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Abstract Bats have recently been implicated as reser-
voirs of important emerging diseases. However, few

studies have examined immune responses in bats, and even

fewer have evaluated these responses in an ecological
context. We examined aspects of both innate and adaptive

immune response in adult female Brazilian free-tailed bats

(Tadarida brasiliensis) at four maternity roosts (two nat-
ural caves and two human-made bridges) in south-central

Texas. Immune measurements included in vitro bacterici-

dal ability of whole blood and in vivo T cell mediated
response to mitogenic challenge. Bactericidal activity in

T. brasiliensis varied with roosting ecology, but appears to

be sensitive to colony-level effects. Blood from females
living at one cave had significantly lower bactericidal

ability than blood from females at three other sites. T cell

mediated response in this species was associated with
variation in roost ecology, with females from two caves

having greater responses than females from two bridges.

T cell mediated response and bactericidal activity were

negatively correlated with one another within individuals
that were tested for both. Variation in immunological

response of T. brasiliensis is important for understanding

the influence of the environment on the frequency and
distribution of immunologically competent individuals and

for understanding disease-host dynamics in this and other

colonial species.
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Abbreviations
BKA Bacterial killing ability

FBS Fetal bovine serum
PBS Phosphate buffered saline

PHA Phytohaemagglutinin

Introduction

The emergence in wildlife of infectious diseases, such as
AIDS, Ebola, West Nile virus, SARS, and Hantaviruses,

highlight the need to understand the ecology of reservoir

hosts to disease, and the interactions of immunological
response and ecological variation. Recently, bats have

become a focus of attention as possible reservoirs of

several emerging pathogens, including SARS-like viruses
(Li et al. 2005), and other Corona viruses (Dominguez

et al. 2007; Gloza-Rausch et al. 2008), Nipah and

Hendra viruses (Joharra et al. 2001; Halpin et al. 2000),
Ebola virus (Leroy et al. 2005), Herpes virus (Wibbelt

et al. 2007), and others (reviewed in Calisher et al.

2006). Bats also have long been recognized as reservoir
hosts, and vectors to humans and domestic animals, of
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rabies virus (Messenger et al. 2003; Constantine 1967)

and related lyssaviruses (Fraser et al. 1996; Botvinkin
et al. 2003). However, little is known about variation in

immune function and susceptibility to disease in free-

ranging bats (Calisher et al. 2006; Dobson 2005; but see
Christe et al. 2000). Improving our understanding of

variation in immune function among individuals and

populations of bats is important for understanding the
role of bats as potential vectors of emerging diseases

(Messenger et al. 2003; Dobson 2005).
Bats possess a variety of life-history traits that are

likely to affect their immune function and the role of bats

as reservoirs and vectors of disease (Calisher et al. 2006).
Many species are colonial, although considerable varia-

tion in colony size exists (Kunz 1982; O’Shea and Bogan

2003). The Brazilian free-tailed bat (Tadarida brasilien-
sis), for example, roosts in some of the largest

aggregations of mammals on earth, with several thousand

to several million individual bats estimated to form
maternity colonies in caves and under highway bridges

(Davis et al. 1962; McCracken 2003; Keeley and Keeley

2004; Betke et al. 2008). Colonial living brings the pos-
sibility of increased exposure to infectious pathogens,

with direct links to immune defense and protection.

Relationships have been shown between coloniality and
immune responsiveness in several avian species, although

evidence is conflicting. For example, Tella et al. (2001)

found that T cell mediated immune response in fledglings
of the Magellanic penguin (Spheniscus magellanicus) was

negatively correlated with colony size, whereas Møller

et al. (2001), examining immunity at the interspecific
level, found that highly colonial swallows and martins,

have higher levels of T and B cell response compared to

less social songbirds.
Bats sometimes roost in proximity to urban and agri-

cultural landscapes (Horn and Kunz 2008), and

occasionally within human dwellings. In south-central
Texas, T. brasiliensis uses both natural and man-made

structures as roosts, including caves, bridges, buildings,

and bat houses (Kunz and Reynolds 2003; McCracken
2003; Sgro and Wilkins 2003). Roosts can differ in struc-

ture, capacity and possible quality (Lausen and Barclay

2006; Neubaum et al. 2006). Given the recognized role of
bats in disease transmission, it is important to understand

variation in their immune condition in relation to ecolog-

ical variables, particularly for those species roosting in
close proximity to humans.

Innate immunity establishes an early line of defense

against invading pathogens and inhibits the progression of
infection. In contrast, the adaptive immune responses are

induced upon antigen processing and have greater

importance for clearing infections (Goldsby et al. 2003).
The innate and adaptive arms of the immune response

interact to protect individuals, although their competence

may vary among individuals (Blount et al. 2003). Most
previous research on the effects of ecological conditions

on immune function has focused primarily on the adaptive

immune response (but see Tieleman et al. 2005 and
Blount et al. 2003), by estimating T cell proliferation in

response to mitogenic challenge (Tella et al. 2001; Tella

et al. 2002). Evaluation of multiple components of
immune response is needed to develop a more complete

understanding of immune competence in free-ranging
animals.

In the present study, we evaluate aspects of both the

innate and adaptive arms of the immune system in
T. brasiliensis over a period of 5 months at four maternity

colonies (two natural caves, two man-made bridges) in

south-central Texas. Bactericidal activity of whole blood
in culture, one aspect of the innate immune response,

primarily measures complement-mediated cytotoxicity

(Merchant et al. 2003), which is a major factor in defense
against viruses (Blue et al. 2004). T cell mediated

response, which contains aspects of both innate and

adaptive immune components, is also important in clear-
ance of viruses, including rabies virus (Hooper et al.

1998). This study was designed to characterize responses

of T. brasiliensis to two immune challenges. We postu-
lated that variation in both the innate and adaptive arms

of the immune system would be affected by differences in

roosting ecology as it relates to roost environment and
colony size.

Materials and methods

Animal sampling

This study was conducted in south-central Texas from May

to September of 2005. Bactericidal activity and T cell
infiltration were assessed in free-ranging adult female

Brazilian free-tailed bats (T. brasiliensis), captured at two

natural caves (Frio Cave and Davis Cave) and two large
pre-caste concrete highway bridges (Seco Creek Bridge

and East Elm Creek Bridge). Periods of data collection

corresponded to female reproductive stages: pregnancy
(May–June); lactation (June–July); post-lactation/non-

reproductive (August–September). Earlier studies indicated

that mating in T. brasiliensis occurs prior to spring
migration (Davis et al. 1962; Cockrum 1969), though

recent evidence suggests that mating also occurs in Texas

in March and April (Keeley and Keeley 2004). Outside of
the mating season, however, many of these roosts are

occupied by non-territorial maternity colonies, comprised

mostly of females. Thus, we have focused on adult females
in the present study.

316 J Comp Physiol B (2009) 179:315–323

123



Approximately 15 bats were captured on a given night at

each site, most of which were sampled within 2–4 days in
each sampling period, for a total of 327 bats. Both

immunological assays were not always performed on each

bat, due to temporal constraints of the specific protocols.
Body mass, reproductive condition (non-reproductive,

pregnant and lactating) and age class (adult or juvenile;

Anthony 1988) were determined for each individual.
Juveniles were not included in the analyses, due to low

sample sizes (n = 20) over the entire study period. Bats
were held for up to 14 h for the immunological assays

described below and then released at the site of capture. All

individuals received a site-specific tattoo on their wings to
prevent re-sampling. Tattoos on wings provide effective

markings on these bats (Lollar and Schmidt-French 1998)

that can last up to 3 years. All capture, handling and
experimental procedures were approved by the University

of Tennessee Animal Care and Use Committee (#890) to

G.F.M. and Boston University Animal Care and Use
Committee (05–012) to T.H.K., and under Texas Parks and

Wildlife Department permit SPR-0305-058 to T.H.K.

Innate immune function: bactericidal ability

Bacterial killing ability of the bat’s whole blood against
Escherichia coli was measured to represent one aspect of

the innate immune response. This technique has been used

successfully as an in vitro assay of innate immune function
in free-ranging animals (Tieleman et al. 2005). A small

amount of whole blood (6 ll) was collected in sterile

heparinized capillary tubes via venopuncture (Kunz and
Nagy 1988) within 2 h of capture from each bat. Although

Matson et al. (2006) found a decrease in bactericidal ability

of the blood of several species of birds at this length of
time post-capture, preliminary data on T. brasiliensis
shows no reduction in bactericidal ability up to 2 h post-

capture. The blood was diluted to 1:50 in RPMI-1640
media (Roswell Park Memorial Institute), supplemented

with 5% Fetal Bovine Serum (FBS). The E. coli (ATCC

8739; Microbiologics, USA) solution was diluted to
1:1,000 using sterile phosphate buffered saline (PBS). A

total of 140 ll of diluted blood was mixed with 10 ll of

diluted bacteria. Once mixed, 50 ll of the combined blood
and bacterial dilution was spread onto labeled trypticase

soy agar plates (BD Diagnostic systems, USA) at both 0

and 60 min post-mixing. Two control plates consisted of
5% FBS in RPMI with equivalently diluted bacteria and no

blood. All plates were incubated at 37"C for 12 h, after

which colonies of E. coli were visually counted and
recorded. The unit-less index used to calculate the bacte-

ricidal ability of the blood was standardized for both

controls of a given assay:

BKA index

¼ #1$ blood plate 60# blood plate 0

blood plate 0
$ 100

! "!

# control 60# control 0

control 0
$ 100

! ""

This index assigned large positive values when bats had

blood with high cytotoxic activity and negative values
when blood had little or no cytotoxic activity against the

bacteria. The index method controls for bacterial die-off

occurring within an assay that is unrelated to the blood’s
bactericidal ability. Only data from assays where there was

less than a 15% difference between the 0 and 60 min

controls were used. Three individuals whose bactericidal
indices were over three standard deviations lower than the

mean of the remaining individuals were excluded from the

data set, because these values deviated from the normal
distribution of bactericidal ability found in our samples. In

the final analyses, bactericidal indices were derived from

89 individual adult female bats.

Adaptive immune function: T cell mediated immune

response

A subcutaneous injection of phytohaemagglutinin (PHA-P

#L8754; Sigma, USA) was administered to assess T cell
infiltration in a total of 163 individual bats. Injections were

administered in the interfemoral membrane (uropatagium)

below the knee at the point of contact with the leg. Prior to
injection, the area was measured with a digital micrometer

(Mitutuyo #293-230, Japan). The experimental area on

each bat was injected with 0.05 ml of 3 mg/ml PHA in
PBS. As a control, the contralateral side was then injected

with 0.05 ml of PBS. Swelling at the sites of injection was

subsequently measured at 12 hours post-challenge. Mea-
surements of PHA swellings in the uropatagium of bats are

very similar to the more common measurements made in

the wing web of birds. The swelling produces thickened
cellular infiltrate between the two layers of skin adjacent to

the leg, thus our measurements are comparable in execu-
tion to those conducted in birds. Although bactericidal

ability of blood was not tested in every bat, all bats were

bled within 3 min of capture, for a companion study on
stress hormones, therefore all bats in our study were bled

once prior to PHA challenge. To ensure consistency in

assessing the PHA test, one of us (L.C.A.) performed all
injections, and another (A.S.T.) made all measurements.

Care was taken to conduct repeatable, blind measurements

with each swelling measured twice and averaged. Fol-
lowing Navara et al. (2005), the unit-less index below was

used to determine the swelling response to the mitogenic

challenge standardized against the control response:
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PHA index ¼ 12hrPHA# 12hrPBSð Þ
prePHAþprePBS

2

# $

Indices greater than one designate bats with marked T cell
infiltration to the injection area, whereas smaller index

values indicate that little or no response was observed. One

individual with an index value that was over three standard
deviations beyond the normal range of indices was exclu-

ded from the data set, resulting in analyses of T cell

infiltration for 162 individual adult female bats.
While this technique has been widely used in avian

immunology to assess T cell mediated response (Bon-

forte et al. 1972; Tella et al. 2001), recent studies have
cautioned that the proper identification of cellular com-

ponents present in the swelling is necessary to accurately

interpret the response (Kennedy and Nager 2006; Martin
et al. 2006a). In a separate group of T. brasiliensis
(N = 18), we analyzed PHA treated and control tissues

with biopsies of the swellings taken 6–21 h post-chal-
lenge. We documented significantly larger numbers of

lymphocytes (mean cell count = 6), as well as heter-

ophils (mean cell count = 35), in PHA-challenged
tissues that were not observed in any numbers in control

tissues, demonstrating that specific cellular infiltration

had occurred in response to the PHA challenge. We
found that measurements of the swellings at 12-h post-

injection capture the maximal swelling response of

individual bats, and represented when increased lym-
phocyte and heterophil infiltration occurred (Turmelle

and Mendonça, unpublished data). The immune response

to PHA challenge in bats suggests that both innate and
adaptive components are responsible for local swelling at

the injection site, as was found in birds by Martin et al.

(2006a). Because PHA elicits T-lymphocyte response at
the site of injection, this method is a good overall

measure of cell-mediated immune function in this

species.

Statistics

The bactericidal indices among all individuals included in

the final data set were normally distributed. However, T

cell responses among individuals were not normally dis-
tributed, and thus the data were log-transformed to fit a

normal distribution prior to statistical analysis. Non-trans-

formed values, means ± standard error, of bactericidal and
T cell indices are presented. Indices for either assay did not

differ statistically between reproductive classes (BKA,

P = 0.374; PHA, P = 0.961). Thus, all reproductive
classes were combined prior to analyses of the data sets.

For both immune indices, a nested mixed ANOVA
model, with one covariate (general linear model; using

JMP 5.0.1), was used for comparison of roost type. By

roost type we refer to the structure of the roost (bridge or

cave), whereas by colony we refer to the location at which
the individual bats were sampled (Frio Cave, Davis Cave,

Seco Creek Bridge and East Elm Creek Bridge). Because

we were only able to sample four colonies, a nested design
was used (comparing roost types, with colony nested

within roost type) to examine if there is significant varia-

tion in roost types beyond variation due to differences
among colonies alone. Roost type, and colony nested

within roost type were independent variables and body
condition, a ratio of body mass to right forearm length, was

a covariate in the overall model. We also treated colony as

a random effect (i.e., we are interested in generalizing to
other colonies of Brazilian free-tailed bats); roost type

(bridge or cave), a fixed effect, was tested over colony

nested within roost type. Because colony size varies with
roost type (the majority of cave colonies, including those

studied here, have more bats living in them than bridge

colonies), we were unable to directly test for the effects of
population size on immune function, but we will explore

this hypothesis in our discussion below. Lastly, we tested

for a linear association between bactericidal ability and the
log-transformed T cell response data, within individuals

subjected to both assays (n = 74), using Pearson’s product-

moment correlation (a = 0.05).

Results

Innate immune function: bactericidal ability

The overall model of roost type, colony within roost type

and body condition significantly explained variation in

bacterial killing ability (P = 0.03, F = 2.88(3,88),
R2 = 0.12). Within the model, colony (within roost type)

was the only significant predictor of the variation in bac-

tericidal ability (P \ 0.05; Fig. 1a). Blood from females at
Davis Cave had significantly lower killing ability

(20.19 ± 4.32) than the three other colonies; Frio Cave

(35.46 ± 4.60), Seco Creek Bridge (44.31 ± 7.59), and
East Elm Creek Bridge (38.68 ± 6.73). Other variables

including body condition (P = 0.77) and roost type [bridge

(41.15 ± 5.15) and cave (27.35 ± 3.22); P = 0.06] were
not significant predictors of bactericidal ability in female

bats, although roost type borders on significance. There

were no interactions between roost type or colony nested
within roost type and body condition.

Adaptive immune function: T cell mediated immune
response

The overall model of roost type, colony within roost type
and body condition significantly explained variation in
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PHA response (P \ 0.01, F = 8.34(3,161), R2 = 0.18).

Within the model roost type and colony (within roost type)
were both significant predictors of PHA response

(P \ 0.001 and P = 0.02, respectively). Females from

caves (1.68 ± 0.07) exhibited a greater T cell response
than those living in bridges (1.05 ± 0.12). Females from

Davis Cave (1.54 ± 0.08) and Frio Cave (1.90 ± 0.10)

had larger responses than those at the bridge colonies, East
Elm Creek (1.14 ± 0.21) and Seco Creek (1.01 ± 0.15;

Fig. 1b). Variation in T cell response was not explained by

body condition (P = 0.33). Again, there were no interac-
tions between roost type or colony nested within roost type

and body condition.

Combined immune function

Within individual females, there was a weak but significant
negative correlation between bactericidal ability and T cell

response to PHA (Pearson’s q = -0.190, P = 0.05).

Females that produced larger swellings in response to PHA
had blood with lower bactericidal ability (Fig. 2).

Discussion

This study demonstrates that individual T. brasiliensis
differ in their ability to mount functional immunological

responses, and that roosting ecology significantly impacts

immune function. We also provide evidence of a negative
association between innate and adaptive immune responses

within individuals.

Blood from female bats at Davis Cave had lower bac-
terial killing ability compared to females at Frio Cave and

the two bridge sites (Fig. 1a). This trend is also present

when roost types are compared; suggesting that there are
inherent differences between bridges and caves that likely

affect immunity. Although this result is not linked to body

condition, there may be additional factors that affect innate
immunity which are not included in our model. One pos-

sible factor could be differences in ectoparasitism among

the colonies surveyed. High parasite loads affect immune
function adversely in a variety of vertebrates (Sheldon and

Verhulst 1996; Møller et al. 1999). Examination of infes-

tations of ectoparasitic mites on T. brasiliensis at these
same sites show that individuals at Davis Cave, the site

with the lowest mean BKA index, had the highest degree of

mite cover, followed by individuals at Frio Cave and then
at bridge sites (Turmelle 2005). Although these types of

immune responses are not directly related, we suggest that
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Fig. 1 a BKA Index (bactericidal ability of blood; mean ± SE) at
the four colonies sampled, blood from bats at Davis Cave had
significantly lower bactericidal ability than blood from bats at the
other colonies (P \ 0.05). Caves versus bridges (P = 0.06). Sample
sizes for Frio and Davis Caves and Seco Creek and East Elm Creek
Bridges are n = 30, 34, 11, 14, respectively. b PHA Index (response
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female bats tested for both. There was a negative correlation between
BKA and PHA indices (Pearson’s q = -0.190, P = 0.05)
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higher parasitism of bats in the colony at Davis Cave may

reflect a weakened immune system overall; however, the
exact causative mechanisms are currently unknown.

Research on the relationships between ectoparasitism and

immune responses in T. brasiliensis is in progress.
The lower T cell responses in females occupying bridges

compared to their cave-dwelling counterparts indicates that

adaptive immune response is also influenced by roost type
(Fig. 1b). This supports our hypothesis that environmental

differences may exist between roost types. Bats living in
bridges may experience physiological stress associated

with living in man-made roosts that negatively impact

adaptive immune responses. As reviewed by Nelson et al.
(2000) immune suppression associated with stress hor-

mones has been demonstrated in several species of

vertebrates. Notwithstanding, evidence linking stress hor-
mone levels and immune system function in the Brazilian

free-tailed bat is currently lacking. Alternatively, this pat-

tern may also reflect differences in colony size between the
roost types. While our model does not directly test for the

effects of colony size on swelling response to PHA, a post-

hoc test shows a positive correlation (P \ 0.0001,
F = 19.79(3,161), R2 = 0.11; Fig. 3) between mean PHA

response and the best current estimates of colony size

(Betke et al. 2008). Because colony size varied with roost
type, and the effects of both variables may be working in

combination, additional research will be needed to tease

apart these effects. Similarly, in an interspecific study
Møller et al. (2001) found that highly colonial swallows

and martins had more robust T cell responses compared to

less social songbirds, and they suggested that higher levels
of parasitism observed in larger colonies may cause

individuals to allocate more resources to combat infection.

Tella et al. (2001), found the opposite relationship, exam-
ining colonies of the Magellanic penguin (Spheniscus
magellanicus), with larger colonies having reduced T cell

responses compared to smaller ones. The authors point out
that density dependent food limitations and crowding

negatively affected body condition and immunocompe-

tence in fledglings. Since we found PHA response to
increase with colony size, it is likely that these bats may

not be particularly sensitive to crowding and food
limitations.

Because the adaptive arm of the immune system

responds to chronic infection (Klasing 2004), greater
investment in immunity is expected in organisms threa-

tened by a larger number of pathogens (Read and Allen

2000). Evidence suggests that bats in caves have higher
ectoparasite loads than those roosting beneath bridges

(Turmelle 2005). Differences in exposures to other patho-

gens may also vary by roost type. For example, once the
spores of Histoplasma capsulatum and other fungi that

grow in the accumulated guano below bats become air-

borne they can infect lungs and mucosal membranes
(McMurray and Russel 1982). Resistance to H. capsulatum
infection in mammals is dependent on a cellular immune

response primarily mediated by T cells (Cain and Deepe
1998; Deepe 1994). One critical determinant of the course

of infection is the inflammatory response evoked in

response to host-pathogen interactions. The inability to
evoke the appropriate inflammatory response can lead to

disease progression. Compared to bats roosting in caves,

bats roosting under bridges may be less exposed to fungi
due to smaller accumulations of guano and greater air

circulation between the guano and the roosting bats. Thus,

we expect that higher pressures from parasites and fungi in
caves may result in cave-roosting bats investing more

energy in mounting memory-related, adaptive, resistance to

the pathogens they commonly face. These findings are in
contrast with those of Christe et al. (2000) who found that

reproductive females of Myotis myotis had lower T cell

responsiveness and higher mite loads than non-reproduc-
tive females, and that during lactation immunocompetence

was positively correlated with body mass. In the current

study, we found no evidence for differences in T cell
response due to body condition or reproductive stage.

Moreover, we found evidence for a positive relationship

between ectoparasitic mite loads and T cell response,
although this pattern may be indirect owing to differences

in roosting condition in bridge and cave-roosting bats.

Results from our study have shown a negative correla-
tion between PHA response and bactericidal ability within

individual bats (Fig. 2). Forsman et al. (2008) found sim-

ilar results, and showed that humoral bactericidal activity
was negatively related to cutaneous immune activity (PHA
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Fig. 3 Mean PHA index (response to PHA injection at 12 h) as a
function of estimated colony size. Colonies estimates in order from
largest to smallest are Frio Cave, Davis Cave, Seco Creek Bridge and
East Elm Creek Bridge. The positive correlation between colony size
and mean PHA Index was significant (P \ 0.0001, F = 19.79(3,
161), R2 = 0.11). Sample sizes for Frio and Davis Caves and Seco
Creek and East Elm Creek Bridges are n = 50, 76, 24, 12,
respectively
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assay) in house wrens. Moreover, Martin et al. (2006b)

found that some immune responses can negatively affect
other recent immunological activity in female white-footed

mice, when examining simultaneous wound healing and

cutaneous immune response. Our data suggests that indi-
viduals may not be able to maximally activate all aspects of

immunity owing to competing costs and the variety of

strategies associated with a multiple-component immune
system (Klasing 2004). T cell mediated inflammation aids

in the clearance of viruses (Hooper et al. 1998); therefore
individuals at greater risk of coming in contact with viru-

ses, such as rabies in bats, may be selected to invest more

into adaptive immune defenses, potentially at the expense
of reduced innate immune responsiveness.

In addition to Rabies and other lyssaviruses, Brazilian

free-tailed bats may be incidental hosts to various arbovi-
ruses, including the flaviviruses (Family Flaviviridae,

Genus Flavivirus) Rio Bravo Virus (RBV; Constantine and

Woodall 1964), St Louis encephalitis (SLE; Allen et al.
1970; Herbold et al. 1983), and West Nile Virus (WNV;

Davis et al. 2005; Pilipski et al. 2004), and the alphaviruses

(Family Togaviridae, Genus Alphavirus) Eastern Equine
Encephalitis (EEE), and Western Equine Encephalitis

(WEE) (Constantine 1970). The infection cycle for these

arboviruses occurs primarily between birds and arthropods,
with incidental infection of mammals generally not pro-

ducing significant viremia to act as amplifying hosts or

facilitate transmission. Enzootic foci for arboviruses are
generally swampy areas, drainages, or irrigated agricultural

land, with infection occurring primarily during the summer

months. Both risk factors are relevant for roosting aggre-
gations of Brazilian free-tailed bats, particularly colonies

that roost over standing water (bridges) or near irrigated

agricultural lands (both caves and bridges). Infection with
flaviviruses or alphaviruses should induce a viral neutral-

izing antibody response that confers lifelong immunity

against the specific virus responsible for infection. In the
context of our data, we would predict that bats which

are unable to mount strong T cell mediated antibody

responses would be more likely to succumb to viral
infection. In subclinical cases, bats with lower T cell

mediated response may develop limited protection against

future or related exposures.
Determining the ecological factors that predict variation

in the ability of individual Brazilian free-tailed bats to

exhibit functional immunological responses is important to
understand disease dynamics and population health in this

and other species of colonial animals. A number of vari-

ables can affect the ability of organisms to combat
pathogens and viral infections, and this study is a first step

toward understanding susceptibility related to immuno-

competence. A companion paper investigating links
between roosting ecology and disease exposure (Rabies

virus) is currently in review. Evidence from this current

study suggests that immune responsiveness and presumably
disease susceptibility are linked to the roosting ecology of

the host. We predict that the immunotypic composition of a

colony will influence pathogen transmission and persistence
in free-ranging bats (Dimitrov et al. 2006, 2007).

Energetically costly aspects of immunological defense

may also impose tradeoffs and energetic limitations for
other seasonal behaviors and life-history functions that are

important for survival. From this perspective the emerging
field of ecoimmunology has contributed to our deeper

understanding of the role of immunological competence in

population regulation and the evolution of coloniality
(Lochmiller 1996). The implications of such studies are

further enhanced by examining species that are known to

play a role in infectious disease transmission.
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Abstract

As the human population continues to expand, increased encroachment on natural
landscapes and wildlife habitats is expected. Organisms able to acclimate to
human-altered environments should have a selective advantage over those unable
to do so. Over the past two decades, bats have increasingly begun to roost and raise
offspring in spaces beneath pre-cast concrete bridges. Few studies have examined
the health or fitness of individuals living in these anthropogenic sites. In the present
study, we examined birth size and postnatal growth, as surrogates of reproductive
success, in Brazilian free-tailed bat pups born at a natural and a human-made
roost. Based on putative stress-related conditions (noise from vehicular traffic,
chemical pollutants and a modified social environment) present at bridges, we
predicted that bats at these sites would have reduced reproductive success.
Contrary to our prediction, pups born at a bridge site were on average heavier
and larger at birth and grew faster than those born at a cave site. Also, both birth
size and growth rates of pups differ between years. We attribute observed
differences to a combination of roost-related conditions (i.e. roost temperature
and proximity to foraging areas), climate and maternal effects with larger mothers
raising larger pups. Thus, some bridge roosts, at least in the short term, are
suitable, and in some cases may provide better conditions, for raising young bat
pups than cave roosts.

Introduction

Human population growth and associated exploitation of
natural resources may be the greatest threat to wildlife
across the globe. Population expansion leads to increased
encroachment on natural landscapes and wildlife habitats,
both directly (e.g. human/wildlife conflicts) and indirectly
(e.g. habitat degradation). Individuals within a species that
acclimate to human-altered landscapes should have a selec-
tive advantage over those unable to do so. Human actions
may have a positive influence on wildlife by generating
feeding and roosting opportunities (Fenton, 1997; Cleve-
land et al., 2006; Lausen & Barclay, 2006). Human activities,
such as road construction, tourism and habitat fragmenta-
tion can have significant effects on behavior and stress levels
in diverse wildlife (Creel et al., 2002; Walker, Boersma &
Wingfield, 2005a; Bejder et al., 2006; Barja et al., 2007).
However, the extent to which these activities directly or
indirectly affect long-term fitness is poorly understood
(Walker, Boersma & Wingfield, 2005b; Arlettaz et al.,
2007). Thus, studies that directly measure the consequences
of anthropogenic factors on fitness are important.

One component of fitness is reproductive success. Because
a direct measure of lifetime reproductive success is often

difficult, a variety of substitutes, including number of off-
spring produced (Verhulst, van Balen & Tinbergen, 1995),
offspring survival (Sockman & Schwabl, 2000), birth or
weaning size (Harding et al., 2005) and postnatal growth
(Setchell et al., 2001), have been used. Birth size and postnatal
growth of young may be the most appropriate indicators of
reproductive success for species in which the clutch or litter
size is one or where following individuals past weaning is
difficult, due to natal dispersal or large colony sizes.

Various factors influence postnatal growth rates and
survivorship in young mammals, including climate, food
availability, roost temperature, age, nutritional and hormo-
nal condition of the mother, parasite loads and colony size
(Kunz, Adams & Hood, 2009). To our knowledge, no
studies have quantified possible effects of anthropogenic
factors, such as man-made roosts or human-altered foraging
habitats, on postnatal growth rates. The production of
offspring is an energetically costly activity for mammals
(Gittleman & Thompson, 1988; Liu, Wang & Wang, 2003),
particularly in bats (Barclay, 1994; Kunz et al., 2009), in
which newborn pups, on average, can weigh a quarter of
their mother’s body mass (BM), and mothers nurse their
pup(s) until they are almost adult size (Kunz & Robson,
1995; Kunz et al., 2009).
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The Brazilian free-tailed bat Tadarida brasiliensis is an
excellent model species to investigate the effects of anthro-
pogenic factors on reproductive success because it occupies
a variety of roost types – some of which have been con-
structed by humans. Over the past two decades this species
has begun to rear pups in the expansion joints, or crevices,
formed by the construction of pre-cast concrete bridges.
These roosts may provide important refuges (Keeley &
Tuttle, 1999). However, limited research has evaluated the
relative health or fitness of individuals roosting in these
structures compared with those that roost in natural caves
(Allen et al., 2009; Turmelle et al., in press). Examining birth
size and postnatal growth at human-made roosts can lend
insight into what influence anthropogenic pressures have on
both parents and offspring.

Bats that roost beneath highway bridges are exposed to
loud noises and vibrations associated with vehicular traffic.
These novel stimuli could represent environmental stressors
that may negatively alter physiology and reproduction in
these bats. Increased stress levels are associated with re-
duced growth in diverse taxa (fish, Van Weerd & Komen,
1998; Gregory & Wood, 1999; rats, Lordi et al., 2000;
primates, Schneider et al., 2003). If conservation is a
priority, and action is to be taken to mitigate possible
population declines in this and other species, knowledge
about reproductive success and the variables influencing
postnatal growth and survival is important for understand-
ing how species may adapt to human-dominated landscapes.

The goals of the present study were to investigate intras-
pecific variation in size at birth and postnatal growth of free-
ranging Brazilian free-tailed bats born in two different roost
types and to examine how environmental factors influence
these life-history traits. We postulate that environmental
factors, both large scale (i.e. climatic conditions) and small
scale (i.e. roost conditions), will influence postnatal growth.
We predicted that cave roosts are warmer and more ther-
mally stable than bridges, owing to differences in roost
structure. We also predicted that because of expected roost
type differences, bats born and reared in bridges would be
born smaller and grow slower than those born and raised in
caves.

Materials and methods

Study species and sites

In our study area, the Brazilian free-tailed bat T. brasiliensis
migrates fromMexico to Texas each spring and congregates
in large maternity colonies where pups are born and nursed
(Wilkins, 1989). Females give birth to a single pup each year.
Like most North American bat species, females do not carry
their young with them but leave them in clusters, or crèches,
with other similar aged pups (Kunz & Robson, 1995), while
the adults emerge and forage at night (Davis, Herreid &
Short, 1962; Kunz, Whitaker & Wadanoli, 1995; Reichard
et al., 2009). Thus, once females give birth, we assume that
mother and offspring remain at the same site until the pup
reaches independence or until one dies.

Our study was conducted during the summers of 2005
and 2006 in south-central Texas. Study sites included one
natural cave (Davis Blowout Cave, Blanco County) and one
human-made bridge (McNeil Bridge, Williamson County).
Davis Blowout Cave is home to over 400 000 T. brasiliensis
(Betke et al., 2008). The cave is surrounded by hills, cattle
pastures and landscapes dominated by live oak and mes-
quite. McNeil Bridge houses an estimated 600 000 T. brasi-
liensis (L. C. Allen and T. H. Kunz, unpubl. data). The
bridge is situated along Interstate 35, with eight lanes (four
north- and four south-bound) over the roosting bats. This
bridge is surrounded by a suburban landscape and by
remnant pasture and croplands.

Birth size and growth rate measurements

To measure growth rates, neonates were hand-captured
immediately after evening emergence of adults. Pups were
placed into cloth bags and their original location noted. The
bags were then placed on commercially available foot war-
mers (Grabbers, Grand Rapids, MI, USA) to ensure that
the enclosed pups did not become cold while outside the
roost. Individuals were assumed to be a day old (day=1) if
they still possessed an attached umbilical cord (Kunz, 1973).
Each pup was marked with an individually numbered
2.9mm flanged, metal alloy wing band (Porzana Ltd., East
Sussex, UK). Any placenti still attached were removed
before to weighing the neonates. Bats were weighed to the
nearest 0.01 g with an electronic balance (SP202, Ohaus, Pine
Brook, NJ, USA). Length of the right forearm was measured
to the nearest 0.01mm with digital calipers. Length of the
total epiphyseal gap (gap; the cartilaginous metacarpal–pha-
langeal epiphyseal growth plates of the fourth digit) was
measured to the nearest 0.1mm using an ocular micrometer
fitted to a zoom dissecting microscope (Kunz & Robson,
1995; Kunz et al., 2009). An LED headlamp (Black Dia-
mond, Salt Lake City, UT, USA) and the substage mirror of
the microscope were used to transilluminate the right wing to
allow accurate measurement of the gap. Pups were returned
within 2 h to the site of original capture before the return of
adults from foraging. In 2005, we captured 94 and 37 one-
day-old bat pups from Davis Blowout Cave and McNeil
Bridge, respectively. Additionally, in 2006 we captured 171
and 107 one-day-old pups from the same sites, respectively.
To maximize our 1-day-old sample size to include indivi-
duals whose umbilical cord may have fallen off either before
capture or before processing while being held in the collec-
tion bags, we included individuals without an umbilicus, but
whose length of forearm (FL) was equal to themean plus one
standard deviation (mean+SD) in size of those captured with
an umbilical cord (Hoying & Kunz, 1998). This cutoff is
conservative (compared with Kunz &Robson, 1995), and we
retained a large sample of 1-day-old pups that were later
recaptured (2005, n=149; 2006, n=232).

We returned to each site at 2- to 4-day intervals and
recaptured as many marked pups as possible, repeating the
morphological measurements. As young became capable
of flight, we recaptured marked bats and recorded
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measurements beginning c. 3 h before evening emergence.
This made possible the capture of older, volant pups that
may have been missed by only sampling following nightly
emergence. The capture protocol caused minimal distur-
bance to adults in the colony because, during lactation,
adult female T. brasiliensis roost separately from their
young when not nursing (Kunz & Robson, 1995). Only
measurements recorded on pups that were recaptured at
least once were included in the analyses of growth rates. All
capture, handling and experimental procedures were per-
formed in a humane manner, following national legislation
and published animal use guidelines (Gannon & Sikes, 2007)
and were under protocols approved by the Boston Univer-
sity Animal Care and Use Committee (05-012) to T. H. K.
and under Texas Parks and Wildlife Department permit
SPR-0305-058 to T. H. K.

Roost temperature and weather

Roost temperatures near crèches of pups were recorded
during two 3-week periods in June and August, using data
loggers (iButtons, Maxim, Sunnyvale, CA, USA). Ambient
temperatures were obtained from loggers placed in shaded
locations outside the roost. Additionally, local monthly
temperature and precipitation data (September–August)
were obtained from databases maintained by a local weather
station (Austin-Bergstrom International Airport; KAUS)
located within 35 and 80 km of the two sites (MesoWest, The
University of Utah; http://www.met.utah.edu).

Statistical analysis

FL is the most important character for measuring growth
and estimating age during the early postnatal period (age
1–21days) and the change in gap length is important for
estimating age during the later portion of postnatal growth
(age 21–42days) (Kunz & Robson, 1995; Kunz et al., 2009).
For statistical analyses of all growth variables, we used the
linear region of the curves because the complete empirical

growth curves for both sites are curvilinear (i.e. they do not
fit a simple linear model). A linear model is the traditional
method for determining whether growth rates differ between
groups. We determined the linear region of growth curves by
inspection of current data and from published growth curves
for this species (Kunz & Robson, 1995). The coefficient of
determination (R2) from simple regressions of the linear
regions of the growth curves for each year and each site were
high (R240.85, Po0.001; Table 1). Thus, a linear analytical
model was appropriate. Because we found no significant
differences between sexes at birth (ANOVA on variables at
birth: FL: F1,407=1.31, P=0.25; BM: F1,407=0.34,
P=0.56; length of gap: F1,407=0.73, P=0.22), and because
a previous study on this species found no sex differences in
growth rates (Kunz & Robson, 1995), we combined data for
both males and females in all analyses.

Before testing for site differences, we tested for differences
between years in variables at birth and in growth rates for
each site. If years differed within a site, we compared both
sites separately for each year. For each growth variable, we
compared the sites using a generalized estimating equation
(GEE) model. A GEE model is based on an iterative
procedure to estimate regression coefficients and P-values
(Zeger & Liang, 1986) and accounts for correlations among
observations on the same individuals.

We compared sites using GEE regression models that
include year or site as a grouping factor, age as a covariate,
and an interaction term (age" year or site). For each model,
we used the partial F-statistic for the interaction term to
perform a test for parallelism to compare the slopes describ-
ing growth rates (variable vs. age) for each site and the
partial F-statistic for the site term to perform a test for equal
intercepts to compare the estimated size at day 1 (y-inter-
cept) of each growth variable for each site. Additionally, we
tested for differences at birth in mass and FL between sites
using ANOVA. All data were normally distributed. Statis-
tical analyses were performed using SAS version 6.12 (SAS
Institute Inc., Cary, NC). Independent variables were
judged to be significant at Po0.05.

Table 1 Linear regression of postnatal growth parameters on agea in Tadarida brasiliensis for each site in each year (Po0.001 for all comparisons)

Growth parameter Year, site d.f.b Interceptc Growth rate R2

Length of forearm 2005, McNeil Bridge 139 17.90 mm +0.89 mm day#1 0.96

2005, Davis Cave 225 17.60 mm +0.76 mm day#1 0.95

2006, McNeil Bridge 320 17.12 mm +0.88 mm day#1 0.96

2006, Davis Cave 360 16.69 mm +0.84 mm day#1 0.95

Body mass 2005, McNeil Bridge 139 3.43 g +0.35 g day#1 0.91

2005, Davis Cave 225 3.00 g +0.29 g day#1 0.88

2006, McNeil Bridge 317 3.12 g +0.33 g day#1 0.92

2006, Davis Cave 360 2.91 g +0.31 g day#1 0.87

Length of epiphyseal gap 2005, McNeil Bridge 56 5.77 mm #0.10 mm day#1 0.85

2005, Davis Cave 74 5.82 mm #0.10 mm day#1 0.86

2006, McNeil Bridge 133 6.20 mm #0.11 mm day#1 0.86

2006, Davis Cave 107 6.29 mm #0.11 mm day#1 0.86

aLength of forearm and body mass age range: 1–21 days; gap age range: 22–42 days.
bFor residual sources of variation.
cFor gap length, intercept refers to estimated value at age=0, however this regression is only used on bats Z22 days.
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Results

Contrary to our initial predictions pups born at the bridge
site were larger at birth and grew at a faster rate than pups
born at the cave site.

Birth size

Pups were born at 39.5–42% (FL) and 26–29% (BM) of
adult size, dependent on site and year of birth. Birth size
varied between the 2 years (FL, Po0.001; BM, Po0.001),
with both FL (17.20$ 0.04mm) and BM (2.98$ 0.02 g)
significantly smaller in 2006 than in 2005 (FL=17.90$
0.06mm; BM=3.08$ 0.03 g). Thus, because of differences
in size at birth between years at each site, we compared sites
separately for each year. Roost was a significant predictor of
birth size in both years (Figs 1a and b). In 2005, bats born at
the bridge (18.10$ 0.12mm) were slightly larger than bats
born at the cave (17.83$ 0.07mm; P=0.054; Fig. 1a). In
the same year, bats born at the bridge (3.29$ 0.04 g) were c.
10% heavier at birth than those born at the cave
(2.99$ 0.03 g; Po0.001; Fig. 1b). In 2006, bats at the bridge

(17.38$ 0.07mm) were slightly larger at birth than bats
born at the cave (17.09$ 0.06mm; P=0.001; Fig. 1a). Also
in 2006, bats born at the bridge (3.07$ 0.03 g) were c. 5%
heavier than those born at the cave (2.92$ 0.02 g; Po0.001;
Fig. 1b).

Postnatal growth

Because differences exist between years for growth para-
meters at one or both sites, we compared sites for each year
separately. When the growth rates were different between
years, bats born in 2006 grew significantly slower than those
born in 2005. During initial stages of postnatal growth
(1–21 days) for both sites, BM and FL increased linearly
(Table 1, Fig. 2). In the later portion of the postnatal growth
period (22–42 days), the length of the total gap decreased
linearly (Table 1, Fig. 3). However, the initial sizes
(y-intercepts) and rates of growth (slope of variable on age)
of these parameters differed between the two sites (Table 2).
For FL and BM, in each year, tests of parallelism (interac-
tion term) and tests for equal intercepts (site term) were
significant (Table 2), except for BM in 2006 (P=0.073).
Thus, for each site in each year, the growth rate lines start
with different intercepts and the lines diverge (Fig. 2). For
total gap length, in both years, tests for equal intercepts (site
term) were significantly different (P % 0.05), while tests of
parallelism (interaction term or growth rate) were not
(Table 2). Thus, for each site in each year, the growth rate
lines start with different intercepts, but are parallel (Fig. 3).

Roost temperature

We examined roost temperatures during two 3-week peri-
ods, one at the start of lactation and one at the end of
lactation (during June and early-August). The mean roost
temperatures at the bridge site were 2 1C warmer than those
at the cave site (bridge=33.4$ 0.25 1C, cave=31.4
$ 0.25 1C; Po0.001). The temperature range (difference
between minimum and maximum temperatures during a
day) did not differ between the two sites (P=0.97). Ambient
temperature recorded in shady locations outside each roost
did not differ between the two sites (P=0.20).

Discussion

We predicted, due to roosting conditions, that bats born at
the bridge would be smaller at birth and grow more slowly
than those raised in the cave. However, our results contra-
dict these hypotheses. Bats born in McNeil Bridge were
larger at birth in both BM and FL compared to bats born in
Davis Blowout Cave (Fig. 1). Also during the first 3weeks of
postnatal growth, pups born at the bridge site grow at a
faster rate than pups born at the cave site, as measured by
FL (Fig. 2b). The same factors may influence differences in
both birth size and postnatal growth between the sites;
however, these ecological factors are not mutually exclusive.

Roost temperature can influence birth size and postnatal
growth. Thermal stability influences roost choice in bats
(Lourenco & Palmeirim, 2004) and low temperatures can
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delay gestation, reduce birth size (Hood, Bloss & Kunz,
2002; Willis, Brigham & Geiser, 2006) or slow postnatal
growth (Tuttle, 1975; Hoying & Kunz, 1998; Reiter, 2004).
The Brazilian free-tailed bat has a high thermal neutral
zone; estimated between 35 and 38 1C (Herreid & Schmidt-
Nielsen, 1966). We found warmer roost temperatures in the
bridge crevices compared to Davis Blowout Cave. Although
the temperatures recorded during our two sampling periods
were at the lower end of the thermal neutral zone, tempera-
tures are probably elevated within groups of bats at both
sites. Thus, while pups born at the cave site experienced
lower roost temperatures, were smaller at birth, and grew
more slowly, the energetic costs of thermoregulation may be
similar at both roosts for both parents and offspring, due to
clustering. Other important ecological factors may also
influence the observed colony level differences in postnatal
growth.

Female bats living in bridges appear to be in better body
condition (ratio of BM to FL) than females at caves (L. C.
Allen, unpubl. data). Although we did not capture and
measure mother–pup pairs in this study, analysis of mea-
surements from a separate group of mothers and pups,
sampled from Davis Blowout Cave in 2006, found that after
controlling for pup age, females in better body condition
raise pups in better body condition (R2=0.32, Po0.0001,
F=10.27). Hood et al. (2002) showed that bats born to
older mothers (middle-age and older) had greater growth
rates compared to those born to young mothers, however

they did not relate age differences to differences in maternal
body condition. Possibly heavier bats may simply give birth
to and raise larger offspring (Ralls, 1976; Festa-Bianchet,
Gaillard & Jorgenson, 1998).

Differential energy expenditure for foraging may contri-
bute to larger birth size at bridges. NEXRAD (Next Gen-
eration RADAR) data of nightly dispersal from several
colonies over a large spatial scale in Texas show that bats
living under bridges have shorter nightly foraging commutes
than bats living in caves (Horn & Kunz, 2008). Many of the
bridges occupied by Brazilian free-tailed bats in Texas are
located close to prime foraging sites in agricultural areas,
whereas most cave sites are not. At bridges, shortened
commuting and foraging times would allow pregnant fe-
males to allocate more resources into reproductive growth
and spend less energy on foraging. Proximity to foraging
would also influence the differential growth rates observed
at the two sites. Mothers that spend less time foraging could
allocate more energy and nutrients to milk production. In
our system, the unique environment and location of bridge
sites may give pups born at these sites the advantage of
warmer roosts, without the disadvantage of increased in-
traspecific competition for food that may occur with in-
creased colony size.

Bats born in 2005 were larger at birth than those born in
2006. This may reflect prolonged drought conditions present
in south-central Texas during the 2 years of our study.
Although average monthly temperatures did not differ from

0

2

4

6

8

10

12

2006

2005

0

2

4

6

8

10

12

0 10 15 20 25

15

20

25

30

35

40
2005

2006

15

20

25

30

35

40

0 10 15 20 25

(a) (b)
Le

ng
th

 o
f f

or
ea

rm
 (

m
m

)
Le

ng
th

 o
f f

or
ea

rm
 (

m
m

)

B
od

y 
m

as
s 

(g
)

B
od

y 
m

as
s 

(g
)

Age (days)Age (days)

5 5

Figure 2 A comparison of age versus size in Tadarida brasiliensis at two sites, based on the early linear portion of postnatal growth (days 1–21).

The cave site is represented by open circles and a solid line and the bridge site is represented by closed circles and a dashed line. (a) Age versus

length of forearm [2005 generalized estimating equation (GEE) slope, Po0.001; 2006 GEE slope, Po0.05]. (b) Age versus body mass (2005 GEE

slope, Po0.01; 2006 GEE slope, P=0.07).

Journal of Zoology 280 (2010) 8–16 c! 2009 The Authors. Journal compilation c! 2009 The Zoological Society of London12

Roosting ecology and postnatal growth in bats L. C. Allen et al.



area norms, rainfall did. While other studies (Hoying &
Kunz, 1998; Hood et al., 2002) report decreased birth size or
growth rates associated with cold and/or wet weather, we
found the opposite relationship. During 2005 and 2006,

precipitation levels were well below the average yearly rain-
fall for the region. The yearly precipitation measured at a
nearby weather station was 520mm in 2005 and 660mm in
2006, or 39 and 22% below 30-year average values, respec-
tively. Although precipitation was slightly higher in 2006
than in 2005, 2 continuous years of drought conditions may
have greatly reduced insect abundance and foraging oppor-
tunities for aerial-feeding insectivorous bats. By contrast,
precipitation in 2004 was above or near normal. These
conditions may have delayed the decrease in insect abun-
dance in 2005 and thus led to smaller birth size and slower
growth rates in 2006. In the south-western United States,
arid and severe drought conditions may decrease overall
insect abundance, if insect food resources and breeding
opportunities are limited where water is scarce.

Although our data did not show significant differences
in ossification rates between sites (i.e. rate of change of gap
length), during the last 3 weeks of postnatal growth, the
gap is smaller at any given age in both 2005 and 2006 in
bats born at the bridge site (Fig. 3). In addition, pups born
at the bridge site attained a greater proportion of adult size
(measured by FL) than pups born at the cave site. This
difference is more pronounced in 2005, but the difference
in growth rates between the sites was also significant in
2006 (Table 2; Fig. 2). Tadarida brasiliensis attains first
flight with a FL on average 82.6% of adult size (Pagels &
Jones, 1974; reviewed by Barclay, 1994). If pups attain
flight at this size, then in 2005 pups born at the bridge site
would have attained flight nearly 5 days earlier, during a
42-day growth period, than those born at the cave site.
These bats may be at a selective advantage. Because pups,
to some extent, still nurse from their mothers as they learn
to forage, attaining flight at an earlier age would allow
bats to put on more BM before being weaned. Pressures on
postnatal growth may be relaxed for migrating species and
a high mass at weaning may not be vital for over-winter
survival in due to adequate food abundance in wintering
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Table 2 Outcome of generalized-estimating equation (GEE) analysis of growth parameters on age, site and age by site in Tadarida brasiliensis in

2005 and 2006

Growth parameter Source of variation

2005 2006

d.f. P d.f. P

Length of forearm Site 1 0.020 1 o0.001

Age 1 o 0.001 1 o 0.001

Interaction (age" site) 1 o 0.001 1 0.041

Residual 149a 232a

Body mass Site 1 o 0.001 1 o 0.001

Age 1 o 0.001 1 o 0.001

Interaction (age" site) 1 0.002 1 0.073

Residual 149a 232a

Length of epiphyseal gap Site 1 0.020 1 0.052

Age 1 o 0.001 1 o 0.001

Interaction (age" site) – –b – –b

Residual 76a 140a

aNumber of clusters used in GEE analysis, not degrees of freedom (a cluster is a set of observations for one individual).
bInteraction term was not significant and thus removed from model.
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ranges (Koehler & Barclay, 2000). This argument could
hold for Brazilian free-tailed bats that migrate to Mexico
in the fall. However, even in migrating species, young that
complete growth earlier and achieve foraging indepen-
dence sooner should have a survival advantages in their
first year over slower developing pups, especially during
fall migration.

The comparison of closely related species and distant
populations of single species may document fine-tuning of
growth rates to environmental conditions (Case, 1978;
Arendt, 1997). We provide evidence of environmental con-
ditions influencing the plastic and adaptive trait of postnatal
growth in a single species within a single population,
between different colonies. Postnatal growth in bats may be
highly influenced by environmental factors, even at the
micro-geographic or within-population (i.e. between col-
ony) level. Further, both reproductive success and environ-
mental variables should be considered when addressing
conservation needs. We initially predicted that bats born at
bridges would be born smaller and grow more slowly than
those born and raised in caves. However, our results contra-
dict these hypotheses. Results from our study indicate that
some bridges may make suitable roosts, at least in the short
term and may be better for raising young bat pups.
Although, we were only able to assess reproductive success
at one roost of each type, we have found consistent roost-
type patterns in other measures (immune function and stress
hormone levels) and we suggest that ecological variation in
health measures may be influenced by predictable differ-
ences in roost environment (Allen, 2009; Allen et al., 2009).
However, the long-term effects of roosting in man-made
structures on overall population health and sustainability is
currently unknown.
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Abstract: Since the late 1980s, Brazilian free-tailed bats (Tadarida brasiliensis) have increasingly used bridges
as roosts in the southern United States. We examined differences in blood cortisol levels, body condition, and
parasite load, as measures of physiological stress in bats roosting in bridges and bats roosting in caves. We
collected data during three periods, coinciding with female phases of reproduction. For all measures, bats
were captured during the nightly emergence from the roost and immediately sampled. Cortisol levels were
significantly higher during pregnancy and lactation and in individuals with lower body-condition scores
(length of forearm to mass ratio) and significantly higher in bats roosting in caves than in those roosting in
bridges. Thus, we concluded that individuals of this species that roost in bridges are not chronically stressed
and seem to be unaffected by human activities present at bridges. This is a rare documented instance where
a human-dominated environment does not appear to be adversely affecting the physiological health of a
free-ranging animal.

Keywords: artificial roosts, bats, conservation physiology, cortisol, disturbance, stress

Variación en el Estrés Fisiológico de Murciélagos Tadarida brasiliensis que Perchan en Puentes y Cuevas

Resumen: Desde fines de la década de 1980, murciélagos (Tadarida brasiliensis) han incrementado el uso de
puentes como perchas en el sur de los Estados Unidos. Examinamos las diferencias en los niveles de cortisol en
la sangre, condición del cuerpo y carga de parásitos, como medidas del estrés fisiológico en murciélagos que
perchan en puentes y murciélagos que perchan en cuevas. Recolectamos datos durante 3 peŕıodos, coincidentes
con las fases reproductivas de hembras. Para todas las medidas, los murciélagos fueron capturados al salir de
sus perchas y procesados inmediatamente. Los niveles de cortisol fueron significativamente mayores durante
el embarazo y la lactancia y en individuos con valores bajos en la condición del cuerpo (relación longitud
del antebrazo – masa) y significativamente mayores en murciélagos que perchan en cuevas que en los que
perchan en puentes. Por lo tanto, concluimos que los individuos de esta especie que perchan en puentes no
están estresados crónicamente y parece que las actividades humanas en el puente no les afectan. Esta es una
rara instancia en la que un ambiente dominado por humanos parece no afectar negativamente la salud
fisiológica de una especie de libre movimiento.

Palabras Clave: cortisol, estrés, fisioloǵıa de la conservación, perchas artificiales, perturbación

Introduction

Measures of endocrine function, in particular levels of the
stress hormones cortisol and corticosterone (Wikelski &
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Cooke 2006; Breuner et al. 2008; Bonier et al. 2009), are
now commonly used as indicators of the physiological
status of animals exposed to environmental stress (Wing-
field et al. 1997; Munns 2006; Busch & Hayward 2009).
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Human activities, such as road construction, tourism,
and the conversion of natural habitat have substantial
effects on behavior, stress levels, and health in a vari-
ety of free-ranging animals (Creel et al. 2002; Acevedo-
Whitehouse & Duffus 2009; Barber et al. 2009). Never-
theless, the extent to which these activities directly or
indirectly affect long-term fitness is poorly understood
(Walker et al. 2005), perhaps because paired disturbed
and undisturbed populations often do not exist for eval-
uation (but see Wasser et al. 2004; Partecke et al. 2006;
French et al. 2008). Brazilian free-tailed bats (Tadarida
brasiliensis) use a variety of roost types, including natural
and human-made structures, which allows direct compar-
isons of individuals occupying different types of roosts.
Natural caves were the only roosts historically available
to this species; however, over the past 30 years this
species and other species of bats (e.g., Myotis velifer)
have increasingly occupied crevices in concrete bridges.
Bat roosts are thought to differ in quality (Lausen & Bar-
clay 2006) on the basis of variation in temperature or
thermal stability, proximity to food sources, access to
water, presence of contaminants, and noise and vibra-
tion levels. Keeley and Tuttle (1999) suggest bridges pro-
vide important roosts for Brazilian free-tailed bats, whose
abundances may be declining (Betke et al. 2008). To the
best of our knowledge, however, prior to our work no
one has evaluated the relative health and fitness of bats
roosting in bridges relative to those roosting in natural
caves (Allen et al. 2009; Allen et al. 2010; Turmelle et al.
2010).

We studied the Brazilian free-tailed bat because it is an
ecologically and economically important species (Cleve-
land et al. 2006; Lee & McCracken 2005). Historic esti-
mates of the size of maternity colonies of this species
in south central Texas are in the millions to tens of mil-
lions of individuals (Davis et al. 1962, McCracken 2003).
More recent estimates of colony size at these same lo-
cations are an order of magnitude smaller (Betke et al.
2008). Because females give birth to one offspring each
year (Kunz & Robson 1995), unexpected declines in
abundance could affect probability of persistence of the
species more than declines in abundance of other small-
bodied mammals with higher reproductive output (Bar-
clay & Harder 2003).

We investigated the association between roost type
(bridges and caves) and health of individual Brazilian free-
tailed bats. We used differences in baseline and acute
stress-induced plasma cortisol as an indicator of habitat
quality (Mostl & Palme 2002; Homan et al. 2003). We
also compared body condition and ectoparasite loads be-
tween bats roosting in bridges and caves. Bridges are
associated with light, noise, and vibrations from mo-
tor vehicle and railway activities that are not typically
present in or near caves. These factors may negatively
affect cortisol levels, body condition, and ectoparasite
load.

Methods

Study Species and Sites

Brazilian free-tailed bats are small (approximately 12 g)
and range from Argentina northward into the United
States (Wilkins 1989). The species forms large mater-
nity colonies in caves and bridges (Wilkins 1989). We
sampled bats at three caves and three bridges in south-
central Texas. Frio Cave and Seco Creek and East Elm
Creek bridges are located in Uvalde and Medina coun-
ties, in landscapes dominated by intensive crop agricul-
ture. Davis Blowout and Eckert James River caves are
in Blanco and Mason counties, respectively. They are
located in areas dominated by live oak (Quercus vir-
giniana) and mesquite (Prosopis sp.) savannahs that are
used primarily for grazing livestock. McNeil Bridge is in
Williamson county in a suburban residential area. Colony
sizes of Brazilian free-tailed bats vary seasonally (Hristov
et al. 2010), but estimates of colony size at our study sites
are 1.2 million in Frio Cave, 600,000 in McNeil Bridge,
500,000 in Eckert James River Cave, 400,000 in Davis
Cave, 250,000 in Seco Creek Bridge, and <5,000 in East
Elm Creek Bridge (Betke et al. 2008; L.C.A. & T.H.K.,
unpublished data).

We sampled bats bimonthly from May to October 2005.
During the spring, bats migrate north from Mexico and
females select a site in which to give birth and nurse their
young. We collected data during three periods: gestation
(May–mid-June), lactation (mid-June–July), and after lac-
tation (August–early October). Males are nonreproduc-
tive during these female phases of reproduction. It is
likely that individual bats move between colonies during
spring and autumn migration (Russell & McCracken 2006;
Horn & Kunz 2008); thus, we did not know whether the
gravid bats we sampled consistently occupied a given
site. Scale and Wilkins (2007), however, report high lev-
els of roost fidelity during the spring and summer, and this
species does not transport its offspring in flight (Wilkins
1989). Therefore, females are tied to a given roost loca-
tion until their offspring become independent in early-
to mid-August (Kunz & Robson 1995). Thus, we are con-
fident that bats sampled during lactation and immedi-
ately after lactation ceased were residents of the colony
in which they were captured. We captured bats with
hand nets when they emerged from their roosts (approx-
imately 18:00–19:00).

Blood Sampling

From each captured bat, we collected, via venipuncture,
a small quantity of whole blood (25–40 µL) in a ster-
ile, heparinized capillary tube (Kunz & Nagy 1988). We
separated plasma from cellular blood components in a
portable centrifuge and immediately froze the plasma
in dry ice and then later placed it in a −20 ◦C freezer
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until processing. We shipped frozen plasma samples in
dry ice to Boston University (Boston, Massachusetts) for
hormonal analyses. For all bats captured, we recorded
morphological traits (body mass, length of forearm, sex,
reproductive status, and age class), time of capture, and
time required to acquire the blood sample. Estimated
body condition was the ratio of body mass to length of
the forearm. This index allows for comparison of body
mass among individuals when their skeletal sizes differ
(Allen et al. 2009). To prevent resampling we applied a
site-specific tattoo to the wing of each captured individ-
ual (Allen et al. 2009). All procedures were conducted
under protocols approved by the Boston University An-
imal Care and Use Committee (05-012) to T.H.K. and
under Texas Parks and Wildlife Department permit SPR-
0305-058 to T.H.K.

Blood samples were collected from each bat (n = 524)
within 3 min of capture; thus, we considered these sam-
ples would provide baseline levels of the stress hormone
cortisol (Romero & Reed 2005). Plasma cortisol levels
were not significantly associated with time between cap-
ture and acquisition of blood (when time was <3 min)
(p = 0.23). For the acute stress treatments, after we
took baseline blood samples, we placed a subset of bats
(n = 110; two sites of each type, Frio and Davis Blowout
caves; and East Elm Creek and McNeil bridges) in individ-
ual plastic restraint tubes custom made for bats of 9–14
g to restrict movement but not respiration. After 60 min,
we took a blood sample from each bat within 3 min of
removal from the restraint tube.

Ectoparasite Loads

We did not evaluate mite abundance in bats from which
we took blood samples. We determined the relative levels
of mite abundance in captured bats (n = 261) between
June and August 2005 at four sites: Frio and Davis Blowout
caves and East Elm Creek and McNeil bridges. To estimate
the relative mite load per adult bat, we photographed
the tail membrane (uropatagium) with the same focal
distance (0.25 m) and image resolution (2048 × 1536) for
each bat. We transformed the digital images to grayscale
in Photoshop (Adobe Systems, San Jose, California) and
calculated percent cover of white pixels in the processed
images as parasite loads.

Hormonal Assays

Cortisol is the primary glucocorticoid stress hormone in
bats (Reeder et al. 2004; Reeder & Widmaier 2009). We as-
sayed its level in plasma in duplicate, without extraction,
in a volume of 2.5 or 5 µL plasma with a radioimmunoas-
say (RIA) kit from MP Biomedicals (Irvine, California),
as previously validated for this species (E.P.W. & L.C.A.,
unpublished data). Sample volumes were small and we
expected high hormone levels, so we diluted samples by

1:10 or 1:5 to a volume of 25 µL. Negligible cross reac-
tivity (<5.5%) of the cortisol assay with corticosterone
is reported by the kit manufacturer, and this claim is
consistent with findings in another bat species, Myotis
lucifugus (Reeder et al. 2004). Intra- and interassay vari-
ation in results was 2% and <8%, respectively, at cortisol
levels present in samples. The least detectable level of
cortisol was 12.5 ng/mL.

Statistical Analyses

We found no difference in baseline levels of cortisol be-
tween postlactating and nonreproductive adult females
(n = 39 and 15, respectively; p = 0.31), between sexes
in nonreproductive adults (n = 54 females, 97 males;
p = 0.19), between sexes within juveniles (n = 31
females, 40 males; p = 0.43), or between nonrepro-
ductive adults and juveniles (n = 151, 71 respectively;
p = 0.15). Thus, we combined all nonreproductive in-
dividuals into one group for further analyses. Addition-
ally, consistent with other mammals (Reeder & Kramer
2005), reproductive status (gestation, lactation, and non-
reproduction) explained significant variation in baseline
cortisol (n = 133, 169, and 222, respectively; p < 0.001).
Thus, we separated subsequent analyses of cortisol by
reproductive class. Cortisol values were not normally dis-
tributed. Thus, values were log transformed for statistical
analyses.

We used a nested analysis of variance (ANOVA) model
(general linear model; implemented in JMP 5.0.1) to com-
pare cortisol levels (baseline and stress treatment) be-
tween roost types (bridges and caves). Colony refers
to the specific bridge or cave from which the individ-
ual bats were sampled. Because we only sampled four
to six colonies, we used a nested design to examine
whether there was significant variation in roost type af-
ter accounting for variation due to colony. Roost type
and colony nested within roost type were independent
variables, whereas body condition and the interaction of
body condition and roost type were covariates in the
overall model. Because we were interested in general-
izing to other colonies of Brazilian free-tailed bats, we
treated roost type as a fixed effect and colony as a ran-
dom effect.

To test for differences between roost types in ec-
toparasite load, we used a nested ANOVA with per-
cent mite cover as a dependent variable, roost type and
colony as independent variables, and body condition as
a covariate. Because sexes did not differ in ectopara-
site load (n = 170 females, 91 males; p = 0.14), we
combined them in this analysis. Mite load differed sig-
nificantly during lactation and postlactation, so we ana-
lyzed them separately (roost type by period interaction;
p < 0.001).
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Results

Baseline and Stress-Induced Cortisol

For gravid females (n = 133), colony was the only vari-
able we measured that explained significant variation
in baseline levels of cortisol (p < 0.001, R2 = 0.42,
F = 18.35). Gestating females from Davis Blowout Cave
(mean [SD] = 2795.2 ng/mL [229.7]) and McNeil Bridge
(mean = 3452.9 ng/mL [235.2]) had significantly higher
baseline cortisol levels than gravid females from Eckert
James River Cave (mean = 922.3 ng/mL [196.7]), Frio
Cave (mean = 1201.2 ng/mL [187.6]), East Elm Creek
(mean = 1198.4 ng/mL [235.1]), and Seco Creek bridges
(mean = 1039.1 ng/mL [407.3]) (Fig. 1).

Roost type, colony, and body condition all explained
significant variation in baseline cortisol in lactating fe-
males (whole model p < 0.001, R2 = 0.36, F = 15.2; p <

0.01, p < 0.05, and p < 0.001, respectively; n = 169). Sig-
nificant differences between roost types beyond variation
due to colony existed, and during lactation bats sampled
at the three cave sites (n = 129) had higher baseline cor-
tisol levels than bats sampled at the three bridge sites
(n = 40) (cave, mean [SD] = 680 ng/mL [46.7]; bridge,
mean = 250.9 ng/mL [80.3]) (Fig. 2). Body condition
and baseline cortisol were negatively correlated; bats in
better body condition had lower baseline cortisol levels.
Nevertheless, roost type affected the strength of the latter
relation (roost type∗body condition interaction; p = 0.06;
Fig. 3a).

For nonreproductive bats (n = 222), roost type,
colony, body condition, and the interaction between
body condition and roost type all explained significant
variation in baseline cortisol (whole model p < 0.0001,
R2 = 0.24, F = 11.08; p < 0.05, p = 0.014, p < 0.001, and
p < 0.001, respectively). Bats sampled at caves (n = 93)
had higher baseline levels of cortisol than bats sam-
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Figure 2. Baseline plasma cortisol levels in Brazilian
free-tailed bats sampled at bridges (black bars) and
caves (white bars) during lactation (n = 40 and 129;
p < 0.01) and in nonreproductive individuals
(n = 129, 93; p < 0.05).

pled at bridges (n = 129) during the nonreproductive
period (cave, mean [SD] = 298 ng/mL [26.4]; bridge,
mean = 170.5 ng/mL [20.5]) (Fig. 2). Body condition and
baseline cortisol were negatively correlated, and bats in
better body condition had lower baseline cortisol levels.
Nevertheless, the strength of this relation varied between
bridges and caves; this inverse correlation was stronger
for bats that roosted in caves (Fig. 3b).

Body condition was the only variable that explained sig-
nificant variation in stress-induced cortisol levels (stress
treatment) in all three reproductive stages. Stress-induced
cortisol levels and body condition in gravid bats (n = 21)
were significantly and positively related; heavier bats
(later in gestation) had higher levels of cortisol follow-
ing restraint (p < 0.001, R2 = 0.35, F = 15.5). By con-
trast, the correlation between body condition and cortisol
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Figure 1. Baseline plasma cortisol
levels in female Brazilian free-
tailed bats sampled at six sites
during gestation (mean and SE)
(p < 0.001; n = 21, 21, 7, 22, 32,
and 30).
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Figure 3. Correlation between body
condition (mass/length of forearm [FL])
and baseline cortisol levels in (a) lactating
female (n = 169; p < 0.001; interaction
term, p = 0.06) and (b) nonreproductive
(n = 222; p < 0.001; interaction term,
p < 0.001) Brazilian free-tailed bats (filled
circle and dashed line, samples from bats
at bridge sites; open circle, solid line,
samples from bats at cave sites).

following restraint was negative in lactating (n = 31) and
nonreproductive bats (n = 58); bats in better body con-
dition produced less cortisol in response to restraint (lac-
tation, p < 0.001, R2 = 0.48, F = 17.4; nonreproductive,
p = 0.01, R2 = 0.10, F = 6.57) than those with poor
body condition. Roost type, colony, and the interaction
between roost type and body condition did not explain
significant variation in stress-induced plasma cortisol
levels (p > 0.05).

Ectoparasite Loads

Body condition did not explain significant variation in
mite cover (p > 0.05); thus, we removed it from the
nested ANOVA. During the sampling period that coin-
cided with female lactation (n = 151), both roost type
(F = 116.1) and colony (F = 29.94) explained significant
variation in mite cover (p < 0.001, both variables). Bats
roosting in caves (n = 76) had higher ectoparasite loads
on their tail membrane (mean [SD] = 0.49% [0.03]) than
bats roosting in bridges (n = 75; mean = 0.09% [0.03]).

During the postlactation sampling period (n = 110),
only colony explained variation in mite cover (p < 0.01,
F = 5.65). Mean percent mite cover did not vary between
roost types during this later period (p > 0.89). Bats from
East Elm Creek Bridge (n = 28) had the highest percent
mite cover (mean [SD] = 0.18% [0.03]), whereas bats

from McNeil Bridge (n = 31) had the lowest mite cover
(mean = 0.08% [0.02]). Across the season, mean mite
cover on bats sampled at caves was lower at the end of
lactation (p < 0.001).

Discussion

Overall, baseline cortisol levels in bats that roosted in
bridges during lactation and postlactation periods were
significantly lower than levels in bats that roosted in caves
(Fig. 2), which suggests these bats are not more stressed
than bats that roost in caves. Roosting in human-made
structures may improve the health of Brazilian free-tailed
bats (Horn & Kunz 2008). It is also possible that this
species is not stressed by, for example, noise and light or
acclimates quickly to these factors. Therefore, we suggest
that for Brazilian free-tailed bats, bridge roosts are a novel
environment in which human activities can be tolerated
and where bats are released from stressors present in
caves (e.g., parasites, extended foraging ranges, greater
competition for resources). Results of several previous
studies show negative effects of human activities on free-
ranging animals (Wasser et al. 1997; Creel et al. 2002;
Romero & Wikelski 2002). Nevertheless, our results were
consistent with those of French et al. (2008), who found
that tree lizards (Urosaurus ornatus) living in natural
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areas had higher stress hormone levels than those in ur-
ban environments.

High levels of glucocorticoids are traditionally inter-
preted as an indicator of physiological stress (Romero
& Wikelski 2001; Creel et al. 2002; Pride 2005). Results
of recent studies, however, show that both baseline and
stress-induced corticosterone levels were lower in exper-
imentally stressed birds than in unstressed control birds
(Rich & Romero 2005; Cyr & Romero 2007). Examining
multiple measures of health in a single species can aid
in the interpretation of hormone levels and the effect of
environmental variables on animals (Tracy et al. 2006). In
our analysis, roost type or colony was not associated with
stress-induced cortisol levels, which indicated that hor-
monal response to stress was not altered across roosts.
Furthermore, in all reproductive classes, the body condi-
tion of individuals sampled at bridges was better than the
body condition of bats in caves. Additionally, we found
significant negative correlations between body condition
and both baseline and stress-induced cortisol in lactating
and nonreproductive bats (Fig. 3). Thus, the traditional
interpretation that high baseline cortisol levels signify
stress may be appropriate in this species. Results from
our other studies (Allen et al. 2009, 2010) are consistent
with the conclusion that bats that roost in bridges are not
chronically stressed.

There are a number of plausible explanations for this
unexpected result. Covariates that likely differ among
roosts include colony size, roosting density, parasite load,
foraging distances, and energy budgets. Bats from smaller,
less dense colonies with low ectoparasite loads will likely
have lower cortisol levels. Furthermore, bats that roost
in warm, thermoneutral environments (an environment
that enables an animal to maintain optimal body tem-
perature with minimal energy expenditure and oxygen
requirements) and that forage efficiently are expected to
allocate more time and energy to growth, reproduction,
and maintenance and thus to experience lower levels of
physiological stress.

Colony size, in addition to roost structure and expo-
sure to human disturbance, is the principal difference
between caves and bridges. Most cave colonies, including
those we sampled, have more bats than bridge colonies
(Betke et al. 2008; Allen et al. 2009), with the exception
of McNeil Bridge. Group size and indices of health are re-
lated in several taxa (body condition and immunocompe-
tence in penguins [Spheniscus magellanicus], Tella et al.
2001; stress hormones in lemurs [Lemur catta], Pride
2005; stress hormones in bats [Pteropus sp.], Reeder et al.
2006). We expect that Brazilian free-tailed bats in larger
colonies are subject to greater intraspecific competition
for food and roost space than bats in smaller colonies and
that this pressure contributes to their relatively higher
levels of cortisol. Nevertheless, we found no direct cor-
relation between cortisol and colony size (p = 0.63).

We found evidence that parasite load was influenced
by roost type and reproductive condition. During the
lactation period, bats that roosted in caves had signifi-
cantly higher mean percent mite coverage than bats that
roosted in bridges. There were no differences in mite
coverage between roost types during the postlactation
period. These results suggest that during reproductive
activity Brazilian free-tailed bats allocate more resources
to reproduction at the expense of maintenance. This is
consistent with the findings of Christe et al. (2000), who
report that reproductively active female Myotis myotis
have higher mite loads than females that are not repro-
ductively active. Because of differences in roost structure,
we suggest that cave colonies are likely to support greater
densities of parasites than bridge colonies. Increased air
circulation around the roost, less guano accumulation,
and less frequent contact with roostmates may account
for the lower parasite loads on bats in bridge roosts than
on bats in caves, although parasite loads in the guano and
other substrates at these sites have not been determined.

Allen et al. (2010) found that McNeil Bridge had higher
roost temperatures than Davis Blowout Cave. But it is un-
known whether this pattern is consistent across other
bridges and caves. We also postulate that bats that spend
less effort and time foraging have lower stress levels, due
to reduced energetic expenditure. Horn and Kunz (2008)
found that mean dispersal distance of bats varies among
colonies. Bats emerging from Frio Cave (the largest
colony in both their study and ours) travel the longest
distance (18.6 km), and bats emerging from Congress
Avenue Bridge (not in our study) travel the shortest dis-
tance (10 km). While conducting related work (Allen
et al. 2010), we observed that cave- and bridge-roosting
bats spend different amounts of time foraging. On sev-
eral nights during the lactation period, we noted that
bats traveling to and from one of our cave sites (Davis
Blowout) were absent from the roost up to 2 h longer
than bats traveling to and from a bridge site (McNeil)
(L.C.A., unpublished data). If bats roosting in bridges
spend less time thermoregulating or foraging than their
cave-dwelling counterparts, then this may explain some
of the differences in body condition and stress hormone
levels between the roosts.

Although the populations of Brazilian free-tailed bats
we studied appear to be thriving in anthropogenically al-
tered environments, we did not evaluate specific costs as-
sociated with roosting in bridges (e.g., exposure to pollu-
tants, vulnerability to vandalism, persistence of the roost
structure, flooding) that may affect long-term sustainabil-
ity of colonies. Wasser et al. (2004) found low baseline
levels of fecal glucocorticoid in bears (Ursus sp.) in ar-
eas with high levels of human activity, yet bears in these
areas were more vulnerable to human-caused mortality,
such as collisions with motor vehicles and poaching. It is
plausible that Brazilian free-tailed bats that roost in bridge
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crevices are more vulnerable to human-associated mor-
tality than individuals that roost in caves.

Human-made structures that can be used as roosts may
allow the Brazilian free-tailed bat to expand its range as
climate changes, whereas the availability of both insect
prey and suitable caves may have historically restricted
the geographic distribution of this species. Agricultural
landscapes can support foraging of this species (Lee &
McCracken 2005; Horn & Kunz 2008), whereas highly
urbanized areas are likely to adversely affect foraging suc-
cess even if roosting needs are met.
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