
4489.96
4498.46
4501.72
4506.15
4512.56
4512.66
4520.59
4523.32
4525.16
4535.19
4538.77
4543.90
4544.79
4558.18
4575.43
4581.83

0.00
2.51
11.02
14.27
18.71
25.12
25.21
33.15
35.87
37.71
47.74
51.33
56.45
57.35
70.74
87.99
94.39

0.78
0.22
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

656.92
645.08
669.99
648.61
689.93
698.38
716.76
681.87
729.45
692.59
727.11
722.55
721.55
736.71
752.13
781.56
789.98

p models

𝝓 models
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Table 3.3. White-nose syndrome invasion timeline models for survival using banding data from
eight little brown bat maternity colonies in New England. All models included the recapture
model p(t+a+g). Models are ranked by AICc. The first year for pre-invasion, invasion front,
epidemic, and established is included for each timeline: dis1 = 2006, 2008, 2009, 2012; dis2 =
2006, 2008, 2009, 2011; dis3 = 2006, 2008, NA, 2012; dis4 = 2006, 2008, 2010, 2012. ϕ =
survival; K = number of model parameters; w = model weight; a = age class; g = colony.
𝜙 model
a + dis1
a + dis4
g + dis4 + a
g + dis1 + a
a + dis2
dis1
a + dis3
g + dis2 + a
dis4
g + dis3 + a
g + dis1
g + dis4
dis3
dis2
g + dis3
g + dis2

K
25
25
32
32
25
24
24
32
24
31
31
31
23
24
30
31

AICc
4498.24
4502.91
4505.53
4505.83
4508.16
4508.89
4512.60
4513.00
4514.94
4515.59
4515.96
4519.25
4520.07
4520.70
4527.59
4527.86

ΔAICc
0.00
4.67
7.29
7.59
9.92
10.65
14.36
14.76
16.69
17.35
17.72
21.00
21.83
22.45
29.35
29.62

wi
0.86
0.08
0.02
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Deviance
698.29
702.96
691.35
691.64
708.21
710.97
714.68
698.82
717.01
703.44
703.81
707.10
724.18
722.77
717.48
715.71
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Table 3.4. Climate models for survival using banding data collected at eight little brown bat
maternity colonies in New England. Site-specific weather variables were calculated using data
from six weather stations (www.ncdc.noaa.gov). All models included the recapture model
p(t+a+g). Models are ranked by AICc. ϕ = survival; K = number of model parameters; w =
model weight; a = age class; g = colony; t = time.
𝜙 model
t+g+a
Summer precipitation + g + a
Winter precipitation + g + a
Summer mean temperature + g + a
Winter mean temperature + g + a
Fall severity + g + a
Spring severity + g + a

K
40
30
30
30
30
30
30

AICc
4487.43
4521.35
4526.79
4531.45
4540.71
4541.65
4546.83
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ΔAICc
0.00
33.93
39.35
44.01
53.27
54.20
59.38

wi
1.00
0.00
0.00
0.00
0.00
0.00
0.00

Deviance
656.92
711.23
716.68
721.34
730.59
731.53
736.71

Table 3.5. Robust design model selection results for passive integrated transponder tagging data
from the Lincoln and Charlestown little brown bat maternity colonies. All models included
p(t)=c(t) for time-dependent recapture rates and 𝛾 ! (0)=𝛾 !! (1), indicating a ‘no movement’ model.
Models are ranked by AICc. S = survival; K = number of model parameters; w = model weight;
a = age; g = colony; t = time; . = constant.
Colony
Lincoln

S

K

AICc

ΔAICc

wi

Deviance

a
.
t+a
t

15
14
17
16

725.85
728.50
729.61
731.68

0.00
2.66
3.76
5.83

0.68
0.18
0.10
0.04

1174.42
1179.21
1173.88
1178.11

.
a
t
t+a

12
13
13
14

239.75
240.92
241.64
242.18

0.00
1.17
1.89
2.43

0.45
0.25
0.17
0.13

337.12
335.96
336.68
334.88

Charlestown

100

Figure 3.1. Available mark-recapture and emergence count data (black boxes) by year from eight
little brown bat maternity colonies. Dashed vertical lines separate the approximate pre-invasion
(blue), invasion front (orange), epidemic (red), and established (dark red) phases of white-nose
syndrome arrival and spread in New England.
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Figure 3.2. Correlations between field and infrared (IR) video emergence counts of little brown
bats at the Lincoln (2010–2019), Paxton (2010–2011), Newfane (2018–2019), and Charlestown
(2018–2019) maternity colonies. Solid lines are linear regressions and gray ribbons are 95%
confidence intervals.
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Figure 3.3. A pre-breeding census, female-based, life cycle graph for little brown bats, consisting
of two stages, yearling and adult. Survival of juveniles (sj) is from birth (which occurs
immediately after the census) through their first winter to the next pre-breeding census. Yearling
bats then survive their second winter with the same probability (sa) as older adults. Fecundity or
the probability that a female will reproduce each year (f) is divided by two, assuming an equal
offspring sex ratio, to represent only daughters returning to the maternity colony in subsequent
years. On the right is the corresponding Lefkovitch population matrix representing the change in
yearling (N1) and adult (Na) population sizes from time t to t + 1.
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Figure 3.4. Directed acyclic graph without the priors for an integrated population model in a
Bayesian framework. Circles indicate model parameters: fecundity (f), colony size (N), juvenile
survival (sj), adult survival (sa), and observation error (σ2). The green circle indicates that
recapture rate (p) is a nuisance parameter. Boxes indicate the data: number of reproductive
females (B), number of captured adult females (J), emergence counts (y), and mark-recapture
data (m). The large boxes indicate the three submodels within the integrated population model.
Recreated from Kéry and Schaub (2012).
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Figure 3.5. Adult colony count data from little brown bat maternity colonies, collected from
early to mid-June between 2008 and 2020 via emergence counts in the field or from infrared
video.
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Figure 3.6. Prevalence and load (log10) of Pseudogymnoascus destructans (Pd) on little brown
bats (A & C) and on roost surfaces (B & D) at summer maternity colonies sampled from 2016–
2019. Lines are LOESS fits of the data.
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Figure 3.7. Apparent survival estimates for adult and juvenile little brown bats using banding
data from eight maternity colonies in New England. Model structure was 𝜙(time+age+colony)
p(time+age+colony). Error bars represent 95% confidence intervals. The black dashed line
represents the mean survival rate by year for all sites combined. The vertical dashed gray line
represents the start of white-nose syndrome invasion in the region.

107

Figure 3.8. Apparent survival estimates for adults (A) and juveniles (J) by disease invasion phase
using banding data collected at maternity colonies of little brown bats in New England. Model
structure for survival included age and a disease invasion timeline (dis) of pre-invasion in 2006,
invasion front in 2008, epidemic in 2009, and established in 2012: 𝜙(age+dis)
p(time+age+colony). Error bars represent 95% confidence intervals.
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Figure 3.9. Annual colony size (black line), age-dependent apparent survival, and colony growth
rate estimates from integrated population models for three little brown bat maternity colonies.
Error bars and gray ribbons are 95% credible intervals. Black triangles are early- to mid-June
emergence counts collected in the field or from infrared video.
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Figure 3.10. Comparison of annual apparent survival estimates for adults (A) and juveniles (J) at
the Lincoln maternity colony (2016–2019) from three different models: a Cormack-Jolly-Seber
(CJS) model using banding data, an integrated population model (IPM) using banding and
emergence count data, and a robust design (RD) model using passive integrated transponder tag
data.
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Figure 3.11. Correlations between estimated annual demographic rates and colony growth rate
for the Paxton little brown bat colony from 2008 to 2019. Error bars are 95% credible intervals
for both the demographic and growth rate estimates. Correlation coefficients (r) are shown with
95% credible intervals. P(r>0) is the probability of a positive correlation.
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Figure 3.12. Colony size projections for 2020 to 2030 using a population viability analysis within
an integrated population model under four different management scenarios for the A)
Charlestown and B) Lincoln little brown bat maternity colonies. The black line shows colony
size estimates and the dashed gray line indicates the start of the population projection.
Management scenarios included “no action” (maintaining status quo), increasing juvenile (J)
survival, increasing adult (A) survival, and increasing both juvenile and adult survival. Increases
in survival were 10% on the log scale. The purple ribbon shows 95% credible intervals for the
“no action” strategy with no additional human intervention beyond current measures.
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APPENDIX B

Supplementary Figures for Chapter 1

Figure B1. Plot showing repeatability in relative telomere length (RTL) measurements between
qPCR runs of identical samples from little brown bat (Myotis lucifugus) wing tissue collected in
New England, 2016–2019. The dashed line indicates a 1:1 reference line.
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Table B1. Summary of linear mixed models of relative telomere length and predictor variables in
little brown bats (Myotis lucifugus) sampled in New England, 2016–2019, with only 1- and 2year-old bats included. Linear and quadratic age terms were considered along with reproductive
status (Rep) and wing score (WS) at the time of capture. Coefficient estimates are shown for
each model. K = number of parameters; logLik = log likelihood, wi = model weight.
Model

Intercept

Age

WS

1.239

Age + WS

1.258

Null

1.150

Rep

1.221

Age

1.180

Rep + WS

1.255

Age2

1.310

-0.258

Age + Rep
Age + Rep
+ WS

1.197

-0.020

1.226

-0.024

Age2

-0.016

WS

Rep

K

logLik

AICc

∆AICc

wi

-0.127

4

-25.64

62.1

0.00

0.52

-0.127

5

-25.62

64.3

2.28

0.17

3

-28.11

64.7

2.67

0.14

7

-24.26

66.5

4.14

0.06

4

-28.06

66.9

4.84

0.05

8

-23.71

67.9

5.83

0.03

5

-27.66

68.4

6.36

0.02

+

8

-24.23

68.9

6.88

0.02

+

9

-23.67

70.4

8.34

0.01

+
-0.024
-0.073

+

0.090

-0.073
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