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Biannual birth pulses allow filoviruses
to persist in bat populations

David T. S. Hayman

Molecular Epidemiology and Public Health Laboratory, Hopkirk Research Institute, Massey University,
Private Bag 11 222, Palmerston North 4442, New Zealand

Filoviruses Ebolavirus (EBOV) and Marburguirus (MARV) cause haemor-
rhagic fevers with high mortality rates, posing significant threats to public
health. To understand transmission into human populations, filovirus
dynamics within reservoir host populations must be understood. Studies
have directly linked filoviruses to bats, but the mechanisms allowing viral
persistence within bat populations are poorly understood. Theory suggests
seasonal birthing may decrease the probability of pathogen persistence
within populations, but data suggest MARV may persist within colonies
of seasonally breeding Egyptian fruit bats, Rousettus aegyptiacus. I synthesize
available filovirus and bat data in a stochastic compartmental model to
explore fundamental questions relating to filovirus ecology: can filoviruses
persist within isolated bat colonies; do critical community sizes exist; and
how do host—pathogen relationships affect spillover transmission potential?
Synchronous annual breeding and shorter incubation periods did not allow
filovirus persistence, whereas bi-annual breeding and longer incubation
periods, such as reported for Egyptian fruit bats and EBOV in experimental
studies, allowed persistence in colony sizes often found in nature. Serological
data support the findings, with bats from species with two annual birth
pulses more likely to be seropositive (odds ratio (OR) 4.4, 95% confidence
interval (CI) 2.5-8.7) than those with one, suggesting that biannual birthing
is necessary for filovirus persistence.

1. Introduction

Pioneers of the application of mathematics to infectious disease biology posed
three interrelated questions about infectious disease dynamics: can we predict
and explain the size and periodicity of epidemics, how does the flow of suscep-
tible individuals affect endemic persistence and do critical community sizes
(CCSs) exist? [1-4]. Those pioneers applied their models to human infectious
diseases. However, most emerging infectious diseases are zoonoses from wild-
life hosts [5]. Thus, today disease ecologists often aim to address the same
questions in wildlife systems.

Bats (order Chiroptera) are unique among mammals, of which they number
around 20% of extant species, because they are capable of flight. However,
recent analyses suggest that bats are also special with respect to their capacity
to host zoonotic viruses when compared with the most speciose mammalian
order, the rodents (Rodentia) [6]. Filoviruses, including Ebola and Marburg
viruses, are a significant public health and conservation problem, because
they cause episodic human and primate disease outbreaks with high mortality
rates and with human-to-human transmission. An unprecedented ongoing
Ebolavirus (EBOV) outbreak in West Africa demonstrates the high case fatality
rate, with 50% (4484 /8973) of cases dying [7]. The two largest Marburg virus
(MARV) outbreaks caused the deaths of 83% (128/154, Democratic Republic
of Congo (DRC), 1998-2000) and 90% (227/252, Angola, 2004-2005) of
patients [8]. Like some other filovirus outbreaks, the DRC MARYV epidemic
was epidemiologically linked to bats, in this case through mining [9]. Exper-
imentally, Zaire ebolavirus (Z-EBOV) was shown to replicate without disease
in three bat species and could be isolated from faeces 21 days following
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infection [10]. However, despite decades of investigations
and epidemiological studies suggesting bats may be a
source of filovirus infection, it was only in 2005 that the
first direct evidence from field studies reported that bats
were naturally infected with EBOV [11].

The evidence for bats playing a role in the maintenance,
transmission and evolution of filoviruses has been rapidly
increasing since the study by Leroy et al. [11]. Antibodies
against EBOV antigen have been detected in a number of
African bat species [12]. Paweska et al. [13] demonstrated
that MARV could be detected in tissues 2 to 9 days post-
infection. In both this MARV study and the EBOV challenge
study [10], antibody could be detected post experimen-
tal infection challenge and post viremia. Outside of Africa,
antibodies reactive with Reston ebolavirus (R-EBOV) and
Z-EBOV antigen have been detected in bats from the
Philippines, China and Bangladesh [14-16], and a novel filo-
virus, Lloviu virus, has been sequenced from a European
insectivorous bat [17]. With increasing evidence suggesting
that bats are the reservoir hosts for filoviruses comes the
opportunity to understand the mechanisms that allow per-
sistence of infections within and emergence of infection
from bat populations [12,18].

Bats are long-lived mammals, usually with highly syn-
chronous birthing, and they invest substantial energy
reserves in their offspring [19]. Host traits, such as maternally
derived antibody [20,21] and seasonal birthing [22,23], can
affect infection dynamics within populations. Theoretical
studies using stochastic epidemiological models with a seaso-
nal birth pulse suggest that increased birthing synchrony
increases the necessary population size required for infection
persistence (CCS) [23]. Thus, seasonal birthing may decrease
the probability of pathogens persisting in a colony, but lead
to periods of increased infection prevalence following birth-
ing. Amman et al. [24] were the first to report that birthing
may increase infection prevalence and ultimately spillover
for MARV in bats. Infection prevalence of other viruses,
including coronaviruses and rabies, shows seasonal dynamics
in bats [25—-27]. The increase in susceptible hosts and contact
rates during and following the birthing period may drive
infection dynamics [28], though overwinter hibernation has
also been shown to be important in temperate bat systems
for rabies [29]. Amman et al. [24] identified MARV in Rousettus
aegyptiacus bats in a cave in Uganda by using polymerase
chain reaction (PCR) and viral isolation, and discovered that
the disease occurred in pulses in older juvenile bats (approx.
six months old) corresponding to twice-yearly birthing sea-
sons. Whether this is true of all filoviruses is unclear and
further field studies are necessary to understand the role of
host ecology in infection dynamics [12,18].

However, there is now enough data to begin to explore
the effects of synchronous birthing, coloniality (as shown
by R. aegyptiacus) and other factors that drive infection
dynamics, within a modelling framework. Modelling studies
can be used to increase understanding regarding the infection
transmission processes, including if the virus(es) can persist
within specific populations or species alone. These studies
can highlight which aspects of host and virus biology may
be important and require further study through the use of
sensitivity analyses [30].

In this study, I return to the questions posed by Kermack,
McKendrick and Bartlett for human infections and use cur-
rently known or estimated demographic and virological

parameters to explore if (i) filovirus infections can persist n

within African fruit bat populations, and if so, (ii) what
might CCSs be and (iii) which host and virological par-
ameters are most important for pathogen persistence.
Finally, I analyse data from serological surveys to test
whether my model findings are supported by field data.

2. Model structure

Models comprised of susceptible (S), infectious (I) and immune
(R) classes (SIR), using ordinary differential equations (ODE)
have been used for human filovirus outbreaks, but none
has attempted to address potential reservoir host dynamics
[31-33].

There are few studies that report within-host filovirus
dynamics, though a number of key studies [10,11,13] suggest
that the processes may be represented by the classical SIR
compartment classes [28]. As filoviruses are negative-strand
RNA viruses and no data suggest otherwise, I followed this
approach. Infection of bats with MARV has demonstrated
that MARYV is detectable in multiple tissues 2 to 9 days post-
infection after direct inoculation [13]. Data supporting the
SIR model structure are provided by some experimentally
infected bats that are also seroconverting, but with none show-
ing signs of ill-health or gross pathology, suggesting recovery
with an adaptive immune response [10,13]. Further support for
recovery following infection in the wild is provided by the
discovery of anti-EBOV antibody-positive bats that are not
PCR-positive and vice versa [11], the widespread antibody-
positive bats found among bat species in the absence of disease
[12], and the 13-month survival of an EBOV-seropositive bat
[34]. It was demonstrated in experimental infection studies
that EBOV in bats could be isolated from faeces 21 days after
infection [10], giving an indication of a possible incubation
period, and thus I added an exposed (E) category to make
the model structure an SEIR-type model.

I assumed that transmission was density-dependent,
because although some bats (e.g. Eidolon helvum and R. aegyp-
tiacus) can roost at high densities [24,35] somewhat
independent of colony size increases, if filoviruses are trans-
mitted through contact with fluids, such as urine and
faeces, it may be assumed that transmission is not necessarily
independent of density within an area, and thus following
[36], I modelled transmission as density-dependent. There-
fore, susceptible (S) individuals become infected at the rate
(B SI). Bats incubate (E) the infection for time (1/0), the incu-
bation period, and become infected and infectious (I) before
recovery (seroconversion) at rate 7, 1/(infectious period)
and survive as immune (R) for life. To determine how syn-
chronous Dbirthing affects the infection dynamics, an
age-structured model of the bat population was used. The
age-structure allows all adults (N,) to breed, but not juveniles
(j) in their first year of life [35,37]. Juveniles age after 1 year
(at rate &) to become breeding adults in their second year of
life [35]. I included a carrying capacity (K) allowing den-
sity-dependent mortality with different juvenile (6) and
adult (u) rates [35] and assumed that density-dependent
mortality occurs in all classes of the population (N). Births
(b, see below) were not density-dependent, as pregnancy
rates estimated from field studies of at least one African
fruit bat species approach 100% [35,37]. Those born to
immune adults (R,) are assumed to have no maternally
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derived immunity and thus are born susceptible. The ODE
model structure is therefore

ds; N
—dtf = b(H(N,) — BSi(I; + L) — 8S; (E) —&S;,
ds, N
F = 7BSa(Ij +1L)+ 8Sj — uSa (f)/
dE; N
?U' = ﬁSJ(I] + Ia) - SE]‘ - BE/' (E) - G'E]',
dE, N
F = BSa(I] + Ia) + SE] — /.LEa <?) - O'Ea,
dr; N
d_tj = oEj — 7l; — &l; — 51]'(?)/
dr N
d—: = 0E; — 7l; + el; — pl, <?),
dR; N
—dtf = 7l; — 8R; (f> — &R
dR, N
and j = 'TIa — MRa (E) -+ SR]

21

Birthing in most bats is seasonally pulsed. The use of a
periodic Gaussian function (PGF) that allows births to be
pulsed over a period and ensures that no births occur outside
the birthing season has previously been described [23]. The
function looks like

b(t) = K\/Ee*msmwz, 22)
w

where s controls the width of birth peaks (‘synchrony’), o
the number of pulses per year, ¢ the offset during the
year and « is a scaling parameter. A full exploration of
the function and general effects of synchronous birthing on
infection maintenance is described elsewhere [23].

Because demographic stochasticity exists in the system and I
wished to understand infection persistence and perform a sen-
sitivity analysis to understand how host and pathogen traits
affect persistence, I implemented a stochastic version of the
model. The stochastic model was implemented as a continuous
Markov process in the “pomp’ R package [38], coded in native C
code. Births were modelled as a Poisson process and the
remaining processes with Euler multinomial processes. Thus,
as N individuals face a constant hazard to leave their class in
k ways, at rates ry, 15,...,1,, then during a At time interval,
the number of individuals is multinomially distributed

k
(N — ZAn,-, Any, ..., Ank> ~ multinomial(N; po, p1, ..., Px),
i—1

2.3)

where An; is the number of individuals leaving in way i over the
time interval and the probability of remaining is

po = exp (— > rfAt>, 2.4)

and of leaving in way j is

Zr] ; (1 ~exp <— Z riAt)) . 2.5)

For full details, see [38]. Initial conditions for all simulations
were a juvenile and adult infection prevalence of 2.5% and a

pi =

juvenile and adult antibody prevalence of 25%, with initial n

population sizes of 40 000 bats.
For all analyses, 500 simulations for each parameter set
were run for 25 years. All analyses were performed in R [39].

3. Parameter estimation

I'assumed that bats shared common life-history traits other than
the number of birthing pulses. To estimate the parameters for the
birth pulse function, I used data from Mutere (tables 1 and 2
within [37]) of monthly numbers of female E. helvum pregnant
throughout the year to calculate the rate of change of pregnancy
for each month. I fit the PGF using the Nelder and Mead optim-
ization function optim in R [40] and fixed the shape parameters to
estimate k, such that the integral of the PGF (the annual birth
rate) equalled the birth rate of approximately one young per
year per female reported for E. helvum [35], with either one or
two birth pulses per year [24,41]. The parameters values for
the PGF birth pulse function parameters (w) are in table 1, the
PGF functions in electronic supplementary material, figure S1.

Annual survival probability from capture—recapture data
for E. helvum from the Accra colony has been estimated and
showed that an exponential function with constant survival
across ages was the best model [35], which I assumed was
similar across bat species. This probability was transformed
to an annual survival rate, u, by using

__Ina-9] o

t
where S is the apparent annual survival probability and f
time [43,44]. See table 1 for the results.

For the unknown parameter value, 8 (the transmission coef-
ficient), I made several simplifying assumptions that would
enable me to estimate approximate values. First, I assumed
that infection dynamics were simple SIR dynamics with no
age structure, that there was a constant force of infection
across age classes and that infection was at dynamic equilibrium
(00). I assumed that birth rates equalled overall adult mortality,
and thus the population was stable, and the proportion of indi-
viduals in the susceptible (s) and infected (i) classes was ds(t)/
dt = di(t)/dt = 0 [28,45]. This allowed B to be estimated from
available data by rearranging the simplified SIR model

s(o0) = Rio i) = £ R0 - 1), (3.2)
so that

_om (1
P =i (s(oo) 1)‘ 63)

The full derivation of equation (3.2) is found in [45] and the
electronic supplementary material. The infection-related data
for MARV in R. aegyptiacus [24] and estimated u above were
then used to estimate 8 using equation (3.3) (table 1). Impor-
tantly, the effect of altering B is explored in the sensitivity
analysis below and the assumptions of this simplification dis-
cussed. Infectious periods and incubation periods were taken
from experimental studies [10,13] (table 1).

4. Pathogen persistence

Using parameters estimated from the literature for African
fruit bats and filoviruses (table 1), I was able to model
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Table 1. Model parameters. PRCC results from the sensitivity analysis results and the range of parameters used in the PRCC analysis are shown.

range used in

parameter value reference sensitivity analysis
transmission rate B 0.0045 per capita this study 0.00045—0.045 —0.03 (0.51)
(density-dependent/ per day/
frequency-dependent) per day
juvenile mbriality rate s 3% 103 ‘per‘ cap)'tdb ‘ [351 1 x 0% —001 (0.8‘)‘
per day 231 x 107*
adult mortality rate P 51 % 10° per capita [35] 51 % 10° to 005 (029)
per day 51 %1077
rate of abgibngb from j‘uvenile o e 27x103 ‘per‘ bca‘p)'ta» . [351  haona
sexually mature adult per day
Sinubation rate (or Vincubaon o VZor1/21  percgpta  [1013] AT x 10 10047 —047 (<0.001)
period) per day
nate of serocomersion or 7 014 Cperapita (10,031 0014-1  —022(<0001)
1/infectious period) per day
‘parbarbnétérbtd B timing P ‘d)» o, T s‘tud‘yb o L .(0‘1.) .
births
annual biﬁh pulses ‘wb o ‘1‘or2 ‘ ‘per‘ ye‘abr - [35,36] - 2 ‘ ‘ - na.
scalar to control birth rate K 41 %103 per female this study 41x10 *to 0.12 (0.006)
per day 41 %1077
annual birth synchrony s 1435 — this study 1.435 to 143.5 —0.16 (<0.001)
bcbarbryinbg Fcabpbacity = e [24’.42]. U S (033) o
filovirus persistence v.vithin simulated po'pulations of bE.itS. 5. SenS|t|V|ty an alySiS
However, models with one or two birth pulses using
two different incubation periods (7 and 21 days) led to To examine the relative importance of different aspects of

decidedly different results. Infection either persisted in the system and effects of varying parameters, such as g,

almost all 500 simulations with two pulses and a 21-day
incubation period, or none with a single pulse or the shorter
7-day incubation period.

The dynamics of infectious individuals (figure 1) within
populations with two birth pulses suggests why the patho-
gen may have failed to persist in the alternative scenarios (a
single pulse of young, or shorter incubation periods; elec-
tronic supplementary material, figure S2), because the

I performed a multi-parameter, global sensitivity analysis
[46] on model parameters relating to both infection and
host demography with the number of birth pulses fixed at
two per year. I used 500 parameter sets obtained from strati-
fied random samples from uniform distributions spanning a
range of potential values for the nine parameters of interest
using Latin hypercube sampling (LHS; Ihs package in R
[47], table 1). The rate of aging of young to adults and the

number of infected individuals drops very low between number of birth pulses per year were fixed. The parameter

birth pulses.

To explore the effect of population size on infection per-
sistence, I varied the carrying capacity (K) from very small
(100) to large (200 000), while keeping the other parameters
except the incubation period the same. Only by including
two birth pulses and an incubation period of 21 days did
the model predict pathogen persistence, and only in colonies

range for LHS sampling was determined by increasing and
decreasing the ‘default’ parameter value by an order of mag-
nitude. Partial-rank correlation coefficients (PRCCs) between
each parameter and model output determined the relative
importance of each parameter, and the PRCC method details
are in the electronic supplementary material. The model
output measured was the proportion of 500 model simu-
lations for which the virus persisted after the 25-year

of bats over approximately 20 000 bats. Near-universal per-
simulation period.

sistence occurred in populations of around 40000 bats o ) o
(electronic supplementary material, figure S2). The PRCC sensitivity analysis results suggest that filovirus
The two-birth-pulse 21-day incubation period model pre-

dicts infection prevalence well compared with field studies

persistence is significantly positively affected by increasing
the incubation period (1/0), infectious period (1/7) and
[24], with infection prevalence predicted to be very low birth rate (x), and negatively by increasing synchrony (s) of
the birth pulse (table 1; electronic supplementary material,
figure S4).

Further exploration of the effect of birthing synchrony
on persistence for differing incubation periods from 2 to 21

(less than 2%, electronic supplementary material, figure S3).
However, for the population size (40000) from which the
best data are available as estimated from capture—recapture
studies, the model predicts a much higher seroprevalence,

approaching 100%, compared with approximately 16% [24]. days demonstrates that even when synchrony is strong and
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Figure 1. The effect of biannual birth pulses on filovirus persistence in simu-
lated bat populations. (a) Number of susceptible and infected juveniles and
infected adults over the final years for 500 stochastic simulations of a 25-year
simulation model of filovirus — bat-infection dynamics. This model has biann-
ual birth pulses, with the synchrony parameter (s) 14.3, a birth rate of 0.98
per female per year and an incubation period (1/0) of 21 days. (b) The effect
of altering s to model seasonal births. A fixed birth rate of 0.98 per female
per year, with s from 1.43 (low synchrony) to 14.3 (high synchrony) is shown.
The threshold at which births occur continuously throughout the year (s ~
4.29, orange solid line) is shown. (c) The effect of altering infection incu-
bation period (1/0) and s on pathogen persistence (z-axis, panel).
Persistence was estimated as the proportion of 500 simulations for which filo-
virus infection was present after 25 years. Incubation periods used include
those from time to detection of filoviruses in experimentally infected bat tis-
sues post-inoculation, to time to detection of virus shedding. Synchrony
values are from those estimates from field data (s = 14.3) through to con-
tinuous birthing throughout the year (threshold s~ 4.29, orange).
Remaining parameters not specified are in table 1.

before birthing occurs year-round (s ~ 4), filoviruses are pre-
dicted to persist in over 25-year periods with incubation
periods of less than 21 days (figure 1). An additional explora-
tion of the parameter space relating to the incubation (1/0)
and infectious (1/7) periods was performed for the two
birth pulse model only for a range of values at 1-day incre-
ments for 7-21-day and 1-20-day periods, respectively.
This analysis gives the intuitive results that longer incubation
and/or infectious periods increase persistence when other

parameters are fixed (electronic supplementary material,
figure S5).

6. Data analysis

To test the predictions of the model, I collated data from pub-
lications reporting the serological findings for studies of bats
and filoviruses. I used the reports of serological data only,
because (i) there were substantially more reports in the litera-
ture of serological surveys than virus isolation or molecular
based studies, and (ii) the findings relating to serological results
may reflect the species being part of a viral reservoir system, as
we may predict that infection circulates widely enough and
without disease-induced mortality for anti-filovirus anti-
body-positive bats to be found. Once collated, I searched the
literature for reports of the number of birth pulses per year
for each bat species. The numbers of anti-filovirus antibody-
positive and -negative animals were combined and bats were
categorized as species having either one annual birth pulse,
or more than one pulse. The data are in electronic supplemen-
tary material, table S1. Serological findings were reported in
12 studies for three different virus genera (MARV, Z-EBOV
and R-EBOV) for 40 bat species for 8530 individual bats.
Because most bat species with biannual birth pulses were
fruit bats, I ran a logistic regression using the glm function
in R with binomial and, adjusting for overdispersion, quasi-
binomial errors. I included the interaction term between
being a fruit bat and having two or more birth pulses, with
the response variable being the proportion seropositive for
the species. If two or more reports for the same virus were
found for a single species, these data were combined. The
relationship between the number of birth pulses and phylo-
geny (being a fruit bat of the Pteropodidae family) was
examined using the Fisher’s exact test, because two contin-
gency table variable numbers were fewer than five.

The results of the statistical analyses show that if a bat is from
a species that has two birth pulses (or more), it is statistically
more likely to be serologically positive for antibodies against
filoviruses than those that have one birth pulse with an odds
ratio (OR) of 4.45 (95% CI 2.51-8.7, p-value < 0.0001). To
ensure that this was not a sampling artefact nor due to the
species-specific effects of R. aegyptiacus, which has been most
intensively studied, I removed this species and reanalysed the
results. The effect of two birth pulses or more remained statisti-
cally significant, with bats from those species still more likely
to be seropositive (OR 2.73, 95% CI 1.52-5.39, p-value 0.0002).
The serological data, with 95% CI for each species, are shown
in electronic supplementary material, figure S6. Most bat species
with biannual birth pulses, however, were fruit bats (14/16,
90%, OR 122, 95% CI 11-6775, p-value < 0.0001).

The logistic regression using a full model, with being a fruit
bat species interacting with having two or more birth pulses
compared with there being no interaction between them,
suggested the interaction term was not significant (F-test =
1.5, p-value = 0.2, d.f. = 41). In the model with no interaction
term, having two or more births (coefficient (6)pirn= 2.6,
s.e. = 0.7, z-value = 3.6, p-value = 0.0003) and being a fruit
bat (fpae= —1.5, s.e.=0.8, z-value= —2, p-value = 0.045)
were both significant factors in predicting the proportion sero-
positive for a species. However, by taking into account
overdispersion using the quasi-binomial error and F-test,
this significance was removed (births: 6pim = 2.6, s.e. =2,
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z-value = 1.3, p-value =0.2; being a fruit bat: G, = —1.5,
s.e. = 2.1, z-value = —0.7, p-value = 0.48).

7. Discussion

Here, I used available data and knowledge regarding filo-
viruses and their bat hosts to help understand the ecology
of filoviruses within their putative reservoir host populations.
My simple model predicts that filoviruses may not persist in
large populations of bats if birthing is highly synchronous in
a single pulse each year (electronic supplementary material,
figure S2). When there are two highly synchronous birth
pulses, without births throughout the entire year (figure 15;
electronic supplementary material, S1 and S2), the model pre-
dicts that the incubation period required for persistence must
be longer (figure 1c; electronic supplementary material, S2).
However, longer infectious periods can also increase the like-
lihood of persistence (electronic supplementary material,
figure S5), and biannual seasonal birthing can lead to persist-
ence with shorter incubation periods if the seasonality is
less strong than that estimated for E. helvum (figure 1c).
The results of these simulations are supported by field data,
with species with two or more birth pulses significantly
more likely to be seropositive with antibodies to filoviruses
than those with single synchronous birthing periods
(electronic supplementary material, figure S6).

Biannual birthing in populations was mostly found in
fruit bats of the family Pteropodidae (electronic supplemen-
tary material, table S1). It has been proposed elsewhere that
the differences between seroprevalence (and presumably
infection prevalence) against EBOV and other viruses
(e.g. henipaviruses and lyssaviruses) in the African species,
E. helvum, compared to other bats in the same locations
[34,41,48,49] and R. aegyptiacus [24], could be owing to
either ecological differences or underlying genetic host
restrictions [12]. Though genetic differences likely affect
host traits, the genetic host restrictions here refer to those
relating to infection susceptibility (e.g. different host cell
receptors or innate immune responses). Rousettus aegyptiacus
and those species with the higher seroprevalence against
EBOV (e.g. Hypsignathus monstrosus and Epomops franqueti)
have two synchronous birth pulses, whereas E. helvum has
only single, highly synchronous birth pulse each year. Eco-
logical differences, therefore, may be a simple explanatory
factor as to why E. helvum may not be a reservoir host despite
being sympatric with ‘reservoir’ species, as it may not have
the ecological traits that allow persistence of acute, immuniz-
ing infections. Whether it is host genetics or ecological traits
that explains the field data requires further analysis, but
this model would suggest that host traits may be sufficient
alone. The ecological host trait hypothesis may explain the
lack of evidence for MARYV in Hipposideros species, insectivor-
ous bats with a single annual birth pulse, which roost in the
same cave as R. aegyptiacus [50]. Support for this ecologi-
cal host trait hypothesis can be found in experimental
work [10]. Two insectivorous Tadarida bat species (Tadarida
condylura and T. pumila), distantly related to Pteropodidae
bats, were both able to be infected with EBOV and recover,
suggesting that insectivorous bats are susceptible to infection
and that genetic differences relating to infection susceptibility
between Pteropodiae fruit bats and insectivorous bats are less
likely to explain the different findings.

Most human MARYV infections (83%, 54/65) occurred at
the same times each year as the seasonal birth period and
high prevalence of MARV infection within R. aegyptiacus
[24]. Other bat-infection studies suggest that RNA virus shed-
ding may be linked to host ecology and seasonality, though
the details differ among systems [26,29,51,52]. Together,
these studies suggest that as births increase population size
and contact rates, the influx of susceptible juveniles may be
a central driver of bat-infection dynamics, which may itself
drive spillover dynamics to humans. My model results and
the field observations suggest that targeting younger bats
with two or more seasonal births during or after those birth-
ing periods might be fruitful for virological studies. However,
additional sampling of other species is necessary to further
test the results of this study.

Shorter incubation periods, such as those reported in [13],
can lead to infection persistence with 7-day infectious periods
if two pulses occur annually in this model, but only when
they are less synchronous than estimated for E. helvum
(figure 1). However, not only is it unclear how synchronous
birthing is in most bats, it is unclear whether experimental
studies reflect natural infection [53]. Viruses used in exper-
imental systems are often highly passaged prior to infection
and challenge doses and routes may not be appropriately
similar to natural settings. In the EBOV challenge study, the
only bat found to shed virus did so 21 days after infection,
despite virus being detected in infected bat tissues prior to
that eight days post-inoculation [10]. The sensitivity analyses
suggest that shorter incubation and infectious periods, and
increased synchrony, lead to lower infection persistence
(table 1; electronic supplementary material, figures S4-S7).
Additional experiments to determine within-host dynamics
may be informative [54]; however, capture—recapture studies
of wild bats may be most informative of the infection
dynamics with natural settings.

In the model, filoviruses persisted within colonies of
around 20000 and above, when biannual birthing and
21-day incubation periods were modelled. With shorter
incubation periods, less synchronous birthing was requi-
red for persistence (figure 1). These results suggest that
meta-population dynamics will be necessary for filovirus
persistence if colony sizes are smaller or infectious periods
shorter than these and birthing highly synchronous. Meta-
population dynamics, therefore, may play a key role in
filovirus ecology. Amman et al. [24] provide evidence of
direct movement between caves for R. aegyptiacus and genetic
similarity between viruses in geographically distant loca-
tions. This may be evidence that MARV circulates within
R. aegyptiacus with meta-population-like dynamics. Whether
this is true meta-population dynamics, with virus extinction
within colonies and then re-infection, is unknown. However,
my model results suggest that meta-population dynamics
may not be necessary for persistence of MARV within
R. aegyptiacus colonies if colony sizes are large enough, birth-
ing not very tightly synchronized and/or incubation times
long enough. Of interest here is whether populations of
R. aegyptiacus in the Middle East and Europe that appear to
be less mobile are ever infected with MARV. My model predic-
tions suggest that many colonies, such as those in Cyprus [55],
may not be large enough to maintain MARV infection.

My model of filovirus—bat dynamics assumes that single
species act as reservoirs. There is evidence for filovirus infection
in multiple bat species, many with overlapping geographical
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ranges [12], for four filoviruses (MARV, Z-EBOV, R-EBOV and
Lluvio virus; electronic supplementary material, table S1; [12]),
suggesting multiple bat species could act as reservoirs for filo-
viruses. Numerous genetics studies have suggested that
similar, and congeneric species, are highly vagile and panmictic
across large areas [56-61], facilitating viral transmission.
Multiple circulating pathogens within multiple species popu-
lations could maintain infection at the landscape level.
However, multiple, genetically divergent MARV strains have
been discovered within single, large R. aegyptiacus roosts
[24,50], suggesting persistence within populations of gregarious
R. aegyptiacus, which has biannual birthing. The results of my
study may explain why anti-EBOV antibody-positive bats
have been so hard to find, if infections cannot be maintained
in local, less dense bat populations of other species. Leroy
et al. [11] reported anti-EBOV antibodies in three fruit bat
species: H. monstrosus (24%, 4/17), E. franqueti (7%, 8/117)
and Muyonycteris torquata (7%, 4/58), from a sample of 679
bats. These species all have two birth pulses, but their local
population densities may not be sufficient to maintain infection
within a locale, perhaps explaining the ephemeral nature of
EBOV findings in bat populations.

Further studies, including the integration of models
and data such as I started here, are necessary to understand
filovirus persistence and filovirus spillover to humans. I used
‘generic’ parameters, and species-specific studies will be
possible as more data become available. Substantially lower
seroprevalence values (less than 3%) have been reported
from large colonies (perhaps 100000) of R. aegyptiacus [50]
than my model predicts. There are many problems in interpret-
ing serological data in wildlife [62], however, the lack of
seroconversion in all bats following experimental challenge
[10] may explain the difference in seroprevalence between
my model and field data. Other factors include waning anti-
body titres with or without waning immunity. Furthermore,
age-specific seroprevalence values may alter dramatically,
with the probability of being seropositive varying from
approximately 0.2 for 1l-year-old animals to approximately
0.8 for 14-year-old animals for another RNA virus in
E. helvum [41], and my model will not capture this. Also,
I made simplifying assumptions, including that infection was
at equilibrium within the R. aegyptiacus colonies, to estimate
the transmission coefficient, 8, and so further studies are
necessary to estimate this parameter. However, the sensitivity
analyses suggest that 8 may matter less than other parameters,
as viral persistence results were not sensitive to 10-fold
increases and decreases in the estimated 3 (table 1). Additional
work is also required to understand bat-bat transmission.
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Viral antigen has been detected in female reproductive tracts
[13], and thus some frequency-dependent transmission may
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their hosts. The epidemiological links between bats and
human filovirus infection are sporadic, though increasing.
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dynamics [12,18,30,66,67]. By multi-disciplinary research,
including models that integrate different data sources such
as this, additional insights may be made that are important
to inform disease management options. Returning to the
questions posed by the early mathematical biologists, how
then has this modelling exercise informed our understanding
of filovirus biology? The results of this study can perhaps
explain the periodicity of infection prevalence within the
host, supporting field study data and suggest that filovirus
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