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Despite extensive culling of common vampire bats in Latin America, lethal human rabies outbreaks trans-
mitted by this species are increasingly recognized, and livestock rabies occurs with striking frequency. To
identify the individual and population-level factors driving rabies virus (RV) transmission in vampire bats,
we conducted a longitudinal capture—recapture study in 20 vampire bat colonies spanning four regions of
Peru. Serology demonstrated the circulation of RV in vampire bats from all regions in all years. Seropre-
valence ranged from 3 to 28 per cent and was highest in juvenile and sub-adult bats. RV exposure was
independent of bat colony size, consistent with an absence of population density thresholds for viral inva-
sion and extinction. Culling campaigns implemented during our study failed to reduce seroprevalence
and were perhaps counterproductive for disease control owing to the targeted removal of adults, but
potentially greater importance of juvenile and sub-adult bats for transmission. These findings provide
new insights into the mechanisms of RV maintenance in vampire bats and highlight the need for
ecologically informed approaches to rabies prevention in Latin America.
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1. INTRODUCTION

Bats (Chiroptera) are increasingly recognized as reservoirs
of emerging zoonotic RNA viruses, including severe acute
respiratory syndrome coronavirus, Nipah virus, Ebolavirus
and multiple Lyssaviruses [1]. Predicting the spatial and
temporal dynamics of cross-species transmission requires
understanding how highly lethal viruses are maintained in
wild bat populations over space and time. Of particular
relevance is the identification of the natural and anthropo-
genic factors that drive the prevalence of infection in bats
and the subsets of bat populations and communities
that enable long-term viral maintenance. In spite of their
importance for understanding maintenance mechanisms,
long-term field studies of virus dynamics in wild bat
populations are exceedingly rare [2—4]. This substantially
limits the development of epidemiologically informed
strategies for controlling viruses in bat populations and
parametrization of models to forecast transmission to
humans and domesticated animals [1].
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Rabies virus (RV), common in bat populations
throughout the Americas, is the best-studied and arguably
most important zoonotic virus of bats. In mammals,
untreated infection causes an acute, lethal encephalitis;
however, bats occasionally survive abortive infections
that may provide some degree of naturally acquired
immunity [5,6]. Among bat reservoirs, the common vam-
pire bat (Desmodus rotundus) causes the greatest rabies
burden in other species owing to its unique habit of
feeding on mammalian blood, an ideal behavioural mech-
anism for virus transmission by biting events [7]. With
greater human encroachment into Amazonian regions of
South America, vampire-bat-transmitted human rabies
outbreaks are increasingly recognized and now surpass
the annual number of cases caused by dogs [8]. In the
agricultural zones of Latin America, livestock constitute
the primary food source for vampire bats and this
resource supplementation has possibly inflated vampire
bat population densities [9,10]. Although the number of
vampire-bat-transmitted rabies cases in livestock appears
to have declined from the more than 500 000 annual
cases that were estimated throughout the 1960s, yearly
economic losses from rabies continue to exceed US$30
million [5]. Estimates from Brazil alone indicate

This journal is © 2012 The Royal Society
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thousands of cases in cattle per year and under-reporting
is likely throughout much of Latin America [11]. For
example, 4 per cent of 1000 cattle slaughtered for
human consumption in Mexico City were found rabid
(reviewed in [12]). Because cattle-to-cattle transmission
of RV is extremely rare, nearly all of these cases are trans-
mitted by other species, and molecular epidemiological
studies indicate transmission from vampire bats in the
vast majority [13,14].

Strategies to control vampire-bat-transmitted rabies in
Latin America include vaccination of humans and live-
stock and reduction of bat populations by culling.
Vaccination of livestock is effective, but poses economic
and logistical challenges that limit its practicality in the
developing countries where the vampire bat rabies pro-
blem is most severe. For humans, although bat bites are
common in many parts of the Amazon jungle, vaccination
is predominately a reactive public health effort, initiated
only after mortality is reported [8]. Unfortunately,
the geographical isolation of human settlements in the
Amazon where rabies outbreaks tend to occur can cause
substantial delays in vaccine delivery [15]. Large-
scale culling of vampire bats began in the 1970s with
the development of ‘vampiricide’, an anticoagulent paste
applied to captured bats and spread to the colony by allo-
grooming after treated bats return to the roost [16]. The
paste can also be placed on bite wounds of livestock to
kill bats that return to feed from the same wound [7].
Vampiricide is probably most effective at killing adult
bats, but may have less impact on juveniles because they
are unlikely to groom adults (thus exposing themselves
to the poison) and have less interaction with livestock
owing to maternal dependence during most of the first
year of life [17]. Despite over three decades of culling in
many Latin American countries, rabies cases continue
to occur in livestock, suggesting that vampiricide is insuf-
ficient for RV elimination [11]. More troubling, culling in
wildlife disease systems can sometimes increase disease
prevalence when it stimulates the recruitment of suscep-
tible individuals or increases host dispersal [18-20].
The perpetuation of vampire bat rabies despite culling
could therefore be enhanced by immigration of bats
from neighbouring colonies to fill vacant roost space,
selective removal of adults that perhaps have protective
immunity or an increase in births of susceptible bats
following the relaxation of resource or space limitation.

Most knowledge of rabies in vampire bats has been
inferred from patterns of livestock mortality or controlled
infections in captive bats [21,22], leaving major gaps in
our understanding of viral transmission that might aid the
development of control strategies. For example, the theoreti-
cal basis underpinning culling vampire bats to prevent rabies
rests on two untested assumptions: first, that adult bats are
important for transmission, and second, that virus trans-
mission scales positively with bat density. The question of
density-dependent transmission is also important for antici-
pating the frequency of rabies outbreaks in humans and
livestock. If transmission does not increase with host density,
population thresholds for viral invasion are not expected to
exist; so outbreaks in bats (and subsequent transmission
to humans or livestock) would be less predictable and
depend more heavily on stochastic factors [23].

Here, we report the results of a field study of RV
exposure carried out over a total of 40 months in 20
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geographically widespread vampire bat colonies in Peru.
Our specific goals were: (i) to identify the population
and individual-level factors that influence RV exposure
in wild vampire bats, (ii) to test the relationship between
bat density and virus transmission, and (iii) to compare
rates of exposure in bat populations that are affected by
contrasting anthropogenic forces of culling and resource
supplementation through livestock rearing. We predicted
that seroprevalence would increase with host colony size
and livestock density (assuming a density-dependent
component to rabies transmission). We further predicted
that culling would reduce seroprevalence, owing to the
potential removal of infected bats and the overall lowering
of host population density.

2. MATERIAL AND METHODS

(a) Field sites and sampling design

Between July 2007 and October 2010, we sampled 20 vam-
pire bat colonies in four departments of Peru: Apurimac,
Cajamarca, Lima and Madre de Dios (figure 1). Colonies
represented the three major geographical regions of Peru
that are inhabited by vampire bats (coastal deserts, Andean
valleys and the Amazon jungle) and captured a range of live-
stock and bat densities [24]. The Peruvian Ministry of
Health or the Peruvian Ministry of Agriculture had pre-
viously located most colonies. Colonies in Madre de Dios
were located by capturing bats near livestock corrals or
human settlements where bat bites had been reported and
radio-tracking them back to their roosts via airplane, motor-
cycle and foot (Radiotag model BD-2, 1.48¢g, Holohil Inc.).
Colonies inhabited both natural (trees and caves) and man-
made structures (mines, tunnels) and were separated by a
minimum of 10 km (though typically much greater), because
natural movements between roosts have been reported at
lesser distances [25]. A single exception was made for sites
AP1 and AP3, which were only 2.2 km apart; however, no
individuals moved between those two caves and grouping
as a single site did not influence later results.

(b) Capture and sampling of wild vampire bats

Pilot sampling in 2007 sampled each colony for a single day or
night. From 2008 to 2010, we conducted 3—6 night capture—
recapture studies per year at most colonies. During these
sessions, bats were captured in mist nets or harp traps placed
at the exits of roosts from approximately 18.00 until 05.00.
An additional 2—5 mist nets were placed within 50 m of each
roost over trails, streams and other likely flyways. In 2007
and 2010, diurnal captures were undertaken for colonies
where it was possible to enter roosts to increase the sampling
of juvenile bats. During these sessions, bats were captured
using aerial insect nets, and mist nets were placed at the
roost exit to catch escaping individuals.

Upon capture, each bat was issued one or two unique
four-digit incoloy wing bands (3.5 mm, Porzana Inc.). Age
was classified as juvenile, sub-adult or adult based on the
degree of fusion of the phalangeal epiphyses. Juveniles
included volant individuals that had a gap of 0.5 mm or
greater in the phalangeal epiphyses, corresponding to an
age of approximately two to six months. Sub-adults lacked
complete fusion of the phalangeal epiphyses (less than
0.5 mm), but had otherwise adult features, corresponding
to an age of approximately six to nine months [26]. Two
independent observers confirmed classification of juveniles
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Figure 1. Map of study sites in Peru with spatio-temporal patterns of rabies virus (RV) exposure. White points show sampling
locations. Coloured regions indicate the governmental departments that were sampled (red, Apurimac; green, Madre de Dios;
blue, Lima; orange, Cajamarca). Pie charts show the proportion of seropositive (white) vampire bats in each site in each year,
with pie diameter proportional to sample size (range = 6—102). Colonies with less than or equal to five samples in a single year
were classified as seropositive (open diamond) or seronegative (filled diamond). Dashed lines connect sites across years and

orbits around Peru group sites by year.

and sub-adults. Reproductive activity in adults was indicated
in males by the presence of scrotal testes and in females by
pregnancy or lactation. For serological assays, a maximum
of 250 wl of whole blood was collected by lancing the propa-
tagial vein with a sterile 23 gauge needle. Blood was collected
with heparinized capillary tubes, centrifuged in the field
using serum separator tubes and stored on cold packs until
it could be frozen (typically 0-3 days). After sample
collection, bats were released at the site of capture.

(¢) Detection of rabies virus neutralizing antibodies
in bat sera

The rapid fluorescent focus inhibition test (RFFIT) is a
standard laboratory method for detecting the presence of
RV neutralizing antibodies. We used a modified RFFIT
described by Kuzmin er al. [27] using four-well (6 mm)
Teflon-coated glass slides to accommodate the small volumes
of serum that could be collected from bats. Serum samples
were considered positive if they showed 100 per cent neutral-
ization of at least five of 10 fields at the 1: 10 dilution, or if
they showed more than 50 per cent reduction of the area of
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infected cells relative to the negative control. To calculate
the area of infected cells, we captured four to five digital
images at the 1: 10 dilution and counted the number of flu-
orescent green (infected cell area) and red (healthy cell area)
pixels using ADOBE PHoTosHOP software with Fovea Pro
plugins (Reindeer Graphics, Inc.). Samples were considered
positive if the 95% CI of the proportion of infected cells fell
outside that of the negative control x 0.5. Because antibody
titres decline to undetectable levels within five months in
other experimentally inoculated bats (Epresicus fuscus), we
assumed that the presence of virus neutralizing antibodies
reflected recent exposure to RV [6,28].

(d) Estimation of bat colony sizes

We estimated the size of each bat colony using loglinear cap-
ture—recapture models in the rcaprure package of R v. 2.12
[29]. Because multiple day sampling periods took place
from 2008 to 2010 only, we restricted colony size inference
to those years. We treated each 3—6 day sampling period
per site per year as an independent, closed population. For
each sampling period, a set of eight models with different
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assumptions on the sources of variation in capture probabil-
ities (capture date, individual heterogeneity and behavioural
responses to previous captures) were fit to the data and
compared by Akaike’s information criterion (AIC).

(e) Data on livestock reaving and culling activity

We calculated livestock density as the number of cows, sheep,
pigs and goats within 5 km? of each roost using district level
data (approx. equivalent to US districts) from the Agricul-
tural Census of Peru (CENAGRO III). Culling history was
described at two time scales, using data and interviews of
personnel from the regional offices of the Ministry of
Health and/or the Ministry of Agriculture, the groups
responsible for bat population control. First, a long-term
variable categorized colonies that: (i) had never been
culled, (ii) were periodically culled, and (iii) were regularly
culled between 2007 and 2010. Second, we recorded
whether colonies were culled during the 12-month period
immediately prior to sampling as a binary variable. We con-
sidered culling to include several methods aimed at reducing
vampire bat populations: application of vampiricide, direct
killing of captured bats and destructive disturbance of
roosts (e.g. logging of roost trees, lighting fires in caves).

(f) Statistical analysis
We tested the effects of culling and livestock density on
the vampire bat colony sizes estimated from our capture—
recapture studies (2008-2010 data) using generalized
linear mixed models (GLMM). The full model included live-
stock density, long-term culling history, the department of
Peru, and the interaction between culling and livestock den-
sity as fixed effects. Colony size and livestock density were
square-root-transformed to fit model assumptions. Site was
included as a random effect after comparing the AIC
scores of competing random effects components under the
full fixed effects model. Other random effects components
considered included hierarchical nesting of site within
department and department alone. For these and later
GLMMs, model simplification used stepwise removal of
terms, followed by nested likelihood ratio tests. Term
removals that significantly reduced explanatory power (p <
0.05) were retained in the minimal adequate model. The
95% highest posterior densities (HPD) on effect sizes were
generated using Markov Chain Monte Carlo sampling of
the posterior distribution of the minimal adequate model
using the mcmcsamp function in the /me4 package of R [29].
We assessed the factors contributing to RV exposure in
individual vampire bats by applying a binomial GLMM
(logit link) to the serological data from 2007 to 2010. The
initial fixed effects component contained age, sex, reproduc-
tive status, forearm length (as a general measure of body
size), colony size, livestock density and the two measures of
culling history along with biologically meaningful two-way
interactions (age by sex, sex by reproductive status).
Colony sizes from 2007 were treated as missing data. As in
the analysis of bat colony sizes, several competing random
effects structures were tested. However, a variance com-
ponent analysis indicated that no random effects explained
substantial variation; so site was retained mainly based on
our study design. Individual tag number could not be
included as a random effect because these models failed to
converge. The minimal fixed effect model structure was
identified using a truncated dataset (z = 816 observations)
to accommodate missing values for some explanatory
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values. The effect sizes of the minimal model were then esti-
mated from the full dataset for which there were no missing
observations in significant terms (z = 1040 observations).

3. RESULTS

(a) Colony size and population dynamics of
vampire bats

Over the 40-month period, we captured 1436 unique vam-
pire bats. Recaptures were relatively common both within
(n=216) and between years (z = 132), with individuals
recaptured up to 3 years after initial capture (the maximum
duration permitted by our study design). Vampire bats
demonstrated strong regional fidelity with no instances of
roost switching observed during the study period. Colony
size estimates ranged from 16 to 444 individuals and gener-
ally remained stable over years; however, in three sites
the 95% CI on colony sizes did not overlap across years
(see the electronic supplementary material, table S1).
Both decreases in colony size (AP13, MD134) involved
human destruction of roosts, and the increase in LM4 in
2010 may indicate re-colonization after the cessation of
mining activity on the outer wall of that cave.

The GLMM analysis found no effect of culling on bat
colony size (x3=1.91, p =0.38), but colony sizes dif-
fered among departments (x3=10.8, p=0.01) and
according to livestock density (x3 = 4.75, p = 0.03). On
average, colonies were smaller in the Amazonian region
of Madre de Dios (effect size, B= —12.89 (95%
HPD = —22.48 to —3.89)) relative to the Andean
regions of Cajamarca (8=7.68 (95% HPD =1.13-
14.03)) and Apurimac (baseline effect size). Colony
sizes in the coastal department of Lima overlapped with
both Andean and Amazonian regions (8= —2.47 (95%
HPD = —7.77-3.31)). Livestock densities varied by
department in the same pattern as colony sizes
(Cajamarca > Apurimac > Lima > Madre de Dios) lead-
ing to an overall positive relationship between livestock
density and bat density. However, because ‘department’
explained much of the variance in livestock density, when
both were included in the model, livestock density actually
had a significant negative effect on colony size (8= —0.41
(95% HPD = —0.82-0.014)). This negative effect was
driven by a single large colony in Lima (LM6) found in
an area of relatively low livestock density.

(b) Spatial and temporal patterns of rabies virus
exposure in vampire bats

Analysis of 1086 serum samples revealed a global seropre-
valence of 10.2 per cent across all years and sites. The vast
majority of individuals that were recaptured in multiple
years were seronegative in all years (n = 78/86). Serocon-
version, loss of detectable antibody titre and maintenance
of antibodies occurred in two, five and one individuals,
respectively. Across years, seropositive vampire bats were
found in all sites where greater than four individuals
were sampled and seroprevalence in these colonies
varied from 3.3 to 28.6 per cent. Seroprevalence was rela-
tively stable over time in most sites, but significant shifts
or putative disease extinctions and re-colonizations
occurred in AP13, LM10 and LM6 (x* test: p < 0.05
for each; figure 1). Within years, sites in the same depart-
ment had significantly different levels of rabies exposure
in Lima in 2009 (x*>=25.63, p<0.001), and in
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Table 1. Generalized linear mixed model analysis of the
individual and population-level factors influencing rabies
exposure in vampire bats. (Italic text indicates inclusion in
the minimal model. Significance was determined by
likelihood ratio tests comparing the minimal model to
models including each term (or excluding in the case of age
and 4 year culling). Two non-significant two-way interactions
were omitted from the table. All models contained site as a
random effect and a significant y-intercept term.)

factor X2 d.f. p-value

age 16.41 2 < 0.001
culling (4 year) 6.72 2 0.035
sex 3.39 1 0.066
reproductive 2.39 1 0.121
colony size 2.02 1 0.225
livestock density 0.26 1 0.607
forearm 0.005 1 0.943
culling (1 year) 0.0005 1 0.982

Apurimac and Cajamarca in 2010 (Apurimac: x> =
10.56, p=0.014; Cajamarca: X2 =12.99, p=0.005),
but other department—year combinations could not be
differentiated statistically.

(¢) Individual and population-level predictors of
rabies virus exposure in vampire bats

The minimal GLMM retained only two factors: age and
culling history between 2007 and 2010, as predictors of
exposure to RV (table 1). Notably, RV seroprevalence
did not increase uniformly with age, but instead was elev-
ated in juveniles relative to adults (odds ratio (OR) =
3.01), peaked in sub-adults (OR=3.58) and then
declined in adult bats (figure 2a). Inspection of the cul-
ling effect showed that RV seroprevalence was higher in
bat colonies that were subjected to periodic (OR =
2.03) and regular culling (OR = 1.43) compared with
those that were never culled during the study. However,
the seroprevalence in regularly culled colonies was
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not statistically different from that of undisturbed or
periodically culled colonies (figure 25).

We also tested the robustness of the GLMM to differ-
ent model structures. Results remained unchanged when
year and department, which were excluded from the
random effects component, were included as fixed effects
and neither of these was significant (department: x3 =
2.71, p=0.44; year: x3=1.17, p=0.55). Next, we
repeated the GLMM analysis using a single randomly
selected blood sample per recaptured bat to account for
possible non-independence of samples from the same
individual. Finally, we repeated the analysis excluding
six colonies that contained other bat species because
cross-species exposures might cause seroconversion in
D. rotundus. In each of the latter analyses, age and culling
retained statistical support. However, in the analysis using
roosts with D. rorundus only, females had significantly
higher seroprevalence than males (OR = 1.98, x3 = 5.0,
p =0.025), a marginally significant effect in the original
GLMM (table 1).

Because the relationship between colony size and sero-
prevalence was central to our study but not supported in
the GLMM analysis, we conducted a separate logistic
regression analysis to confirm the absence of a relation-
ship after removing potentially correlated factors. This
analysis suggested a very weak positive association
between colony size and seroprevalence, but this trend
was significant only when excluding two site/year combi-
nations that had unusually high seroprevalence (figure 3).
Both models had a significantly positive y-intercept,
suggesting the absence of lower population threshold for
viral invasion.

4. DISCUSSION

Culling vampire bats is a central tool used by many Latin
American countries to prevent rabies in humans and live-
stock. The core assumption behind culling to reduce
wildlife disease is that reducing host population size
decreases pathogen transmission [23]. We tested this
assumption by surveying RV exposure in 20 vampire bat
colonies in Peru that showed natural variation in
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Figure 3. The relationship between vampire bat colony size
and seroprevalence. Colours indicate the departmental
region as in figure 1. A logistic regression found no significant
association between colony size and seroprevalence (z; =
0.71, p = 0.479). When the two sites with unusually high ser-
oprevalence were removed (see top left portion of figure), this
relationship became weakly, but significantly positive (z; =
2.138, p = 0.031). However, the y-intercept remained signifi-
cantly greater than zero, suggesting the absence of a strict
population threshold for viral invasion. The dotted and
dashed lines show model predictions of prevalence for the
full and partial datasets, respectively. Squares, 2008; circles,
2009; triangles, 2010.

population size, and in colonies with and without a history
of culling. Our results demonstrated that exposure to RV
was ubiquitous across geographically widespread vampire
bat populations, was at best only weakly related to bat
colony size, and tended to increase following sporadic culling.

The most powerful predictor of RV antibodies was host
age class, with higher seropositivity in juvenile and sub-
adult bats relative to adults (figure 2a). This pattern is
unlikely to reflect maternally derived antibodies because
average seroprevalence was higher in juveniles than
adult females and did not decline during the first year
of life (figure 2a). Moreover, although studies of paired
mother-pup antibody titres are lacking for D. rotundus,
maternally derived antibodies in the Mexican free-tailed
bat (Tadarida brasiliensis) were lost by 10 weeks after
birth, and antibody titres in wild caught big brown bats
(E. fuscus) that were a few months old declined rapidly
in captivity [30,31]. Therefore, the maintenance of elev-
ated seroprevalence in the older juvenile and sub-adult
bats in our study is more consistent with RV exposures
during the first year of life, as was previously suggested in
serological studies of 7. brasiliensis [32]. A key role for juven-
iles in RV transmission was also indicated in a survey of bats
submitted for diagnostic testing in Canada, where juveniles
comprised 38.5-84.2% of rabid bats, depending on species
[33]. Hence, RV exposure and infection may be common in
juvenile and sub-adult vampire bats and might contribute to
the high mortality rates (more than 50%) observed during
their first year of life [34]. Frequent infection of juvenile
bats may also aid long-term maintenance by capitalizing
on seasonal pulses of susceptible individuals, as was
suggested in mathematical models of RV in hibernating
populations of E. fuscus [35].
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Elevated rates of rabies in juvenile and sub-adult bats
could also help explain the positive association between per-
iodic culling and seroprevalence (figure 26 and table 1).
Specifically, because juveniles are probably less likely
to groom adults than adults are to groom each other or
juveniles, vampiricide might preferentially kill adults.
Because adults had lower seroprevalence, but perhaps
greater immunity owing to repeated exposures, this
selective removal might increase population-level seropre-
valence [6]. Demographic mechanisms acting over longer
time scales, such as re-colonization of culled colonies
from neighbouring populations (the ‘vacuum effect’) or
increased juvenile survival following a sudden release
from density dependent constraints could further increase
transmission by augmenting the susceptible bat population.
At some locations, it is possible that bats were killed in
response to the detection of rabies in nearby livestock.
This may explain the high seroprevalence at site AP13 in
September 2011, where farmers captured bats in nets and
lit fires in caves after two cows died of rabies in August
2010 (SENASA Weekly Epidemiological Reports 32—
2010 and 37-2010). However, if this were more generally
the case, we would have expected culling during the 12
months prior to sampling, rather than the general culling
strategy over the study period, to have been the better
predictor of RV exposure in bats (table 1).

Regardless of whether culling increased RV transmission,
numerically increased seroprevalence by disproportionately
killing adults, or occurred in response to bat-transmitted
rabies outbreaks in livestock, it is evident that culling vam-
pire bats failed to eliminate regional RV circulation
(figures 1 and 2b). Similar results have been observed in
other wildlife disease systems, most notably bovine tubercu-
losis in badgers in the UK, where reactive culling of badgers
actually increased prevalence in badgers and had mixed
effects on incidence in cattle; and fox rabies in Europe,
where models predicted that the need for unattainably
high levels of culling might explain its limited success
[19,20,36]. Given recent discussions of culling of bats for
the control of pathogens (e.g. Hendra virus in Australia,
white-nose syndrome in North America), the potential
mechanisms underlying the perpetuation of RV despite cul-
ling of vampire bats deserve mention [37,38]. First, it is
possible that culling was simply not implemented at a suffi-
cient scale to affect the overall size of bat colonies. Indeed,
regularly culled colonies were not significantly smaller than
undisturbed colonies, and disturbance reduced colony
sizes only when it involved major perturbations of roosts
(see the electronic supplementary material, table S1). Sub-
optimal culling might be sufficient to shift the age structure
of bat colonies without having dramatic effects on total
colony size (i.e. culled adults are replaced by greater juvenile
and sub-adult survival). While this might have the unfortu-
nate consequence of increasing RV transmission at low levels
of culling, it leaves the open possibility that more intense cul-
ling or coordinated campaigns within and among regions
might eliminate RV. A second explanation for the failure of
culling to reduce RV seroprevalence is the lack of a strong
relationship between bat density and RV transmission
(table 1 and figure 3). Thus, contact rates between suscep-
tible and infected bats might be independent of colony
size, such that the per capita force of infection depends
more heavily on the prevalence of infection than overall
population density (i.e. frequency-dependent transmission)
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[23]. Although we know of no other study that has examined
density dependence in virus transmission in bats, the
absence of a relationship for RV is perhaps not surprising,
given that even in large colonies, any single animal will
have a limited number of neighbours to bite. For vampire
bats, infectious contacts may be even less homogenous
owing to social structure within colonies [17].

A consequence of the decoupling of transmission from
population density is that bat population thresholds for
RV invasion or persistence may not exist [23]. This
implies a challenge for disease management because no
reasonable level of culling will be sufficient to eliminate
rabies or prevent re-invasion after stochastic viral extinc-
tions. Indeed, even when vampire bat populations in
northern Argentina were reduced by 95 per cent after
gassing roosts with cyanide, rabies cases were reported
as close as 1km from the area of elimination [39].
Even if it were ecologically defensible, the feasibility of
achieving this degree of bat population reduction over
even modest spatial scales is at best daunting in flat
agricultural landscapes and probably impossible in moun-
tainous or jungle regions such as those in the Andes and
the Amazon, where many roost sites are unknown or inac-
cessible. As additional field and laboratory data become
available, mathematical modelling approaches will be
useful to uncover the basic factors controlling viral
maintenance and the effectiveness of different methods
for control.

Important questions remain about the biology and
spatial scale of vampire bat rabies maintenance. First,
although rabies is traditionally considered a lethal disease,
the relatively high seroprevalence that we observed and
the survival of seropositive individuals across years indi-
cates that exposure does not always kill vampire bats,
and may instead result in some degree of immunity.
Because these alternative outcomes of exposure will
influence transmission dynamics, characterizing the
probability of lethal infection versus naturally acquired
immunity is critical to understanding long-term mainten-
ance [40]. Second, previous studies of rabies incidence in
livestock suggest that vampire bat rabies is maintained as
a slowly migrating epizootic, where the virus spreads from
colony to colony and cannot reinvade until some
threshold number of susceptible bats recovers [39]. In
support of this theory, livestock rabies mortality at the
limit of the geographical distribution of vampire bats in
northern Argentina appears episodic. Yet within the
enzootic range of vampire bat rabies, several lines of evi-
dence cast doubt on whether regional viral extinction
occurs predictably and whether population thresholds
exist for re-invasion. First, our serological data indicated
the continual presence of RV in most sites across several
years (figure 1). This was more likely to reflect the
regional circulation of RV than long-term maintenance
of antibodies in individual bats because we observed sev-
eral instances of antibody loss in recaptured bats, and
controlled infections of other bat species have shown
that antibody titres decline to undetectable levels several
months after initial infection and do not recover without
additional exposures [6,28]. Second, in Peru as well as
other Latin American countries, livestock rabies mortality
recurs over many years in confined geographical regions,
and phylogenetic studies have revealed these as indepen-
dently circulating viral lineages [13].
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In addition to spatial variation in transmission
dynamics, the apparent conflict between hypotheses of a
migrating epizootic versus enzootic regional maintenance
might also be explained by the existence of two funda-
mentally different epizootic phases. Initial epizootic
waves into naive populations might be followed by local
enzootic cycles that persist indefinitely, either at constant
levels or through multi-annual cycles. This has been
described most clearly for raccoon rabies, where the epi-
zootic spread of the virus through raccoon populations
in the eastern United States was followed by enzootic
maintenance through recurrent small outbreaks that did
not require immigration of infected individuals [41].
A re-assessment of livestock rabies mortality data suggests
analogous dynamics in vampire bats. When patterns of
vampire bat-transmitted livestock cases from the same
region of Argentina were analysed by Fornes ez al. [39]
from 1959 to 1974 and by Delpietro & Russo [21] from
1984 to 1993, the spatial signatures of spread that were
apparent in the first epizootic had disappeared in later
years, consistent with regional enzootic maintenance.
Rabies control programmes would benefit from consider-
ing these alternative scenarios because local enzootic
maintenance implies that cross-species transmission will
occur sporadically, making it far less predictable than in
the scenario of slow viral spread across a landscape.

Finally, several areas of uncertainty accompany our
results. First, although vampire bats maintain RV
independently of other species, it is likely that some sym-
patric bats also maintain distinct transmission cycles [42].
RV transmission from other bats to D. rorundus has never
been observed; however, we cannot exclude the possibility
that some cross-species exposures resulted in seroconver-
sion. We minimized this risk by focusing our captures on
roosts that were occupied only by D. rotundus and by
confirming the robustness of our results to the exclusion
of sites where multiple species were present. We also
faced uncertainty in the scale of vampire bat population
sizes (single roost site to regional population size) that
would be most relevant for modelling RV transmission.
We attempted to generate an intermediate estimate by:
(i) working in the largest known colony in each region,
(i1) by placing arrays of mist nets in the area surrounding
roost sites to survey passing individuals, and (iii) by work-
ing at each roost for multiple nights to catch individuals
arriving from nearby roosts. Although we observed no
roost switching between our sites (separated by 10 km
or more), dispersal has been demonstrated between
roosts within 2—5 km in Mexico and Brazil [25,43]. There-
fore, our sampling strategy should have been sufficient to
detect such individuals and give a closer approximation
to the regional metapopulation size. Future studies
should use genetic estimates of regional effective popula-
tion sizes to confirm the absence of density dependence
in RV transmission that we observed.

In conclusion, we provided evidence that RV is main-
tained regionally in vampire bat populations over
multiple years in Peru, and this is perhaps mediated
through frequency dependent transmission with a key
role for juvenile and sub-adult bats. The absence of popu-
lation thresholds for RV invasion and maintenance is
consistent with the observed inefficacy of culling to elim-
inate viral circulation in bats and transmission to
humans and domestic animals. Clearly, properly managed
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culling of vampire bats benefits agriculture through
alleviating bat bites on livestock and possibly by reduc-
ing the total number of infected bats. However, the
apparent positive effect of culling on seroprevalence,
coupled with demographic and behavioural responses
that might increase the proportion of susceptible bats,
could have counterproductive consequences for RV trans-
mission. Future field experiments should identify the
mechanistic basis for the relationship between culling and
seroprevalence and use that information to inform epide-
miological models of optimal rabies control in Latin
America. In the interim, integrated One Health programs
aimed at preventing viral exposures, environmental edu-
cation to minimize ecological disruptions and vaccination
of susceptible populations are the best combined strategy
to minimize the burden of vampire bat rabies.
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