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Abstract
Host behavior can affect host-pathogen dynamics, and social-
ity is predicted to increase risk of pathogen exposure. Many
species minimize costs of parasitism by only aggregating sea-
sonally, such as during reproductive periods, but colonial spe-
cies may still be limited in their potential to evade pathogens.
Bats are among the most gregarious mammals and females of
many temperate species form maternity colonies in summer
where they communally raise pups in both natural and anthro-
pogenic roost structures. Social network structure may differ
between natural and anthropogenic roosts in ways that affect
pathogen dynamics. We used social network analysis to quan-
tify interactions of big brown bats (Eptesicus fuscus) in a tree-
roosting colony, where the colony is divided among multiple
trees each day, and a building colony, where most of the col-
ony roosts together each day. We simulated transmission of a
pathogen throughout both sets of networks. We tested three

hypotheses: (1) networkmetrics differ between pregnancy and
lactation; (2) changing network structure between repro-
ductive stages influences predicted pathogen dynamics;
and (3) network metrics and predicted pathogen dynam-
ics differ between colonies of bats in trees versus build-
ings. Network structure was weaker for bats roosting in
trees during pregnancy and lactation compared to bats
roosting in a building, and our models showed that a
hypothetical pathogen would spread more rapidly for
bats in the building colony. Our results are important
for understanding variation in social tendencies and
pathogen transmission among colonies of bats and have
implications for conservation and public health.

Significance statement
Host behavior, particularly social behavior, can affect dynam-
ics of wildlife pathogens. Bats are highly social mammals and
females of temperate species form colonies in spring and early
summer in tree or building roosts. Thermal characteristics of
trees and buildings appear to differ in ways that affect roosting
behavior and social interactions. We used social network anal-
yses to quantify interactions of big brown bats in tree and
building roosts and simulated consequences for pathogen dy-
namics. Network structure was weaker for bats roosting in
trees with more frequent roost switching and relatively diffuse
contacts across the network. Our models showed that a hypo-
thetical pathogen could spread up to four times faster in a
building colony compared to a colony of bats roosting in trees.
Our results are important for understanding how sociality can
influence pathogen dynamics in bats and have implications for
conservation and public health.
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Introduction

Pathogen transmission can be influenced by host social be-
havior (Altizer et al. 2003; Hawley et al. 2011; Rifkin et al.
2012). At the group level, large and densely aggregated social
groups of hosts are predicted to harbor higher prevalence,
intensity, and diversity of parasites, all of which could nega-
tively impact host fitness (Côté and Poulin 1995; Patterson
and Ruckstuhl 2013). Although pathogens and parasites can
be costly, sociality also results in potential benefits, such as
improved predator vigilance (Townsend et al. 2011) or social
thermoregulation (Blumstein et al. 2004), both of which can
potentially increase fitness. For many species, social dynamics
will be driven by the balance of these costs and benefits, in
combination with the availability of habitat that provides op-
portunities for social interaction.

Many species minimize costs associated with parasitism by
only aggregating seasonally, such as during reproduction
(Altizer et al. 2006). Breeding sites can be reservoirs for both
macroparasites (i.e., multicellular organisms with low repro-
ductive output) and microparasites (i.e., microorganisms with
high reproductive rate and short generation times; Anderson
and May 1979), and increased transmission rates can occur at
such sites (Ezenwa 2004). For example, seasonal aggregation
by house finches (Carpodacus mexicanus) during breeding
resulted in increased prevalence of Mycoplasma parasites
(Hosseini et al. 2004) and aggregation by gregarious
European rabbits (Oryctolagus cuniculus) during autumn
breeding coincided with higher infection intensity by intesti-
nal nematodes (Cattadori et al. 2005). Temporal and spatial
heterogeneity in social interactions have potential to strongly
influence host-pathogen dynamics (Altizer et al. 2003).

Temperate bats provide a unique opportunity to examine
links between sociality and pathogen exposure and transmis-
sion. Many temperate bat species segregate in spring upon
emergence from hibernation with females forming maternity
colonies to rear pups (Kunz and Lumsden 2003). Particularly
for species roosting in tree hollows, these colonies often ex-
hibit fission-fusion sociality during summer, characterized by
frequent splitting and reestablishment of subgroups (Kerth
and König 1999). Females change roosts every few days,
but not all members of each subgroupmove together, resulting
in variable group size and composition (e.g., Patriquin et al.
2010). Despite frequent splitting (fission) and merging
(fusion) of groups, individuals maintain long-term relation-
ships with preferred conspecifics within and between years
(Willis and Brigham 2004; Rhodes 2007; Popa-Lisseanu et
al. 2008; Patriquin et al. 2010; Kerth et al. 2011).

Bat maternity colonies are often associated with heightened
ectoparasite prevalence (e.g., Zahn and Rupp 2004), and col-
onies can act as reservoirs for infected hosts or the ectopara-
sites themselves. Despite this cost of colonial roosting, there
are pronounced thermoregulatory benefits to social roosting

for adult females (e.g., Willis and Brigham 2007). Low ambi-
ent temperature (Ta) can induce torpor in reproductive females
which delays juvenile development (e.g., Racey and Swift
1981) and presumably survival (McAllan and Geiser 2014).
Communal roosting in warm environments could benefit in-
dividuals and help maintain colonies, but the role of social
thermoregulation may change as energy requirements change
from pregnancy to lactation. Ta is typically lower when fe-
males are pregnant in spring and pregnant females tend to
use torpor regularly. Social thermoregulation could, therefore,
be beneficial to help individuals avoid torpor and/or share
energetic costs of rewarming when torpor is used (e.g.,
Chruszcz and Barclay 2002; Solick and Barclay 2006), and
social thermoregulation could lead to high levels of fusion
within colonies during pregnancy. Meanwhile, during lacta-
tion, females will benefit from warmer conditions and greater
prey availability while also preferentially seeking out the
warmest roosts for their pups. This could allow them to remain
more active and avoid torpor (e.g., Chruszcz and Barclay
2002) leading to higher levels of fission as individuals switch
from roost to roost.

Thermal characteristics of roosts and roost quality can also
vary widely. Some colonial bat species roost in both natural
structures (e.g., trees, rock crevices) and buildings (e.g.,
Lausen and Barclay 2006; Rintoul and Brigham 2014).
Building roosts tend to be warmer, promoting more rapid ju-
venile growth and improved fitness (Lausen and Barclay
2006). For example, duration and depth of torpor bouts were
lower for reproductive big brown bats (Eptesicus fuscus) in
buildings compared to conspecifics in trees (Rintoul and
Brigham 2014). Numbers of bats roosting in buildings tend
to be higher than those in natural structures (Lausen and
Barclay 2006), and building colonies tend to be more stable
with less frequent roost switching (Brigham and Fenton 1986;
Lausen and Barclay 2002). Higher roost fidelity and more
consistent interactions among individuals could increase the
potential for pathogen transmission among colony members.
This, in turn, could increase the rate at which pathogen prev-
alence and intensity increase in a colony during an active
season.

Understanding links between sociality and pathogen trans-
mission in bats has become increasingly important as the role
of bats as reservoir hosts of zoonotic pathogens becomes more
widely appreciated (e.g., Luis et al. 2013; Brook and Dobson
2015). One aspect of zoonotic spillover that could be impor-
tant is the potential shift in social dynamics between natural
structures and buildings. For both temperate (Brigham 1991;
O’Shea et al. 2011a; Berkova et al. 2014) and tropical (Brosset
et al. 1996) bat populations, loss or absence of natural roosts
can lead to colonization of structures that house domestic an-
imals or people. Thus, replacement of forest habitat with an-
thropogenic roosting sites could favor aggregation by bats and
increased likelihood of zoonotic spillover (Halpin et al. 2007;
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Lebarbenchon et al. 2008). This risk could be higher not just
because of increased contacts between bats and humans, but
because social dynamics in building roosts could favor more
rapid increases in pathogen prevalence and intensity in
the host. Social dynamics of some tropical bats, which
may be more likely than temperate species to harbor
zoonotic pathogens (Luis et al. 2013), are similar to
those of temperate bats with fission-fusion dynamics
(e.g., Desmodus rotundus, Wilkinson 1985). Therefore,
understanding relationships between social behavior and
pathogen dynamics in temperate zone bats could pro-
vide a good starting point for evaluating the links be-
tween social behavior and pathogen dynamics for all
bats living in fission-fusion systems.

We used network analysis to quantify interactions among
female big brown bats and explore relationships between so-
ciality, roost sharing, and pathogen dynamics in maternity
colonies. We used association data from two published
datasets; one from a forest colony (Willis and Brigham
2004) and the other from a building colony (Gillam et al.
2011; O’Shea et al. 2011b). First, we tested the hypothesis
that differences in social thermoregulation and individual as-
sociation between pregnancy and lactation affect network
structure across reproductive stages. We predicted that net-
work connections would be stronger during pregnancy than
lactation because of a greater need for social thermoregulation
during pregnancy when Ta is colder, and because the combi-
nation of active associations between individuals and passive
aggregation at relatively few warm roost trees during lactation
would reduce novel roosting associations (Willis and Brigham
2004; Patriquin et al. 2010). Second, we used a susceptible-
infected epidemiological model to test the hypothesis that dif-
ferences in network structure between pregnancy and lactation
influence pathogen dynamics. We predicted that the number
of bats in the colony infected with a hypothetical pathogen
(i.e., predicted pathogen prevalence) would increasemore rap-
idly for pregnant compared to lactating bats because of greater
social aggregation during pregnancy. Third, we tested the hy-
pothesis that differences in network structure for bats roosting
in different roost types also influence pathogen dynamics. We
predicted that modeled values of pathogen prevalence would
increase more quickly in an aggregated network of bats
roosting in a building compared to the more diffuse networks
of bats roosting in trees where the colony is subdivided each
day among multiple tree hollows.

Methods

Study site and subjects

We used data from two well-studied big brown bat colonies
from the Cypress Hills, Saskatchewan, Canada (49° 34′ N,

109° 53′ W), and Fort Collins, CO, USA (40° 33′ N, 105° 4′
W). Full details of the Cypress Hills study site and capture
procedures are found in Willis and Brigham (2004). Female
big brown bats at this site roosted exclusively in cavities of
trembling aspen trees (Populus tremuloides) which were dis-
tributed among three discrete patches of forest within a 10-
km2 study area (Willis et al. 2003, 2006a). Female bats were
caught at maternity roosts upon emergence at dusk and
marked with numbered, plastic forearm bands (National
Band and Tag Company, Newport, KY, USA), outfitted with
radiotransmitters (0.7 g–less than 5 % of body mass, BD-2B,
Holohil Systems Ltd, Carp, Ontario, Canada) and tracked to
roost trees on as many days as possible (i.e., until a bat
groomed off its transmitter or the transmitter battery failed)
using handheld telemetry receivers (R-1000, Communication
Specialists Inc., CA, USA). No adult males were captured at
any roost trees. Our sample comprised roosting associations of
31 individual bats (n=16 pregnant, 15 lactating) from one
roosting area, representing 50–60 % of the total identified
colony of big brown bats within that roosting area
(Willis et al. 2006a). Our sample size was similar to
that for previous social network studies in bats (e.g.,
Fortuna et al. 2009).

Detailed descriptions of the Fort Collins study site and
capture procedures are outlined by Ellison et al. (2007),
Gillam et al. (2011), and O’Shea et al. (2011a, b). As part of
a long-term field study, bats were captured in the summer
emerging from building roosts (Gillam et al. 2011) and per-
manently marked via subcutaneous injection of a passive tran-
sponder (PIT tag, AVID, Inc., Norco, CA) on the dorsum
before being released (Wimsatt et al. 2005). Hoop-style PIT-
tag antennas (Wimsatt et al. 2005) were deployed over roost
openings to monitor entrance/exit of individual bats from
roosts (see Gillam et al. 2011 for details). The Fort Collins
study system included 16 colonies spread throughout the city
(Gillam et al. 2011). We selected a colony with an emergence
count prior to volancy of young (n=76) that was most com-
parable to the tree-roosting colony from the Cypress Hills
(n=50–60). To ensure the sample size of bats used to estimate
network characteristics in the building colonywas comparable
to that for tree-roosting bats during each reproductive period,
we used a random subsample of bats from the building
(n=16) and we confirmed that our subsample was represen-
tative of the whole colony by using a randomization approach
(see statistics below). In building roosts in Fort Collins,
roost switching was infrequent compared to roost
switching by bats in trees (O’Shea et al. 2011b).
Although our data from each system were collected
using different methods (i.e., radio-telemetry versus
PIT-tags), we are confident in our comparisons because
we studied colonies that were similar in size and we
ensured approximately equal samples sizes of bats from
each group of bats we compared (Table 1; see results).
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Data coding and statistical analyses

For tree and building roosting bats, we only included individ-
uals in our analysis for which we obtained at least three track-
ing (tree-roosting) or detection (building-roosting) days of da-
ta (Table 1). For tree-roosting bats, we recorded the date and
roost of initial capture for each individual, subsequent roosts
identified during radio-tracking, and the number of radio-
tagged bats found roosting together on any given day. For
building roosting bats, we recorded the date and identification
code of each individual entering the roost each morning.

We corrected for variation in roost sharing and sampling
effort among bats by calculating the half-weight index (HWI:
Whitehead 2008):

HWI ¼ x

xþ yab þ
1

2
ya þ ybð Þ

where x is the number of times individuals a and b were
detected in the same roost on the same night, yab is the number
of times a and bwere detected on the same night, but not in the
same roost, and ya+ yb is the sum of times where one of a or b
were detected, while the other was not (Whitehead 2008).
Values of HWI range from 0 to 1, where 0 represents a dyad
that was never observed associating and 1 represents a dyad
that was always observed associating. For all networks, we
used the asnipe package (Farine 2013) in R (R Development
Team 2012) to quantify HWI and construct undirected (i.e.,
with reciprocal interactions), weighted association matrices
with nodes representing individual bats and edges
representing associations between bats.

Based on theHWI, we calculated social network strength, a
metric thought to reflect the potential of an individual to trans-
mit information or spread a pathogen within a network (Croft
et al. 2008; Rushmore et al. 2013). Strength represents the
weighted sum of all connections to an individual node (Croft
et al. 2008), while high values of strength indicate a greater

number and frequency of contacts with conspecifics (Csardi
and Nepusz 2006; Wey et al. 2008).

We separated the dataset into pregnancy and lactation pe-
riods for both tree and building roosting bats. The start of
pregnancy for tree-roosting bats in Cypress Hills was delin-
eated by the first capture of at least one pregnant bat (mid-
June) and the start of lactation was delineated based on the
first capture of lactating bats (mid-July; Willis and Brigham
2004). There were no instances when both pregnant and lac-
tating bats were caught in the same roost. For building
roosting bats in Fort Collins, we delineated pregnancy from
lactation based on the median date of parturition (defined by
Kunz 1974), as the start of the lactation period in 2005 (i.e., 16
June). Therefore, the majority of bats were pregnant before 16
June and the majority of bats were lactating after 16 June.

To ensure that the network based on our subsample of 16
bats was representative of the entire colony of 76 individuals,
we compared characteristics of the data for our subsampled
bats (n=16) to all bats from the colony using t tests. There
were no differences in tracking nights per bat during pregnan-
cy (t25.6 =−1.5, p=0.16) or lactation (t45.4 = 0.8, p=0.42),
which means the subsample of data used for the observed
networks was reflective of the data for the entire colony.
Therefore, we used our initial network of 16 bats for all sub-
sequent comparisons.

We quantified network metrics under four roosting condi-
tions: (1) tree-roosting with observed fission-fusion dynamics
during pregnancy; (2) tree-roosting with observed fission-
fusion dynamics during lactation; (3) building roosting with
high roost fidelity and colony aggregation during pregnancy;
and (4) building roosting with high roost fidelity and colony
aggregation during lactation. To determine whether observed
network metrics differed from random we generated 1000
equivalent weighted networks based on the data stream (i.e.,
raw PIT-tag or radio-tracking data) rather than the association
matrix (Farine 2013). Each permutation of the data stream had
the same number of individuals and associations among

Table 1 Summary of descriptive statistics and network metrics from four big brown bat (Eptesicus fuscus) roosting scenarios

Tree roosting pregnant Tree roosting lactation Building roosting pregnant Building roosting lactation

Observed Random Observed Random Observed Random Observed Random

N 16 16 15 15 16 16 15 15

Edges 58 – 25 – 120 – 105 –

Roosts per bat 4.5 ± 1.8 – 4.3 ± 2.7 – 1 – 1 –

Tracking nights per bat 6.8 ± 3.0 – 8.1 ± 4.7 – 19.8 ± 2.9 – 20.5 ± 6.9 –

Bats detected per night 4.6 ± 2.1 – 4.20 ± 1.6 – 10.9 ± 5.4 – 10.2 ± 3.6 –

Half-weight index 0.18± 0.26 0.15± 0.005 0.08 ± 0.19 0.06 ± 0.005 0.67± 0.19 0.64± 0.007 0.54 ± 0.26 0.51± 0.008

Strength 2.85 ± 1.09 2.46± 0.08 1.22 ± 0.62 0.95 ± 0.07 10.7 ± 0.59 10.3 ± 0.12 8.07 ± 2.02 7.67± 0.11

Roosting scenarios include fission-fusion tree roosting bats during pregnancy and lactation and aggregated building roosting bats during pregnancy and
lactation. Edges are the number of connections between bats, and numbers for half-weight index and strength are group means ± standard deviation
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individuals as the observed data, and we randomly reassigned
connections among dyads (e.g., Lusseau 2003), recalculating
theHWI after each permutation (Farine 2013). To test whether
the observed network structure (i.e., HWI) and metrics (i.e.,
strength) differed from random, we compared observed HWI
and strength values to the distribution of 1000 randomly gen-
erated networks. We considered observed values of HWI and
strength nonrandom if the mean observed value fell out-
side the 95 % confidence interval of the random distri-
bution (Croft et al. 2011). These comparisons allowed
us to assess whether our observed networks reflected
biologically meaningful social structure or, alternatively,
whether they were the outcome of random combinations
of individual connections.

Comparisons among networks generated using different
sampling methods can be problematic and must be interpreted
cautiously (Perkins et al. 2009). Nevertheless, for illustrative
purposes, we conducted quantitative comparisons of social
network strength and HWI between all roosting conditions.
We compared the test statistic (i.e., t-value) from a two-
tailed t test (comparing observed strength orHWI values from
different roosting conditions) to the distribution of t-values
derived from comparing strength and HWI values from ran-
domized data for each roosting condition (Farine and
Whitehead 2015). For each combination of roosting condi-
tions, we performed 1000 t tests comparing HWI and strength
values, each using the same permutation procedure described
above (i.e., randomization of the data stream as opposed to the
association matrix before subsequently recalculating HWI or
strength at each iteration). Significance was calculated by
counting the number of randomized t-values that had a greater
(when the t-value was positive) or lower (when the t-value
was negative) values than the observed t-value and dividing
this number by 1000 (Farine and Whitehead 2015). We used
Fisher’s combined probability test to account for multiple
comparisons. We used the igraph package (version 0.7.0,
Csardi and Nepusz 2006) to quantify network metrics and
visualize network graphics in R.

Simulations

We inferred infectious disease dynamics by applying
susceptible-infected (SI) epidemiological models to our em-
pirically derived social networks (Perkins et al. 2009). We
were interested in the influence of network dynamics on the
increase in the proportion of individual hosts infected during a
simulated epidemic over the course of one reproductive sea-
son. We assumed that the pathogen did not cause mortality in
the host and that once an individual became infected it
remained infected for the rest of the summer (e.g., Fortuna et
al. 2009). Although little is known about host recovery rates
and post-recovery resistance for bat pathogens, our assump-
tions are consistent with observed patterns (i.e., lack of

significant disease) for known viruses of bats (e.g., Misra et
al. 2009; Luis et al. 2013).

We used a network epidemic simulation model (function
Bnetsim^ from the BEpiModel^ package in R: version 1.1.4;
Jenness et al. 2015) to model epidemic dynamics. The param-
eters for each series of models were optimized using metrics
from each of our roosting conditions. Each simulation began
with the introduction of a single infected bat into a colony of
15 or 16 susceptible bats, the number of bats in our empirical-
ly derived networks during lactation and pregnancy, respec-
tively. We coded the average contact rate (c) in our SI models
from empirical networks where c is the mean square of the
degree distribution (k; i.e., the distribution of observed values
for degree) divided by the mean of the degree distribution:

c ¼ k2

k

Thus, individuals with more contacts were more likely to
become infected and were also more likely to transmit infec-
tions (May 2006; Wey et al. 2008).

Our models assumed that the pathogen was introduced
once at the beginning of pregnancy or lactation and spread
for 30 days throughout each network (i.e., the duration of data
collection and observed duration of each reproductive period
in the Cypress Hills and Fort Collins). To compare aggregated
building and diffuse forest networks, we modeled infection
rates across a 60-day period to represent the entire reproduc-
tive season with the pathogen being introduced at the begin-
ning of pregnancy and continuing to spread for another
30 days throughout the lactation. We used a constant contact
rate for the aggregated building network because the colony
we studied was fully saturated (i.e., all bats connected with all
other bats) during both pregnant and lactating periods, while
for diffuse forest networks, we used separate contact rates for
pregnancy and lactation (see equation above). We assumed
that changes in pathogen prevalence were additive, and we
modeled pregnancy and lactation for two distinct 30-day time
periods, each of which was based on associations from empir-
ical networks. Our analysis assumed that individuals sharing a
tree hollow or a building on the same night interacted within
the same roost during the day. This could overestimate contact
rates if bats within a given structure did not always interact.
However, this should not invalidate the comparison between
roost types, because (1) colony sizes used to estimate network
parameters were similar, (2) sample sizes used to estimate
network parameters were virtually identical (n=15–16), and
(3) models for both tree and building roosting bats were built
using the same assumptions.

We modeled reproductive and roosting conditions using
three rates of transmission based on β (i.e., the proportion of
contacts that result in transmission). We selected values of β
that reflected low, moderate, and high transmission rates seen
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for other infectious pathogens of wildlife (β=1, 10, 25 %,
Begon et al. 1999; Hampson et al. 2009; George et al.
2011). Previously published β values for rabies in big brown
bats were approximately 13 % (George et al. 2011), but β
values are not known for other pathogens of bats. Thus, our
final analysis yielded 12 SI-models, consisting of three trans-
mission scenarios applied to four reproductive-roosting con-
ditions (i.e., tree and building roosting bats during pregnancy
and lactation), and three transmission scenarios for each
roosting condition for the full reproductive season (i.e., tree
and building roosting). We ran 1000 iterations of each SI
model. For each value of β, output of the 1000 iterations for
each reproductive or roosting condition were compared using
Mann–Whitney U tests with Bonferroni adjusted p values for
multiple comparisons and Cohen’s d effect sizes for each com-
parison (Cohen 1988). Cohen’s d values <0.2 were considered
to reflect small effects, between 0.2 and 0.8 to reflect medium-
sized effects, and >0.8 to reflect large effects (McGough and
Faraone 2009). It was not possible to record data blindly be-
cause our study involved focal animals in the field.

Results

The tree-roosting bats we tracked in the Cypress Hills formed
58 dyads during pregnancy and 25 dyads during lactation in
June and July 2002 (Fig. 1; Table 1). During pregnancy, the
network was highly connected but subdivided into two dis-
tinct groups connected by a single individual (Fig. 1). The
lactation network was relatively sparse compared to pregnan-
cy with few connections among subgroups and two solitary
individuals (Fig. 1). There was no difference between ob-
served values of HWI and strength during pregnancy com-
pared to lactation for tree-roosting bats (Fig. 2), while ob-
served values for HWI and strength were significantly differ-
ent from random during both reproductive periods (Fig. S1).

The building roosting bats from Fort Collins formed 120
dyads during pregnancy and 105 dyads during lactation in
May, June, and July 2005 (Table 1). For both building net-
works, connections were widely distributed among all indi-
viduals with homogenous connections relative to the tree-
roosting networks (Fig. 1). There were no differences in net-
work HWI or strength for building roosting bats during preg-
nancy and lactation (Fig. 2), while observed values for HWI
and strength were significantly different from random during
both reproductive periods (Fig. S1).

We observed differences in network metrics across
roosting conditions (Fig. 2). Observed HWI and strength
values were highest for building roosting bats compared
to tree-roosting bats (Fig. 2). Based on randomization
tests, HWI differed significantly for tree-roosting bats
during pregnancy and lactation compared to building
roosting bats during pregnancy and lactation (Fig. 2;

Fig. S2). Meanwhile, strength only differed significantly
between tree-roosting bats during pregnancy and building
roosting bats during pregnancy and lactation (Fig. 2;
Fig. S3). There was no difference in strength between
tree-roosting bats during lactation and building roosting
bats during pregnancy or lactation (Fig. 2; Fig. S3).
When accounting for multiple comparisons between
roosting conditions there were significant differences for
both HWI (Χ2 = 5.8, p < 0.001) and strength (Χ2 = 3.9,
p = 0.0004) (Fig. S2; Fig. S3).

For identical values of β, our models estimated a faster
increase in predicted pathogen prevalence for pregnant
tree-roosting bats compared to lactating tree-roosting bats
(Fig. 3). For these models, there were large effect sizes for
all β values (Table 2; Fig. 3). For identical values of β, our
models estimated no difference in predicted pathogen prev-
alence for pregnant versus lactating bats in the building
roost (Fig. 3). For these models, there were small effect
sizes for high (25 %) and moderate (10 %) values of β
and large effect size for low (1 %) values of β (Table 2).
Consistent with our prediction, when we compared results
across roosting conditions, predicted pathogen prevalence
was higher for building roosting bats during pregnancy and
lactation compared to tree-roosting bats during pregnancy
and lactation (Fig. S4). Effect sizes for these comparisons
were large for all three β values (Table 2).

Fig. 1 Social network associations of observed fission-fusion tree and
building roosting big brown bats during pregnancy and lactation. Node
size is proportional to values of strength for each individual and line
thickness is proportional to the strength of each dyadic connection.
Note the larger node sizes for individual bats during pregnancy compared
to lactation for tree-roosting bats, but not building roosting bats
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Discussion

Our results suggest that changes in social networks across
reproductive periods and between habitats can affect rates of
pathogen accumulation within populations of social hosts.
Greater network aggregation during pregnancy, compared to
lactation, led to a faster increase in predicted pathogen preva-
lence during pregnancy for tree-roosting bats. Similarly, great-
er social aggregation of bats in a building roosting colony led
to a more rapid increase in predicted pathogen prevalence
compared to colonies in natural forest habitat where the colo-
nywas divided amongmultiple tree hollows on any given day.
Taken together, our results provide insight into how social

behavior can mediate pathogen dynamics throughout the re-
productive season and in different habitats.

Consistent with our first prediction and previous work (Willis
and Brigham 2004; Patriquin et al. 2010), we found that the
strength of associations within a tree-roosting colony was stron-
ger during pregnancy than lactation. Bats may have greater need
for social thermoregulation during pregnancy because Ta is
colder (Willis and Brigham 2004). Meanwhile, during lactation
the combination of passive aggregation at relatively few warm
roost trees, combined with nonrandom preferences for some
dyads to associate more often within the colony than others,
may reduce novel roosting associations (Willis and Brigham
2004; Patriquin et al. 2010). During the pregnancy period, when

Fig. 2 a Comparison of half-weight index between tree and building
roosting bats during pregnancy and lactation; b comparison of strength
during all. Bar plots represent mean ± standard error, and bars sharing the

same letter are not significantly different from each other (see Fig. S2 and
S3 for full presentation of comparisons)
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Ta is colder, pregnant females readily use torpor (Lausen and
Barclay 2003; Solick and Barclay 2006; Wills et al. 2006b), but
may also preferentially form larger aggregations that could be
important for minimizing energetic costs during rewarming.
Thus, differences in roosting energetics between pregnancy
and lactation appear to influence social network dynamics.

Consistent with our second prediction, we found that dif-
ferences in social dynamics between reproductive periods re-
sulted in greater predicted pathogen prevalence during preg-
nancy than lactation for bats roosting in trees, but not build-
ings. In chimpanzees (Pan troglodytes), seasonal variation in
social connectivity based on reproductive status influenced

Fig. 3 Network epidemic simulations of a hypothetical pathogen in tree
and building roosting colonies of big brown bats generated using an SI
model with transmission rate (β) set to 1, 10, or 25 % over 30-day time
periods. Dark lines represent mean proportion of bats infected across all
models, and gray shaded areas are 95 % confidence intervals. Note: β

values are consistent across horizontal row of panels: a–d β= 1 %; e–h
β= 10 %; and i–l β= 25 %, and roosting scenarios are consistent within
each vertical column of panels: a, e, i tree-roosting pregnant; b, f, j tree-
roosting lactation; c, g, k building-roosting pregnant; d, h, l building-
roosting lactation

Table 2 Summary of results for Mann–Whitney U tests comparing output of susceptible-infected models parameterized with three separate trans-
mission rate (β) scenarios

Comparison β= 1 % β= 10 % β= 25 %

Model 1 Model 2 W p value d Size W p value d Size W p value d Size

Tree roosting pregnant Tree roosting lactation 5 <0.001 3.05 +++ 629 0.13 0.89 +++ 648 0.06 1.02 +++

Tree roosting pregnant Building roosting pregnant 0 <0.001 12.7 +++ 50 <0.001 1.99 +++ 151 <0.001 1.52 +++

Tree roosting pregnant Building roosting lactation 6 <0.001 2.64 +++ 164 <0.001 1.42 +++ 181 <0.001 1.37 +++

Building roosting pregnant Tree roosting lactation 900 <0.001 11.8 +++ 900 <0.001 2.33 +++ 842 <0.001 2.23 +++

Building roosting pregnant Building roosting lactation 900 <0.001 7.32 +++ 537 0.99 0.32 + 471 0.99 0.06 +

Tree roosting lactation Building roosting lactation 128 <0.001 1.67 +++ 95 <0.001 1.71 +++ 99 <0.001 2.02 +++

Model comparisons included all combinations of (1) tree-roosting pregnant bats; (2) tree-roosting lactating bats; (3) building-roosting pregnant bats; and
(4) building-roosting lactating bats. Displayed p values in italics are significant (α = 0.05) after post hoc Bonferroni correction

+ Small effect size, ++ medium effect size, +++ large effect size
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predicted pathogen prevalence (Rushmore et al. 2013), while
in European badgers (Meles meles), an increase in social con-
tacts during winter also influenced disease dynamics (Böhm et
al. 2008). Our results for tree-roosting bats contribute to the
body of evidence from a range of species that links seasonal
changes in social dynamics with the potential of pathogens to
proliferate within host populations. An additional explanation
for our observed diffusion of social structure during the lacta-
tion period could be our omission of juveniles. Inclusion of
juveniles could potentially alter the social structure we ob-
served, especially if juveniles associate with non-kin in the
roost. Juveniles are often reservoirs for ectoparasites at mater-
nity colonies (Christe et al. 2000) and, if juveniles come in
close contact with many adult females, they could also be
more susceptible to acquiring microparasites. We suggest that
future studies incorporate juvenile bats into social network
studies of bats at maternity colonies, while also quantifying
variation in contact-rates among female and juvenile bats.

Despite differences in predicted pathogen prevalence be-
tween pregnant and lactating bats, social network characteris-
tics had a greater influence on temporal/reproductive changes
in predicted pathogen dynamics at moderate to high (i.e., 10 or
25 %) transmission rates. This is consistent with empirical
data from prairie dogs (Cynomys sp.) which showed that
higher transmission rates associated within large colonies led
to more rapid outbreaks of Sylvatic plague (Cully and
Williams 2001). Similarly, variation in frequency of host-
host and host-substrate contact rates for three frog species
(Litoria nannotis, L. lesueuri, L. genimaculata) influenced
transmission rate for chytridiomycosis and, ultimately, caused
greater overall infection (Rowley and Alford 2007). The re-
sults of our simulations highlight the potential importance of
variation in transmission rates for predicting epidemic
outcomes.

Consistent with our third prediction, changes in pre-
dicted pathogen prevalence were greater for bats in build-
ings compared to trees because of greater aggregation of
the social network in the building colony. An increase in
the number and size of bat colonies aggregating in devel-
oped habitats could increase pathogen prevalence and in-
tensity in these colonies (Plowright et al. 2015). This has
both conservation and public health implications in light
of the potential importance of bats as hosts of zoonotic
pathogens (e.g., Luis et al. 2013). If species that are res-
ervoirs for zoonotic pathogens (likely tropical species)
exhibit similar fission-fusion dynamics (e.g., Wilkinson
1985; Rhodes 2007; Toth et al. 2015) to the big brown
bats we studied, destruction of natural roosts followed by
aggregation in human dwellings or barns could increase
the likelihood of outbreaks within host colonies and zoo-
notic spillover. Not only could loss of natural roosting
habitat increase rates of contact between humans or live-
stock and bats (e.g., as for Nipah and Hendra viruses:

Daszak et al. 2006), it could increase the risk that these con-
tacts will involve infected bats. Livestock agriculture in
Malaysia increased the number of flying foxes (Pteropus
vampyrus and P. hypomelanus) roosting in close proximity to
pigs, which likely contributed to the emergence and persistence
of Nipah virus (Pulliam et al. 2011). Similarly, an increase in
the number and size of urban flying fox (P. poliocephalus and
P. alecto) colonies in Australia likely increased the likelihood of
Hendra virus spillover events from bats to horses (Plowright et
al. 2011). In both cases, spillover from bats to livestock resulted
in human deaths (Daszak et al. 2006). Taken together, these
results suggest the importance of preserving and potentially
enhancing natural roosting habitat for bats, and designing struc-
tures in ways that prevent bats from roosting in large, highly
aggregated colonies with high rates of contact among bats, as
well as with humans or livestock. If artificial roosts are to be
provided in places where natural roosting habitat has been lost,
it could be beneficial to provide smaller or multiple-
compartment structures to help maintain natural roosting dy-
namics and avoid the large, highly aggregated colonies that are
less likely to occur in natural habitats.

A potential limitation of our analysis is that data were
collected using different methods and even small differences
in data collection can drive potential differences in observed
social structure which can affect interpretation (for details, see
Perkins et al. 2009; Farine and Whitehead 2015). However,
because of the stark differences in roosting behavior between
tree and building roosting big brown bats (Lausen and
Barclay 2006), we are confident our results reflect biologically
meaningful differences in social structure. Tree-roosting big
brown bats have pronounced fission-fusion dynamics, with
individuals switching roosts every 1–2 days on average and
rarely returning to the same tree within a given year (Willis and
Brigham 2004). Moreover, the colony is divided among mul-
tiple tree-hollows each day, while the whole colony rarely
roosts in the same tree on the same day. By contrast, building
roosting big brown bats typically roost in a single (with per-
haps a few less used satellite roosts), often large, roost structure
for weeks at a time. Thus, these biological effects seem likely
to overwhelm differences in observed social structure that
might arise because of differences in data collection methods.

The patterns we observed could also differ for parasites with
different modes of transmission. Our models are most likely to
approximate transmission dynamics for microparasites and
some ectoparasites that require direct contact between hosts
for transmission (e.g., Basilia nana: Reckardt and Kerth
2007). However, they may not capture dynamics of
macroparasites with alternative transmission strategies (e.g.,
mobile ectoparasites with a winged adult stage). Thus, we sug-
gest that future studies use empirical data on individual host
(e.g., social behaviors and/or personality: Webber et al. 2015a,
b) and parasite (e.g., contact-mediated or mobile parasites)
behavior and heterogeneity in susceptibility of individual hosts
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(e.g., immune capacity) to assess potential differences in pat-
terns of transmission and prevalence. In the absence of data on
transmission rates for the vast majority of bat pathogens, we
assumed transmission rate values for ourmodels. Transmission
rate is a function of the host-parasite system (Fenton et al.
2002) and variation in transmission can be influenced by in-
trinsic characteristics of the host, like mating strategy or dis-
persal ability (Whiteman and Parker 2004) both of which can
be linked to sociality. To our knowledge, no comprehensive
review exists linking host social behavior of bats (i.e., group
size, mating system or any index of sociality) to any measure-
ment of parasitism, including diversity, abundance, or rate of
transmission, although such studies exist for rodents (e.g.,
Bordes et al. 2007), primates (e.g., Nunn et al. 2003), and
ungulates (e.g., Ezenwa 2004). Thus, we also recommend that
future studies identify ecological, behavioral, and epidemio-
logical predictors of host-pathogen dynamics in bats.

Conclusion

We quantified social network metrics of female big brown bats
during pregnancy versus lactation and in natural versus anthro-
pogenic roost structures. Bats in buildings had greater connec-
tivity compared to bats roosting in trees during both pregnancy
and lactation, and our models suggested that this could increase
pathogen proliferation within colonies during the active sea-
son.We suggest that future studies empirically test for relation-
ships predicted by our models between social dynamics and
parasite prevalence during pregnancy and lactation and for bats
roosting in both trees and buildings. The changes in pathogen
dynamics predicted by our models were, in part, proportional
to the transmission rates we used, so we also recommend that
future studies empirically quantify transmission rates for natu-
ral pathogens of bats. In general, our results suggest that habitat
alteration can influence pathogen dynamics in bats via changes
in social dynamics associated with habitat composition. This
has implications for conservation and human public health and
highlights the importance of protecting and potentially enhanc-
ing natural roosting environments for bats.
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