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Abstract

Previous studies have investigated rabies virus (RABV) epizootiology in Brazilian free-tailed bats (Tadarida
brasiliensis) in natural cave roosts. However, little is known about geographic variation in RABV exposure, or if
the use of man-made roosts by this species affects enzootic RABV infection dynamics within colonies. We
sampled rabies viral neutralizing antibodies in bats at three bridge and three cave roosts at multiple time points
during the reproductive season to investigate temporal and roost variation in RABV exposure. We report
seropositive bats in all age and sex classes with minimal geographic variation in RABV seroprevalence among
Brazilian free-tailed bat colonies in south-central Texas. While roost type was not a significant predictor of RABV
seroprevalence, it was significantly associated with seasonal fluctuations, suggesting patterns of exposure that
differ between roosts. Temporal patterns suggest increased RABV seroprevalence after parturition in cave
colonies, potentially related to an influx of susceptible young, in contrast to more uniform seroprevalence in
bridge colonies. This study highlights the importance of life history and roost ecology in understanding patterns
of RABV seroprevalence in colonies of the Brazilian free-tailed bat.
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Introduction

Rabies virus (RABV) infection was first reported in
Brazilian free-tailed bats (Tadarida brasiliensis) in 1954 in

California and Texas (Sullivan et al. 1954, Enright et al. 1955),
although the virus was likely to be widely circulating in bats
long before its detection (Hughes et al. 2005). The initial de-
tection of RABV infection in bats prompted multiple surveil-
lance studies, and RABV-infected Brazilian free-tailed bats
were detected across their geographic range in the southern
United States (Burns and Farinacci 1955, Burns et al. 1956a,
1956b, Schneider et al. 1957, Maddy et al. 1958, Glass 1959,
Dean et al. 1960, Richardson et al. 1966). Die-offs of several
thousand Brazilian free-tailed bats in New Mexico (1955,
1956) and Texas (1955) prompted additional surveillance of
Brazilian free-tailed bat maternity colonies in the southwest-
ern United States, although RABV infection was confirmed in
low proportions of moribund bats collected during periods of

massive mortality (Constantine et al. 1968). Systematic sur-
veillance of apparently healthy adult Brazilian free-tailed bats
from maternity colonies in New Mexico has documented
variable levels of RABV exposure (12–80%), and low levels of
central nervous system infection (<1%) (Constantine et al.
1968, Steece and Altenbach 1989), yet few studies have ex-
amined the effects of ecological and geographic variation on
the dynamics of RABV infection in bats.

Brazilian free-tailed bats aggregate annually in colonies of
tens to millions of bats across their geographic range in the
southwestern United States (McCracken 2003, Betke et al.
2008) and provide substantial ecosystem and economic ser-
vices to agricultural regions of south-central Texas (Cleveland
et al. 2006, Federico et al. 2008). The largest aggregations of
these bats often function as maternity colonies, whose diets
are supported by the emergence of insect prey from agricul-
tural croplands in south-central Texas (e.g., corn and cotton)
during the summer months (Kunz et al. 1995, Lee and
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McCracken 2005). This species is known to colonize a variety
of roosts, including natural (e.g., caves, trees) and man-made
structures (e.g., mines, bridges, bat houses, and buildings). In
Texas, large colonies occur in caves (Davis et al. 1962,
McCracken 2003, Betke et al. 2008) and, increasingly, in the
expansion joints of highway bridges (Keeley and Tuttle 1999,
Keeley and Keeley 2004), with smaller colonies found in
buildings (Davis et al. 1962, Scales and Wilkins 2007). Bridge
colonies are often associated with heavy vehicular or rail
traffic, which contributes noise, air, and ground pollution to
the local environment. Little is known about how these novel
stimuli affect the immune competence and epizootiology of
bats living in man-made roosts.

This study investigates ecological and geographic effects on
rabies viral neutralizing antibody (VNA) seroprevalence in
six colonies of Brazilian free-tailed bats in south-central Texas.
Periods of sampling correspond with seasonal changes in
reproductive activity of adult female bats (e.g., pregnancy,
lactation, and postlactation=nonreproductive periods). We
predicted that RABV seroprevalence would increase after
synchronized parturition, when the overall population size,
contact rates, and the proportion of susceptible bats are ex-
pected to increase. We expected lower immune competence
from bats in bridge roosts because of the perceived stresses
associated with anthropogenic disturbances, potentially re-
sulting in fewer bats mounting immune responses to RABV
exposure, and lower VNA seroprevalence (Smith 1981, Smith
et al. 1982). We expected periodic fluctuations in RABV ser-
oprevalence to be greater in adult females, compared to adult
males, as reproductive females presumably have greater
contact with clusters of susceptible young. As sex ratios are
more heavily skewed in favoring females at cave roosts, we
expected periodic fluctuations in RABV seroprevalence to be
greater in cave roosts. For juveniles, we expected higher
RABV seroprevalence during early periods of sampling after
parturition, as previous data have suggested high levels of
RABV infection during early weeks of life (Constantine 1986,
Steece and Altenbach 1989).

Materials and Methods

Animal sampling

All capture and handling procedures were approved by the
University of Tennessee Institutional Animal Care and Use
Committee, and comply with the American Society of Mam-
malogists guidelines for the use of wild mammals in research
(Gannon et al. 2007), under Texas Parks and Wildlife permit
#SPR-0305-058. All persons involved with the capture and
handling of bats received RABV preexposure prophylaxis
(Manning et al. 2008), and appropriate personal protective
equipment was worn during sampling.

A total of six sites in south-central Texas were sampled
between May and October 2005, including three caves and
three bridges: Davis Blowout Cave (DBC), Frio Cave (FC),
Eckert James River Cave ( JRC), McNeil Bridge (MB), Seco
Creek Bridge (SCB), and East Elm Creek Bridge (EEB) (Fig. 1).
Free-ranging bats were captured at emergence from all sites
between 18:00 and 21:00, using a combination of harp trap
and hand nets, and all bats were immediately freed from traps
or nets and placed into individual cloth bags (Kunz and Kurta
1988). Standard measurements were taken on all bats, in-
cluding mass, right forearm length, age (Anthony 1988), sex,

and reproductive condition (Racey 1988). A sample (80–
100 mL) of whole blood was collected in sterile heparinized
microcapillary tubes after aseptic preparation and puncture of
the interfemoral artery (Kunz and Nagy 1988). Plasma was
separated within 2 h of blood draw, and stored at�208C. Bats
were observed for clinical signs of RABV infection during
processing (i.e., odd vocalizations, ataxia, paresis, and paral-
ysis). Before release at the site of capture, a nontoxic ink tattoo
was applied to all bats to prevent re-sampling of individuals
and to assess site fidelity through the sampling season. An
index of body condition was calculated by taking the ratio of
body mass (g) to length of forearm (mm).

Free-flying bats at all six colonies were sampled periodi-
cally on a minimum of three occasions (Early, Mid, and Late)
during four life history cycles: Early—May through mid-June
(pregnancy); Mid—mid-June through July (lactation); Late—
August (postlactation=nonreproductive); and Premigratory—
September through October (nonreproductive) (Fig. 2). Mat-
ing in this species is thought to occur among colonies in
Mexico before the migration of bats into Texas, but has been
documented in colonies during March and April (Davis et al.
1962, Keeley and Keeley 2004). However, none of the male
bats that we sampled showed evidence of reproductive ac-
tivity (i.e., descended testes) during any of the periods sam-
pled. In the Early period, colonies are still assembling as
individuals arrive from Mexico at maternity sites that are
primarily comprised of adult females in the early to middle
stages of gestation. The Mid period immediately follows
synchronized parturition, which occurs in early June (Davis
et al. 1962, Constantine 1967a, McCracken and Gustin 1991).
The majority of adult female bats are nursing pups during the
Mid period, and milk is easily expressed from nursing females
that have visibly swollen nipples that are devoid of hair.
Colony sizes peak and are most stable during the Mid period
(Davis et al. 1962, Constantine 1967a, Betke et al. 2008). In the
Late period, most adult females are in the late stages of lac-
tation and transitioning into a postlactation (nonreproduc-
tive) state, as juveniles achieve adult size and begin to forage
independently. Postlactational adult females are character-
ized by the growth of new hair around the nipple and no milk
expression after palpation. During the Premigratory phase, all
adult bats and young-of-the-year are considered nonrepro-
ductive, and are preparing for autumn migration to Mexico
(Fig. 2).

The timing and pattern of reproductive activity in adult
female bats observed during this study are in agreement with
previously published accounts (Davis et al. 1962, Constantine
1967a, McCracken and Gustin 1991). The data suggest that,
despite greater proportions of male bats in bridge colonies,
reproductive schedules and dynamics for adult female bats
are similar in cave and bridge roosts (Fig. 2).

Detection of RABV neutralizing antibodies

A modified rapid fluorescent focus inhibition test (Smith
et al. 1996, Jackson et al. 2008), using rabies challenge virus
standard (CVS-11, V399; Briggs et al. 1998), was used to assay
for RABV-specific VNA in the blood plasma of individual
bats. The lowest bat plasma dilution tested in the rapid fluo-
rescent focus inhibition test assay was 1:4, and sequential
twofold dilutions were tested up to 1:2048. Rabies VNA
endpoint titers of individual bats were calculated by the
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Reed-Muench method (Reed and Muench 1938), and were
converted to international units (IU=mL) by comparison to
standard rabies immune globulin control containing 2 IU=mL.
Final titers less than 0.06 IU=mL were considered negative for
rabies VNA. Positive VNA titers (�0.06 IU=mL) were dem-
onstrated by complete neutralization of the challenge virus
dose (50 focus forming doses) at a 1:4 serum dilution. The
choice of this cutoff value follows previous studies for Lys-
savirus surveillance using bat and nonbat sera (Shankar et al.
2004, Lumlertdacha et al. 2005, Rupprecht et al. 2005, Blanton
et al. 2007, Jackson et al. 2008). A previous study has dem-
onstrated that the immunoglobulin G fraction of the bat se-
rum is responsible for neutralization activity against RABV
(Shankar et al. 2004).

Statistical analyses

Rabies VNA seroprevalence was treated as a binomial re-
sponse variable for all analyses. For statistical analyses, the
data were partitioned into adult females (n¼ 305), adult males
(n¼ 148), and juveniles (n¼ 56). For statistical analyses on the
adult cohorts, the Premigratory period was excluded owing to

uniformly low sample sizes and uneven sampling across sites.
For the analysis of adult males, low sample sizes and uneven
sampling across periods also led to the exclusion of two cave
sites (DBC and JRC). For the analysis of juveniles, we had no a
priori expectation for differences in RABV exposure based on
sex, and thus data for both sexes were combined for analyses.
Lastly, adult male and female data were combined (n¼ 463) to
test for sex differences in VNA seroprevalence.

A series of hierarchical logistic models were tested using
SAS v.9.1 (SAS Institute, Cary, NC) to investigate significant
ecological predictors of rabies VNA seroprevalence. The
central question focused on testing for effects of roost type on
rabies VNA seroprevalence, particularly in maternity colonies
of reproductively active adult female bats. A nested mixed
logistic model (PROC GLIMMIX) was used to control for
variation among sites that represent the two roost types (cave
vs. bridge) sampled in this study, with site treated as a ran-
dom effect nested within roost type, and fixed effects of roost
type and period (a¼ 0.1). In the absence of significant effects
of roost type, models were simplified to nonnested logistic
models, with site, period, and sex treated as fixed effects
(a¼ 0.05). In the nested and nonnested models, individual

FIG. 1. The geographic location of all sites sampled in Texas, United States. Cave sites (black circles) include Eckert James
River Cave ( JRC), Davis Blowout Cave (DBC), and Frio Cave (FC). Bridge sites (gray squares) include Seco Creek Bridge
(SCB), East Elm Creek Bridge (EEB), and McNeil Bridge (MB).
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body condition was tested as a covariate. All two- and three-
way fixed effect and covariate interactions were tested
(a¼ 0.05). Nonsignificant covariate-fixed effect interactions
were removed from the model before testing fixed effects
(Engqvist 2005). Marginally significant (a< 0.10) fixed effect
interactions were retained in the models. The likelihood ratio
chi-square (LRw2), and Hosmer-Lemeshow goodness of fit
(Hosmer and Lemeshow 2000) test statistics were used to
compare the fit of various models. For models with significant
fixed effects, pair-wise contrasts among all levels of the sig-
nificant fixed effect were tested (a¼ 0.05). Figures show pro-
portions of rabies VNA seroprevalence, with the upper bound
of the 95% confidence interval on each proportion.

Although tested as a covariate in the seroprevalence
models, body condition during the Early, Mid, and Late pe-

riods was also analyzed separately for male and female adult
cohorts, and during the Late and Premigratory periods for the
juvenile cohort, to investigate roost type and seasonal effects.
A nested mixed analysis of variance (ANOVA) model was
used to test for roost-type differences in body condition
among adult female bats at cave and bridge colonies (n¼ 351,
a¼ 0.05). All nested, fixed, and random effects were treated as
described above. As the adult male cohort (n¼ 158) included
adequate sampling for one cave (FC) and three bridge colo-
nies (EEB, MB, SCB), a nonnested ANOVA model with fixed
effects of site, period, and an interaction term was tested. A
nested mixed ANOVA model was used to test for roost-type
effects on body condition of the juvenile cohort (n¼ 45) across
evenly sampled colonies (DBC, FC, MB, and SCB) for the Late
and Premigratory periods. Nonnested ANOVA models were
also used to identify significant predictors of juvenile body
condition. Tukey’s post hoc means separation test was used
for pair-wise comparisons between all levels for significant
fixed effects (a¼ 0.05). Figures show untransformed mean
(� standard error) body condition indices.

Results

A total of 615 Brazilian free-tailed bats were sampled for
rabies VNA between May and October 2005, and VNA titers
were determined from 534 samples (Fig. 3; Tables 1 and 2).
None of the bats presented clinical signs of RABV infection
during handling and sampling procedures. None of the bats
were re-captured during the sampling season.

Adult females

The nested logistic model including roost and period fixed
effects provided the best fit to the VNA seroprevalence data
for adult female bats. The nested logistic model with only
roost type as a fixed effect was not significant ( p¼ 0.33).
However, when period was included as a fixed effect in the
nested model, there was a significant interaction of roost and

FIG. 2. The reproductive activity of adult female bats
measured during four periods: Early, Mid, Late, and Pre-
migratory. Solid lines represent cave roosts, and dashed lines
represent bridge roosts. Reproductive status was as follows:
not determined (diamond), pregnant (circle), lactating
(square), or nonreproductive (triangle).

FIG. 3. A histogram of the subset of viral neutralizing antibody (VNA) titers that were less than 2 IU=mL (97%; 519 of 534),
from (A) female (n¼ 329) and (B) male (n¼ 190) bats sampled in Texas during 2005 across adult and juvenile cohorts. The
cutoff for positive VNA titers is shown with a dashed vertical line.
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period effects (F¼ 2.52, p< 0.1) (Fig. 4). Data were subdivided
by roost type for additional testing of period and site effects.

The model including site and period fixed effects was sig-
nificant in explaining variation in VNA seroprevalence of
adult females roosting in caves (LRw2¼ 22.9, p¼ 0.0001; Lack
of Fit w2¼ 13.1, p¼ 0.07). Log-transformed body condition
was not a significant covariate ( p¼ 0.77), and was not in-
cluded in the final model. The site by period interaction was
also nonsignificant ( p¼ 0.12), and was removed from the final
model. Period was a significant predictor in the model
( p¼ 0.01), and pair-wise contrasts indicate that VNA ser-

oprevalence during the Mid period is significantly higher
compared to the Early ( p¼ 0.008) and Late ( p¼ 0.02) periods.
However, VNA seroprevalence between the Early and Late
periods did not differ ( p¼ 0.99). Site was also a significant
predictor in the model ( p¼ 0.002). Rabies VNA seropreval-
ence at JRC was significantly lower than at DBC ( p¼ 0.004)
and at FC ( p¼ 0.02); however, VNA seroprevalence did not
vary between FC and DBC ( p¼ 0.23).

The model including site effects, and body condition as a
covariate, was significant (LRw2¼ 9.84, p¼ 0.02; Lack of Fit
w2¼ 14.4, p¼ 0.07) in explaining VNA seroprevalence of adult

Table 1. Proportion of Adult Brazilian Free-Tailed Bats with Rabies Viral Neutralizing Antibodies

Across Six Sites in South-Central Texas

Roost Site Period Sex n Seroprevalence Roost Site Period Sex n Seroprevalence

Cave FC Early F 22 0.32 Bridge MB Early F 17 0.53
M 8 0.25 M 11 0.36

Mid F 24 0.33 Mid F 21 0.38
M 7 0.71 M 11 0.55

Late F 18 0.50 Late F 15 0.47
M 2 0.50 M 5 0.40

Premigratory F 2 0.00 Premigratory F 1 0.00
M 2 0.50 M — —

DBC Early F 22 0.32 SCB Early F 3 1.00
M 7 0.43 M 25 0.64

Mid F 23 0.74 Mid F 8 0.50
M — — M 23 0.52

Late F 18 0.33 Late F 12 0.75
M — — M 8 0.25

Premigratory F 2 0.50 Premigratory F 1 0.00
M — — M 7 0.14

JRC Early F 30 0.17 EEB Early F 11 0.18
M 3 0.00 M 16 0.06

Mid F 28 0.36 Mid F 7 0.57
M — — M 24 0.58

Late F 20 0.00 Late F 6 0.33
M — — M 8 0.50

Premigratory F — — Premigratory F — —
M — — M — —

Data in bold are included in the statistical analyses.
FC, Frio Cave; DBC, Davis Blowout Cave; JRC, Eckert James River Cave; MB, McNeil Bridge; SCB, Seco Creek Bridge; EEB, East Elm Creek

Bridge.

Table 2. Proportion of Juvenile Brazilian Free-Tailed Bats with Rabies Viral Neutralizing

Antibodies Across Six Sites in South-Central Texas

Roost Site Period n Seroprevalence Roost Site Period n Seroprevalence

Cave FC Early — — Bridge MB Early — —
Mid — — Mid — —
Late 3 0.00 Late 4 0.50
Premigratory 6 0.17 Premigratory 3 0.00

DBC Early — — SCB Early — —
Mid 6 0.80 Mid — —
Late 1 0.00 Late — —
Premigratory 9 0.56 Premigratory 6 0.50

JRC Early — — EEB Early — —
Mid — — Mid — —
Late 3 0.00 Late 15 0.47
Premigratory — — Premigratory — —

Data in bold are included in the analyses.
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female bats roosting in bridges, but period was not a signifi-
cant predictor ( p¼ 0.06). Pair-wise contrasts indicate that
VNA seroprevalence at SCB was significantly higher than at
EEB ( p¼ 0.02), but all other contrasts between sites were
nonsignificant ( p> 0.1). Body condition was a marginally
predictive covariate in the model ( p¼ 0.08), and bridge fe-
males with lower body condition were more likely to be se-
ropositive.

The nested mixed ANOVA model including site as a ran-
dom effect nested within roost type, and with fixed effects of
roost type, period, and the interaction term explained a
quarter of the variation in body condition of adult female
bats (R2¼ 0.25). There was a highly significant roost type by
period interaction (F¼ 7.81, p¼ 0.0005). Tukey post hoc com-
parisons indicate that the body condition of adult female bats
living in bridge colonies is significantly higher than the body
condition of females in cave colonies, at each time period (i.e.,
Early, Mid, and Late) (Fig. 6).

Adult males

The best-fit logistic model to the VNA seroprevalence data
from adult male bats included site and period effects
(LRw2¼ 23.4, p¼ 0.02; Lack of Fit w2¼ 0.0, p¼ 1.0). Log-
transformed body condition was not a significant covariate
( p¼ 0.67), and was not included in the final model. In the
nonnested model including site, period, and the interaction
term, the interaction of site and period was marginally sig-
nificant ( p¼ 0.06) and retained in the final model. Period was
a significant predictor of RABV exposure ( p¼ 0.02), but site
was not ( p¼ 0.66). Rabies VNA seroprevalence increased
significantly from the Early to Mid period ( p¼ 0.006), but all
other pair-wise contrasts between periods were nonsignifi-
cant ( p> 0.1) (Fig. 5).

There was significant variation in the body condition of
adult males at one cave (FC) and three bridge (EEB, MB, and
SCB) colonies in the ANOVA model including site, period,
and the interaction term (F¼ 3.94, p< 0.0001). The interaction
of site and period on body condition was highly significant

(F¼ 5.04, p< 0.0001), and each site was subsequently ana-
lyzed separately to examine period effects. At the two smaller
bridge colonies (EEB and SCB), body condition of adult male
bats did not vary across the Early, Mid, and Late periods
( p> 0.05). However, at the larger cave and bridge colonies
(FC and MB), male body condition was seasonally variable,
and highest during the Mid period (FC F¼ 9.28, p¼ 0.003; MB
F¼ 6.20, p¼ 0.007).

All adults

The logistic model with sex as a fixed effect was not sig-
nificant in explaining variation in seroprevalence among all
adult bats (LRw2¼ 2.23, p¼ 0.14). The logistic model with sex
and period effects was significant in explaining variation in
the adult seroprevalence data (LRw2¼ 12.5, p¼ 0.006; Lack of
Fit w2¼ 0.42, p¼ 0.98), but only period was a significant pre-
dictor ( p¼ 0.006).

Juveniles

Limited sampling prevented the testing of nested models to
explain variation in the VNA seroprevalence of juvenile bats.
Sex was not a significant predictor of variation in VNA ser-
oprevalence of juvenile bats ( p¼ 0.47). A logistic model with
period as a fixed effect and body condition as a covariate
marginally fit the data (LRw2¼ 10.4, p¼ 0.02; Lack of Fit
w2¼ 16.3, p¼ 0.02), but period was not a significant predictor
( p¼ 0.10). The logistic model including body condition as a
predictor was a better fit to the data (LRw2¼ 4.78, p¼ 0.03;
Lack of Fit w2¼ 5.96, p¼ 0.54), and juvenile bats with lower
body condition were more likely to be seropositive ( p¼ 0.04).

There was no significant effect of roost type ( p¼ 0.59), or
interaction of period and roost type ( p¼ 0.82), on juvenile
body condition across four sites (DBC, FC, MB, and SCB) in
the Late and Premigratory periods. There also was no effect of
sex ( p¼ 0.80), nor a significant interaction of sex and period
( p¼ 0.89), on the body condition of juvenile bats. Body con-
dition did not differ across sites ( p¼ 0.28), nor was a significant

FIG. 4. Mean rabies VNA seroprevalence among colonies
of adult female bats, from three cave (black; FC, DBC, and
JRC) and three bridge (white; MB, SCB, and EEB) roosts,
across time periods (n¼ 305). Sample sizes are listed paren-
thetically above histogram bars.

FIG. 5. Mean rabies VNA seroprevalence among colonies
of adult male bats, from three bridges and one cave colony
(MB, SCB, EEB, and FC), across time periods (n¼ 148).
Sample sizes are listed parenthetically above the histogram
bars, and different letters represent significantly different
seroprevalence proportions.
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interaction of site and period ( p¼ 0.28) detected. Period was
the only significant predictor explaining the body condition of
juvenile bats (F¼ 8.35, p¼ 0.006), with significantly higher
values in the Premigratory period compared to the Late pe-
riod.

Discussion

The exposure of Brazilian free-tailed bats to RABV, as
evidenced by VNA seroprevalence, is highly variable, but the
patterns of seroprevalence in this study are consistent with
previous research for this species. Rabies VNA seroprevalence
varied from low levels of exposure (0–5%) to extremely high
levels (>50%) among colonies. Seropositive bats were de-
tected in all colonies, further supporting wide geographic
prevalence of infection in colonies of Brazilian free-tailed bats,
and consistent with previous surveys (Burns et al. 1956b,
Constantine et al. 1968, Steece and Altenbach 1989). Our re-
sults indicate that roosting ecology and reproductive activity
are important factors affecting rabies VNA seroprevalence
among colonies of these bats.

Adult females

All of the sites sampled in this study contain seasonal col-
onies of bats that migrate from Mexico (Davis et al. 1962, Villa
and Cockrum 1962, Cockrum 1969), and are predominantly
inhabited by adult female bats and their offspring. Contrary
to our expectations, roost type alone was not a significant
predictor of RABV seroprevalence, but seasonal fluctuations
in seroprevalence were affected by roost type. In cave colo-
nies, RABV seroprevalence significantly increased after par-
turition, whereas RABV seroprevalence at bridge colonies
was more uniform across the time periods sampled (Fig. 4).
The increase in RABV seroprevalence after parturition among
adult females at cave colonies may be associated with
heightened RABV infection in susceptible young (Constantine
1986, Steece and Altenbach 1989), and an increase in contact
rates associated with adult females nursing among clusters of
young (McCracken and Gustin 1991). Although we did not
obtain comparative measurements of the densities of bats on
roost surfaces in caves and bridges, census data suggest lower
colony sizes in bridges when compared to caves (Constantine
1967a, Keeley and Keeley 2004, Betke et al. 2008). Sex ratios of
adult bats are significantly skewed at cave colonies when
compared to bridge or building colonies, with caves having
almost exclusively adult female bats before parturition (Davis
et al. 1962, Constantine 1967a, McCracken and Gustin 1991,
Keeley and Keeley 2004). The proportional number of adult
female bats is particularly important in regard to the increase
in colony size after parturition; that is, caves support larger
colonies and greater proportions of adult females before
parturition and therefore are subject to greater increases in
colony size. Thus, we expect greater increase in contact rates
in caves after parturition, when compared to bridge colonies.
However, the largest bridge colony sampled (MB) had a
population size comparable to cave colonies sampled (MB¼
0.75 million; DBC, FC, and JRC¼ 0.43–1.3 million [Keeley and
Keeley 2004, Betke et al. 2008]), but did not vary in RABV
seroprevalence across the sample periods. We conclude that
parturition, sex ratio, and colony size contribute to the peri-
odicity in RABV seroprevalence detected among cave colo-
nies of adult female bats.

When similar statistical analyses are performed on previ-
ously published data from colonies of adult female bats at
Carlsbad Cavern, NM (Table 4 in Constantine et al. 1968), we
detect a significant increase in rabies VNA seroprevalence
between May 1956, and the period after parturition ( July
1956), that decreases by August 1956 (LRw2¼ 7.38, p¼ 0.03).
While the estimates of rabies VNA seroprevalence are not
directly comparable to the estimates obtained in this study,
the seasonal patterns of seroprevalence in cave colonies of
adult female bats are consistent. However, a later study at
Lava Cave, NM, did not report significant fluctuation in
RABV infection or VNA seroprevalence in colonies of adult
female bats during the reproductive season, despite a peak of
RABV infection in juveniles in the early weeks after parturi-
tion (Steece and Altenbach 1989). The discrepancy in patterns
among colonies of adult females may result from ecological
variation across years and locations, but may also reflect dif-
ferences in diagnostics and survey techniques (e.g., capture in
roost vs. during emergence) (Constantine et al. 1968, Steece
and Altenbach 1989).

Contrary to our expectations, bridge colonies of adult fe-
male bats had higher VNA seroprevalence when compared to
cave colonies of females during Early and Late reproductive
periods (Fig. 4). Despite the perceived stresses associated with
anthropogenic disturbance at man-made roosts, bridge fe-
males had higher body condition overall than females roost-
ing in caves ( p¼ 0.002), with the greatest differences observed
in the Mid period (Fig. 6). The body condition data suggest
that bridge colonies of females may have greater energy to
allocate to mounting immune defenses when compared with
cave colonies of females, although a companion study found
equivocal evidence for greater overall immune status of bats
in cave or bridge roosts (Allen et al. 2009). Alternatively, there
may be differences in RABV infection prevalence between
cave and bridge roosts. Constantine (1968) estimated RABV
infection prevalence at a bridge colony of Brazilian free-tailed
bats in New Mexico near Carlsbad Cavern. Although the in-
fection estimates were higher in normal-appearing bats at the

FIG. 6. Mean (� standard error) body condition indices
among adult female bats, from three cave (black; FC, DBC,
and JRC) and three bridge (white; MB, SCB, and EEB) roosts,
across time periods (n¼ 351). Different letters above the
histogram bars represent significantly different mean body
condition indices.
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bridge colony, it is unclear whether bats at the two different
roosts were collected in the same manner (i.e., collected by
hand vs. in flight). In particular, most (four of five) of the
infected individuals at the bridge roost were immature young,
and perhaps would not have been included in similar samples
of free-flying bats at the cave roost (Tables 2 and 3 in Con-
stantine et al. 1968). Despite equivocal evidence comparing
RABV infection between roost types, it is possible that the
higher RABV seroprevalence detected among bridge colonies
in this study may be associated with higher infection preva-
lence at bridge roosts. As the current study was nondestruc-
tive, there were insufficient data to test the effect of roost type
on infection prevalence.

As noted in earlier studies, the massive presence of hema-
tophagous parasites, high concentrations of ammonia, and
respiratory pathogens (e.g., Histoplasma capsulatum) that
flourish in cave roosts (Davis et al. 1962, Constantine et al.
1968) may contribute to energetic trade-offs in cave roosting
bats, resulting in lower body condition and generally lower
rabies VNA seroprevalence, except after parturition. Our
model of immune competence, as it relates to rabies VNA
seroprevalence, has been adapted from RABV infection
studies in mice (Smith 1981, Smith et al. 1982). Recent studies
suggest that parasitism and immunocompetence may vary
during reproduction in other colonial bat species (Christe
et al. 2000, Pearce and O’Shea 2007), and may be influenced
by roosting ecology in Brazilian free-tailed bats (Allen et al.
2009). We presume that lower immune competence leads to
lower VNA seroprevalence, but lower immune competence
may lead to more a productive infection, thus causing in-
duction of a VNA response that may not have been elicited in
an immunocompetent animal. Additional experimental
studies are needed to address alternative scenarios on the
effects of body condition and immune competence on the
humoral (VNA) response to RABV exposure.

Adult males

Contrary to our expectations, we detected significant fluc-
tuations in RABV seroprevalence among colonies of adult
male bats, with peak VNA seroprevalence during the Mid
period (Fig. 5). Although we did not have robust sampling of
adult male bats in cave roosts, three of the four colonies
sampled exhibited a peak in VNA seroprevalence during the
Mid period (EEB, FC, and MB). It is possible that males ex-
perience contact with developing young that could explain
the increase in RABV seroprevalence, although the periodic
variation in RABV seroprevalence among colonies of adult
males contrasts uniform seroprevalence among cohorts of
adult female bats in some of the same colonies (FC and MB).
Evidence of sex-specific differences in susceptibility to RABV
infection, and possible effects on immune response after
RABV exposure, among Brazilian free-tailed bats has been
lacking. An alternative explanation for the periodicity ob-
served in the seroprevalence among colonies of adult male
bats, but not females within the same roosts, may relate to the
proportion of time spent in the roost during the Mid period.
Male and nonreproductive female Brazilian free-tailed bats
spend significantly more time in roosts after parturition when
compared to lactating adult females, consistent with lactating
females having higher energetic requirements that require
longer or more frequent nightly foraging bouts (Kunz et al.

1995, Lee and McCracken 2001). Thus, although males have
less direct contact with developing young compared to
nursing females, they may experience similarly high RABV
exposure due to significantly longer duration of time spent in
the roost with young during the Mid period. The differences
in activity patterns among classes of reproductive and non-
reproductive bats may be influenced by environmental con-
ditions that impact the availability of prey (e.g., wetter
summers lead to higher prey abundance), in terms of ener-
getic trade-offs between foraging behavior and predator
avoidance. Periodicity in rabies VNA seroprevalence was not
detected in colonies of adult male bats at Carlsbad Cavern,
NM, between May and August 1956 ( p¼ 0.91) (Table 4 in
Constantine et al. 1968), although comparisons of environ-
mental conditions and prey availability between these studies
were not possible. The seasonal and year-to-year variation in
activity budgets of different classes of reproductive and
nonreproductive bats warrants further study for estimating
contact rates and disease exposure in colonial species. Two of
the sites (FC and MB) with increased VNA seroprevalence in
adult males during the Mid period also had significant sea-
sonal variation in male body condition, with peak values
during the Mid period. As the energetic requirements of adult
males are thought to be relatively uniform across the summer
months, higher body condition of males during the Mid pe-
riod may be due to increased prey availability during late June
and July. This hypothesis is consistent with the timing of ep-
isodic prey emergence from agricultural fields within the area
of study (Lee and McCracken 2005). Ongoing studies in this
system may clarify the interactions of prey availability, dis-
tance to foraging grounds (i.e., ability to closely track fluc-
tuations in prey availability), and activity budgets on the
body condition of male and female bats in different roosts
(LC Allen, unpublished data), and the relationship between
body condition and VNA response to RABV exposure.

Juveniles

After parturition in early June, pups become densely clus-
tered on the ceiling and walls of caves (McCracken and Gustin
1991), and in expansion joints at bridge roosts (A.S.T. and
L.C.A., personal observations). At 4 weeks postpartum, the
density of roosting clusters may decrease, although clusters
often remain separate from adult groups up to 6 weeks post-
partum (McCracken and Gustin 1991). Although young pups
were not observed in the crevices of two of the bridge sites (EEB
and SCB), we did capture juvenile bats in flight during emer-
gence from all colonies sampled. Our capture methods resulted
in sampling of juveniles that were likely to be 4 weeks of age or
older, and were engaging in practice flights or emerging to
forage independently. Seropositive juvenile bats were detected
from all colonies sampled except JRC, but samples sizes at JRC
were low (n¼ 3) (Table 2). We did not find evidence for sig-
nificant variation in juvenile RABV seroprevalence by period or
sex, but do find a significant association with body condition.
Juvenile bats with lower body condition were more likely to be
seropositive. However, the significance of this result was sen-
sitive to the inclusion of six juveniles sampled from DBC during
the Mid period (Table 2). These six bats were the only juveniles
sampled during the Mid period among all colonies in the study,
and five were seropositive (80%). Without more robust and
even sampling, we cannot conclude that there is a significant
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association of RABV seroprevalence and juvenile body condi-
tion, particularly with regard to evidence of prenatal maternal
antibody transfer in this species (Constantine et al. 1968). Al-
though separate analyses of body condition detected increasing
values from Late to Premigratory periods, the body condition
of juveniles is expected to steadily increase after parturition,
initially due to the rapid development during lactation (Kunz
and Robson 1995) and later as both adult and young of the year
are preparing for migration.

Constantine (1986) reported RABV infection in 19% (76 of
395) of 5–11-day-old Brazilian free-tailed pups from FC in 1974,
but no infection (0 of 284) in pups less than 5 days of age,
evidence that many pups may be infected shortly after birth.
Steece and Altenbach (1989) reported elevated levels of RABV
infection in juvenile bats at Lava Cave, NM, after parturition
( July and August). The data in this study are consistent with,
but do not lend evidence to, elevated RABV infection in pups
during the first month after parturition. RABV infection among
juvenile bats during the early weeks after parturition may re-
sult from contact with infected adult females, or aerosol RABV
exposure in cave roosts (Baer and Bales 1967, Constantine
1967b, Winkler 1968, Constantine et al. 1972, Davis et al. 2007).
No controlled experiments have been conducted to compare
the susceptibility of adult versus juvenile bats to RABV infec-
tion, nor are there controlled studies that document the sig-
nificance of maternally transmitted rabies VNA in protecting
pups against RABV infection. One study suggests that greater
mouse-eared juvenile bats (Myotis myotis) harbor greater
numbers of reproductive parasites compared to adults, per-
haps due to lower immune competence (Christe et al. 2000),
although another pair of studies found higher parasite inten-
sities on adult big brown bats (Eptesicus fuscus) (Pearce and
O’Shea 2007), and did not report any association of rabies VNA
with parasite loads on adult or juvenile bats (Pearce et al. 2007).
Experimental evidence is needed to evaluate whether pups and
volant juveniles may be immunocompromised compared to
adult bats, and may experience greater susceptibility to doses
of RABV that produce abortive infections in immunocompe-
tent adults (e.g., aerosol inoculation) (Baer and Bales 1967,
Davis et al. 2007). The cohort of volant juveniles that were
sampled from DBC in late July may have comprised individ-
uals that successfully mounted a VNA response to RABV ex-
posure, or had maternally transmitted rabies VNA. Further
investigation into the comparative immune competence and
disease susceptibility of adults, pups, and volant juvenile bats
is needed, particularly with regard to the significance of ma-
ternally acquired immune protection.

Conclusions

Seasonality has recognized importance for epizootiological
processes (Altizer et al. 2006). Using rabies VNA sero-
prevalence as an indicator of RABV exposure, infection dy-
namics were influenced by seasonal changes in reproductive
activity and roost ecology. Further study is necessary to ad-
dress the relationship between the activity budgets of differ-
ent classes of reproductive and nonreproductive bats and
potential for disease exposure, in the context of variation in
prey availability and adverse weather conditions between
years (Davis et al. 1962, Constantine 1967a, Lee and
McCracken 2001). A study of several vespertilionid bat spe-
cies found an increase in the prevalence of coronavirus in-

fection in adult female bats during lactation (Gloza-Rausch
et al. 2008), and an independent study found higher Hendra
virus seroprevalence in pregnant and lactating female little
red flying foxes (Pteropus scapulatus; Plowright et al. 2008),
suggesting that epizootiology in colonial bats may be influ-
enced by reproductive activity.

Aside from active surveillance in highly colonial species,
little is known about the ecology of RABV infection in bats
(but see Constantine et al. 1967c). Most human rabies cases in
the United States associated with bats have occurred during
September and October, suggesting contact with bats during
the late summer months, but variation in bat and human in-
cubation periods preclude a conclusive temporal association
with bat reproductive activity (Messenger et al. 2002). Non-
destructive long-term sampling of natural colonies is needed
to provide additional insight into how roosting and behav-
ioral ecology affect enzootic RABV infection in colonial and
solitary bats (Amengual et al. 2007), particularly in the context
of variable ecological conditions across years. Individual and
population-level models of bat rabies have been proposed
using the results obtained in this and similar studies (Dimi-
trov et al. 2007, 2008), and have demonstrated that immuno-
compromised bats can contribute significantly to RABV
infection dynamics within colonies. Models incorporating
seasonal variation into the immunotypic structure of colonies
may provide additional insight into RABV infection dynamics
among colonial bats.
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