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The notion of a critical community size (CCS), or population size that is likely

to result in long-term persistence of a communicable disease, has been devel-

oped based on the empirical observations of acute immunizing infections in

human populations, and extended for use in wildlife populations. Seasonal

birth pulses are frequently observed in wildlife and are expected to impact

infection dynamics, yet their effect on pathogen persistence and CCS have

not been considered. To investigate this issue theoretically, we use stochastic

epidemiological models to ask how host life-history traits and infection

parameters interact to determine pathogen persistence within a closed popu-

lation. We fit seasonal birth pulse models to data from diverse mammalian

species in order to identify realistic parameter ranges. When varying the syn-

chrony of the birth pulse with all other parameters being constant, our model

predicted that the CCS can vary by more than two orders of magnitude.

Tighter birth pulses tended to drive pathogen extinction by creating large

amplitude oscillations in prevalence, especially with high demographic turn-

over and short infectious periods. Parameters affecting the relative timing of

the epidemic and birth pulse peaks determined the intensity and direction

of the effect of pre-existing immunity in the population on the pathogen’s

ability to persist beyond the initial epidemic following its introduction.

1. Introduction
The infusion of modern ecological theory into epidemiology was initiated in the

1950s [1–3]. Subsequently, demographic factors controlling the fate of patho-

gens in animal populations have been identified in the context of zoonotic

reservoirs [4–6] and wildlife conservation [1–3]. Two distinct mechanisms of

pathogen extinction have been proposed theoretically and explored in various

natural systems [4–6]. First, invasion thresholds are directly derived from the

basic reproduction ratio (R0): deterministic models predict that a minimum den-

sity or proportion (depending on the mode of transmission) of susceptible

individuals is required for a given infection to spread. However, even above

this threshold epidemics may still fail to occur due to stochastic processes.

A classical prediction from branching process theory is that, given R0 . 1, the

probability that a single infectious individual in a naive population gives rise

to an epidemic is equal to 1 – 1/R0 [7].

Second, stochastic models also predict that even when a pathogen success-

fully spreads in a population, it may not persist indefinitely. A relationship

between population size and probability of extinction for endemic diseases
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was first proposed by Bartlett [8]. Combining case reports of

measles in non-naive human populations and stochastic

models with a metapopulation structure, Bartlett proposed

that measles virus was more likely to ‘fade out’ in communities

below a ‘critical community size’ (CCS). Many authors have

subsequently confirmed that measles and other viruses result-

ing in acute infections in humans are more likely to fade out in

smaller communities, but persist at the metapopulation level

through migration [9]. Over time, CCS has become a pervasive

concept through human and wildlife epidemiology. The

abbreviation CCS is now often used as a general term for any

population threshold for disease persistence [4] and its defi-

nition has been broadened to apply variously to population

density or size (e.g. [6,10–12]). However, unlike invasion

thresholds, which are simple functions of R0, the CCS is an

ill-defined quantity. As underlined by Conlan et al. [9], CCS

estimation is sensitive to the chosen measure of persistence as

well as the detailed assumptions of the stochastic model used

for inference; these caveats make it difficult to compare CCS

estimates between studies.

The CCS was originally defined in human populations

with near-continuous birth. Substantial seasonal variation in

human birth rates (for example, in sub-Saharan Africa) was

recently shown to have significant effects on the periodicity,

magnitude and timing of measles epidemics [13]; however,

its effect on CCS has not been explored. Seasonality of life-

history traits and behaviour are important drivers of wildlife

infectious disease dynamics [14], yet also have not been

considered when estimating CCS in wildlife populations. The

timing of birth in wildlife is usually tightly controlled by seaso-

nal cycles in resource availability or climate [14]. Modelling

studies using deterministic frameworks have explored the

effect of seasonal reproduction of wildlife hosts on infection

cycles for a variety of pathogens, including macroparasites

[15], possum tuberculosis [16], house finch conjunctivitis [17],

rabbit haemorrhagic disease [18,19], vole cowpox [18,20] and

raccoon rabies [21,22]. Only one of these models considered

disease extinction [18], but the effect of stochastic fade-out

on persistence and CCS was not explored. Given the impor-

tance of birth pulses in shaping infection cycles in wildlife

populations, we hypothesize that these cycles could result

in pathogen extinction, thus affecting the CCS. Herein, we

use a simple stochastic epidemiological model to investigate

the effects of an annual seasonal birth pulse on pathogen

persistence and extinction.

Specifically, we ask how host life-history traits (lifespan

and shape of the seasonal birth pulse) and infection par-

ameters (infectious period and basic reproduction ratio)

interact to determine the persistence of a pathogen following

its introduction in a closed population. We review published

and unpublished birth pulse data across various species to

motivate the structure of our demographic model. We then

present results of stochastic simulation series over a range

of parameter values and discuss our findings in the context

of the concept of CCS.
2. Material and methods
(a) Birth pulse function and empirical validation
Most species display seasonal variations in mating and births,

often marked by one or two yearly peaks. In humans, births

occur throughout the year and variations can be approximated
well by sine functions [13,23]. By contrast, many wild mamma-

lian species give birth only during a limited period of time

each year, which has led to the common use of a step function

(equal to zero for several months) to describe seasonal birth

rates in mathematical models [15,20,21]. At its most extreme,

all yearly births are assumed to occur simultaneously in an

instantaneous pulse [16,24]. Continuous (double-logit) step func-

tions have also been used to reduce the dynamic artefacts caused

by discontinuous step changes [17]. However, even in species

with a short breeding season, there is temporal variation in

birth rates, so we would expect step and sine functions to be

the two ends of a spectrum. We investigated empirical support

for an alternative mathematical description of birth pulses that

would fill the gap between those two extremes. Mathematically,

a pulse is commonly modelled as a Dirac delta function that

is the limit of the Gaussian function da(t) ¼ 1/a
ffiffiffiffi

p
p

e�t2=a2
when

a! 0. We modified the latter to make it periodic using a

cosine function, leading to the following per capita birth rate:

B(t) ¼ k exp[�s cos2(p t� w)], (2:1)

which has period of 1 time unit (here, 1 year); we refer to this as

the periodic Gaussian function. This function has three par-

ameters, which all have relevant biological interpretations: k is

a scaling factor proportional to the annual per capita birth rate,

w controls the phase (i.e. the timing of the peak of the birth

pulse) and s controls the bandwidth (i.e. the duration of the

birth pulse). Greater values of s result in higher and narrower

peaks, which can be interpreted as more synchronous births in

the population. In the absence of a birth pulse (s ¼ 0), we set

the birth rate to a constant. In the following, we refer to s as

the synchrony parameter. See the electronic supplementary

material, appendix 2.1 for more detail about the function.

To compare this function with the sine and step functions,

we searched the literature for published data on the timing of

births in wild mammals. We collected reports of observed num-

bers of births by day, week or month, covering the whole period

of reproduction for the populations of species considered (elec-

tronic supplementary material, appendix 1). We excluded species

with two or more birth peaks within a year, as well as datasets

that were either too small (fewer than 10 births recorded) or aggre-

gated from diverse locations, resulting in a blurred seasonal signal.

We fitted a total of three birth rate functions to each dataset

by maximum likelihood. The functions chosen were periodic

Gaussian function, cosine function and step function. For a

given model and a given dataset, the likelihood was calculated

as the multinomial probability of the distribution of observed

births, given the expected proportions of births obtained by inte-

grating the birth rate over that time step. For each dataset, the

three fitted models were ranked according to Akaike’s infor-

mation criterion (AIC); we used the second-order variant of

AIC which accounts for finite sample size [25]. See the electronic

supplementary material, appendix 2.2 for more information. All

calculations were performed with the R software version 3.0 [26].

For each dataset i and each model j, we then calculated the AIC

difference Di,j ¼ AICi,j �mink AICi,k, which indicates the relative

support for each model [25].
(b) Dynamic model
We model a hypothetical population with an annual birth pulse

as given in equation (2.1), and assume a constant death rate m. In

order to maintain a stationary population size from year to year,

we re-wrote the scaling coefficient k as a function of m and s, so

that the integral of B(t) over a period of 1 year is equal to m (see

the electronic supplementary material, appendix 2.1). As a result

of this assumption, the value of the death rate m also determines

the birth rate; to reflect this, we will refer to m as the ‘turnover

rate’. Additionally, 1/m represents the average lifespan in the

http://rspb.royalsocietypublishing.org/


Table 1. List of symbols used in the model.

symbol description
values
explored

S(t) susceptible individuals —a

I(t) infected individuals in population I(0) ¼ 1

R(t) recovered individuals —a

B(t) birth rate per capita —b

n yearly average population size 102 – 105

p proportion of immune individuals

in population at t ¼ 0

0 – 0.75

m death rate or turnover rate 0.1 – 3 yr21

s birth pulse synchrony 0 – 100

w phase of the birth pulse 2p/2 –p/3

k scale of the birth pulse —c

g recovery rate 1 – 52 yr21

R0 basic reproduction ratio 4

b transmission rate —d

aS(0) and R(0) are functions of n, p and w (see text).
bB(t) ¼ k exp[2S cos2fp t 2 w)].
ck is a function of m and s.
db ¼ R0(m þ g).
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population. Given the values of m and s, the phase of the birth

pulse w and the yearly average of the population size n, we can

calculate the population size at the point in the cycle correspond-

ing to t ¼ 0 to initiate simulations (electronic supplementary

material, appendix 2.1).

At the start of the annual cycle (t ¼ 0), we introduce an indi-

vidual infected with a directly transmitted pathogen. The spread

of infection is assumed to follow a classical SIR (susceptible–

infectious–recovered) model: there is no incubation period, sus-

ceptible individuals get infected by direct contact with infectious

individuals at rate b I/N, recovery occurs at a constant rate g and

recovery results in lifelong immunity. In addition, we assume

that the infection is not lethal, which means that the overall

population dynamics are the same with or without the pathogen.

First, we present a deterministic version of the model,

defined by the following set of differential equations:

dS
dt
¼ B(t)N �mS� bSI

N
,

dI
dt
¼ bSI

N
� (gþm)I

and
dR
dt
¼ gI �mR,

where S, I and R are the densities of susceptible, infected and

recovered individuals respectively, N ¼ S þ I þ R is the total

population density, and B(t) is the seasonal per capita birth rate

from equation (2.1). Table 1 lists the model parameters and the

ranges of values explored in this study. The pathogen’s basic

reproduction ratio is R0 ¼ b/(m þ g). Note that transmission is

modelled as a frequency-dependent function (i.e. proportional

to the prevalence of infection I/N), so R0 is independent of the

population size. We considered two variants on this model.

First, to tease apart the potential importance of increases in over-

all population size versus increases in the susceptible pool, we

considered a model with a seasonal death rate matching the

birth rate that allowed only the susceptible portion of the popu-

lation to increase; it produced results qualitatively similar to

those obtained with the main model (see the electronic sup-

plementary material, appendix 6). Second, in order to tease

apart frequency versus density dependence, we considered a

density-dependent transmission function b’SI with constant

death rate as in the original model (see the electronic supplemen-

tary material, appendix 7).

The deterministic model was solved numerically using the

deSolve package [27] in R. Given the values for m, the initial popu-

lation size N(0) was calculated to ensure a yearly population

average equal to the chosen value n (see the electronic supplemen-

tary material, appendix 2.1). Infection was seeded with I(0) ¼ 1,

and the rest of the population was split between naive, S(0) ¼

(1 2 p) [N(0) 2 1], and immune, R(0) ¼ p [N(0) 2 1], with 0 �
p , 1 representing the fraction of the population immune prior to

pathogen introduction (due to acquired immunity from a previous

outbreak or vaccination).

The core of our study is based on an event-based, stochastic

version of the model, where the three state variables (S, I and R)

can take only integer values. Six types of events (births, deaths in

each state variable, infection or recovery) occur in continuous

time with probabilities proportional to their respective rates in

the deterministic model. However, because of the time-depen-

dent birth rate, we decided not to use the exact Gillespie

algorithm [28] as it can generate long time steps when event

rates are low. Instead, we implemented an adaptive time-step

algorithm [29], with a maximum step size of less than 1 day

(see the electronic supplementary material, appendix 3 for a com-

plete description). During a time step dt, the number of events of

each type i ¼ f1, . . . ,6g is drawn from a Poisson distribution with

mean ridt, where ri is the rate of event type i, for example bSI/N
for an infection. If more events occur than are feasible (e.g. more
recoveries than there are currently infected individuals), the time

step is halved and the new Poisson-distributed random numbers

are drawn.

The stochastic model was implemented in R, using the same

range of parameter values and initial conditions as for the deter-

ministic model and explored a full factorial set of model

parameters. For each set of parameter values and initial con-

ditions, we ran 1000 simulations for a duration of 10 years.

This arbitrary time limit was chosen to allow several seasonal

cycles to occur, while keeping in mind that our assumptions of

constant parameters and closed populations would not be rel-

evant in nature over long periods of time. We estimated the

probability of pathogen extinction as the proportion of simu-

lations that reached the state I ¼ 0, and we recorded the time of

extinction. Combined with average infectious periods of at

most 1 year, this gives us a reasonable measure of pathogen per-

sistence following a single introduction event. Failure of an

epidemic to ‘take off’ (result in sustained transmission), which

is expected to occur with a probability equal to 1/R0 [7], was

recorded separately to post-epidemic extinctions, using a

threshold of five transmission events before extinction. This

value gave results consistent with the theoretical expectation

across the wide range of parameter values. In addition to the

figures in the main text, the electronic supplementary material,

appendices 5, 6, 7 and 9 contain more complete graphs showing

interactions between parameters, as well as a global sensiti-

vity analysis, which confirms statistically the complexity of

these interactions.
3. Results
(a) Empirical validation of birth pulse function
For each of the 18 datasets, we rank our three models using

AIC; the results are shown in the electronic supplemen-

tary material, appendix 1. The periodic Gaussian function

http://rspb.royalsocietypublishing.org/
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ranked highest with 17 datasets. For the remaining dataset (2),

the cosine function is ranked first but the periodic Gaussian

function still receives substantial support (DAIC ¼ 2.7). The

step function (which is the most commonly used one in model-

ling studies) receives very little support across all but one

dataset. Plots of the observed and predicted dynamics show

that the periodic Gaussian birth rate generally reproduces the

shape of the birth distribution quite well (figure 1; electronic

supplementary material, figure S2). Discrepancies occur with

datasets that display a small number of births on either side

of the main peak: the fitted model produces a wider and

lower peak as a result (e.g. dataset 9 in figure 1).

Across our 18 datasets, the maximum-likelihood esti-

mates of the synchrony parameter s range from 2.4 to 227,

with a median of 30. To put these values into biological con-

text, electronic supplementary material, figure S3 shows the

duration of the birth pulse, defined arbitrarily as the period

when 95% of yearly births are predicted to take place, as a

function of synchrony s.

(b) Demographic dynamics with periodic
Gaussian birth rate

Using the periodic Gaussian birth rate from equation (2.1)

scaled with the turnover rate m to ensure a stationary popu-

lation size from year to year, the deterministic population

dynamics are given by

dN
dt
¼ m N[Ks e�s cos2(p t�w) � 1 ], (3:1)

where Ks is a normalization factor that depends on s only
(see the electronic supplementary material, appendix 2.1).

Numerical solutions of equation (3.1) show that N(t) follows

asymmetrical annual cycles with the peak N(t) occurring

after the birth pulse peak. A ‘tighter’ birth pulse (increased

synchrony of births occurring over shorter duration, rep-

resented by higher values of s) generates greater amplitude

of population cycles with a shorter time lag (electronic

supplementary material, figure S4). Increasing the turnover

(m) while keeping the average population size constant

also results in oscillations of greater amplitude (electronic

supplementary material, figure S5).

Stochastic simulations of this simple time-forced

birth–death process enable us to assess the probability of a

population crash across the fm, s, ng parameter space. At the

higher end of the relevant parameter region (where higher

amplitude oscillations are expected), with a rapid turnover

m ¼ 2 yr– 1 (equivalent to an average lifespan of six months)

and a tight birth pulse s ¼ 100 (representing 95% of births

occurring within 33 days), average population sizes as low

as n ¼ 100 crash with a frequency of only 1% within 10 years

(electronic supplementary material, figure S6).

(c) Infection dynamics and critical community size
Using our stochastic SIR model, we assess the ability of the

pathogen to invade and persist following the introduction

of a single case into a closed population. We distinguish

between three categories of extinction occurrences: failure to

take off (fewer than five cases in total), epidemic burnout fol-

lowing the first wave of infection (with a cut-off time of two

years post introduction) and endemic fade-out (after the

http://rspb.royalsocietypublishing.org/
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pathogen has persisted for at least two seasons). We focus on

the latter two, having confirmed that failure to take off occurs

with a probability of 1/R0, as predicted by branching process

theory (see §2b).

Conditional on successful invasion and in the presence of

a constant birth rate throughout the year (s ¼ 0), the prob-

ability of pathogen extinction is strongly influenced by

demographic turnover m and recovery rate g. In general,

for a given population size n and a given basic reproduction

ratio R0, the probability of extinction increases with the rate of

recovery g and decreases with the turnover rate m (figure 2a).

The population size itself has a clear positive effect on persist-

ence. For the sake of clarity, we follow Bartlett [8] and define

the CCS as the average annual population size with even

odds of pathogen persistence after 10 years. A shorter time

or a greater probability of extinction would result in lower

CCS estimates, but the qualitative trends would remain the

same: basically, the CCS decreases when the turnover m is

higher or the recovery rate g is lower (figure 2a). We then use

these simple patterns as a background to study the effect of

birth pulse synchrony on pathogen persistence and CCS.

All other parameters being fixed, increasing the birth pulse

synchrony (s) concentrates the same number of births over a

shorter time period, which amplifies oscillations in the deter-

ministic model and tends to increase the probability of

pathogen extinction (figure 2b). With more acute infections
(i.e. higher recovery rates), a tight birth pulse (say s ¼ 100)

can increase the CCS by a factor of 40 compared with a constant

birth rate (figure 2a). The quantitative effect of s on the CCS is

generally weaker in longer-lived host species (i.e. with lower

turnover m; electronic supplementary material, figure S7).

A closer look at interactions between parameters and model

dynamics reveals an unexpected pattern. In the presence of a

marked birth pulse, we observe a non-monotonic effect of the

turnover rate m on pathogen persistence (figure 3). As already

mentioned, the low turnover rate associated with longer-lived

species (for example, the primate, ungulate and bat datasets)

favours epidemic burnout, typically within 2–3 years of intro-

duction. However, conditional on survival past the first post-

epidemic trough, endemic persistence is very likely, as the

system settles down to low-amplitude oscillations (as predicted

by the deterministic model; figure 3). Increasing the turnover rate

has two opposite effects. On the one hand, by providing more

naive offspring in the first post-epidemic birth pulse, it reduces

the probability of a rapid burnout. We call this a ‘rescue

effect’, a term borrowed from metapopulation biology [30].

On the other hand, by generating cycles of greater amplitude,

it creates deeper annual troughs (visible in the deterministic

model in figure 3), which in turn increases the probability of

stochastic fade-out. Hence, everything else being equal, persist-

ence is maximum in species with intermediate lifespans (for

example, m ¼ 1, representing an average lifespan of 1 year).
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Figure 3. Effect of turnover rate m on the dynamics and persistence of infection with a birth pulse s ¼ 10. (a) Deterministic dynamics for three values of m (0.2, 1
and 3 yr21 from top to bottom), with the numbers of susceptible S(t) in blue and infected I(t) in red; the dashed line shows the threshold value N(t)/R0 for the
number of susceptible individuals over which the infection spreads (dI/dt . 0); the width of the shaded vertical bars reflects the duration and intensity of seasonal
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An additional factor that can modulate the effect of the birth

pulse on the post-epidemic burnout is the timing of pathogen

introduction in the seasonal cycle (controlled by the phase par-

ameter w in equation (2.1)). By default we assumed that the

introduction of infection took place when births were at their

lowest (six months before the maximum of the birth pulse,

w ¼ 0). However, as shown in figure 2e with an average lifespan

of 2 years and an infectious period of one month, a shorter lag

between pathogen introduction and the next peak of the birth

pulse (e.g. two months, w ¼ –p/3) can result in a dramatic

increase in the CCS. The optimal phase difference for pathogen

persistence (around eight months in figure 2e, w ¼ p/6) varies

with combinations of m and g (electronic supplementary

material, figure S8). Epidemic burnout is most likely (i.e. the

deepest post-epidemic trough) when the initial epidemic

peak coincides with the birth pulse peak, and therefore is

followed by a waning of susceptible individuals entering

the population and maximal time until the ‘rescue effect’

of the next birth pulse. However, conditional to persistence

beyond this first post-epidemic trough, the relative timing of

the birth pulse and introduction of infection had little effect

on long-term persistence.

We also considered pre-existing immunity in the popu-

lation (parameter p) to simulate the effect of reintroduction

of a pathogen after a previous outbreak and extinction, or

after an immunization programme. Prior immunity reduces

the probability of an outbreak, but has a highly variable

effect on the CCS (which we estimated conditionally on out-

break occurrence). By reducing the effective reproduction

ratio of the pathogen, prior immunity slows down the initial

invasion. As a result, the birth pulse occurs earlier in the epi-

demic cycle, which can either shift the epidemic peak closer

to the next birth pulse and rescue the pathogen (figure 2c)

or, on the contrary, shift the epidemic peak from before the

birth pulse to after it, resulting in deeper post-epidemic

trough (figure 2d ). In line with previous points, other par-

ameters that affect the relative timing of the epidemic peak
to the peak of the birth pulse (especially m, g and w) will

affect the intensity and direction of the effect of p on CCS

(figure 2c,d; electronic supplementary material, figure S9).

Taken together, these results suggest that the relative

importance of a parameter for pathogen persistence and CCS

is dependent on the respective variance of other parameters,

which is largely arbitrary in this study. Hence, a sensitivity

analysis will be most informative in the context of specific sys-

tems where more information on parameter values is available.

We have provided an extensive series of plots in the electronic

supplementary material that show more details of parameter

interactions and nonlinear patterns.

(d) Density-dependent model
A model with density-dependent transmission gave results

similar to the frequency-dependent model over the majority

of the parameter space, indicating little overall effect of

density-dependent transmission on persistence (electronic sup-

plementary material, figure S11). However, at extreme values

of m and s, greater fluctuations in total population size resulted

in amplified peaks and troughs of transmission, increasing the

likelihood of endemic fade-out (i.e. a higher CCS; electronic

supplementary material, figure S12).
4. Discussion
Growing concern about emerging zoonotic infections has

stimulated research effort to model the dynamics of pathogen

spillover from wildlife into human populations [31–33].

However, these approaches mostly ignore the dynamics of

infection in the reservoir host. This motivated our study

into factors that drive the persistence and extinction of patho-

gens in wildlife host populations, focusing on seasonal birth

pulses, a feature common to many animal species.

We identified data on seasonal birth rates for a range of

mammalian species. Whereas numerous studies report the
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period over which births take place, few provide the time

series of birth numbers required to calculate birth rates for

such study, even though appropriate data probably exist in

raw form. We assessed alternative mathematical functions

for the birth pulse using 18 datasets. Our results suggested

that the binary step function used in most published

models was not a good representation of real birth pulses

and the ‘periodic Gaussian’ function may be preferable for

this purpose. Estimates of the key parameter controlling the

tightness of the birth pulse (s, for synchrony) across available

datasets of birth pulses have not previously been quantified,

yet span two orders of magnitude and have significant effects

on the infection dynamics.

Our stochastic SIR model with annual birth pulses showed

that tighter birth pulses tend to drive pathogen extinction by

creating large amplitude oscillations in prevalence. In addition,

tighter birth pulses result in the population size being lower for a

greater proportion of the year, leading to an increased likelihood

of stochastic fade-out. The effect of s was stronger in species

with higher demographic turnover, and for pathogens with

shorter infectious periods and density-dependent transmission.

Interestingly, in the presence of a birth pulse, invasive patho-

gens are predicted to be most likely to persist in host species

with intermediate turnover (measured as the average number

of births and deaths per year): long-lived species with small

birth pulses tend to experience a single epidemic, which dies

out; by contrast, short-lived species with a higher birth pulse

can maintain the pathogen for a few seasons but with a pattern

of annual peaks and troughs, which often results in stochastic

extinction of the pathogen. Early, post-epidemic fade-outs are

also affected by the timing of pathogen introduction relative

to the birth pulse, as well as pre-existing immunity in the

population (e.g. from a recently extinct outbreak).

Empirical estimation of CCS in wildlife remains limited

[4]. A few studies have used mathematical models to analyse

the role of wildlife reservoir dynamics in the occurrence of

zoonotic spillover events in humans, highlighting factors

affecting pathogen persistence in reservoir host populations.

In particular, plague outbreaks have been linked to the meta-

population structure of the rat reservoir in Europe [34] and

gerbils in Kazakhstan [35,36]. However, as underlined by

Heier et al. [36], estimating the effect of host abundance on

the persistence of infection is more complicated than deter-

mining thresholds for pathogen invasion. George et al. [24]

showed that seasonal patterns of hibernation and highly syn-

chronous reproduction in American big brown bats (Eptesicus
fuscus) played a crucial role in the persistence of rabies virus in

that host, but their study only considered large populations,

hence offering little insight into CCS. Other ecological factors,

such as contacts between multiple host species, have been pro-

posed to contribute to pathogen persistence in wildlife by

increasing the effective community size [6,37].

Apart from contributing to theoretical understanding of

viral dynamics and persistence, the notion of the CCS has prac-

tical applications in wildlife population management. For

example, vaccination is often difficult or impractical in wildlife,

and it is often recommended in combination with reduction of

population size by culling susceptible animals (discussed in

[38–41]). However, our model suggests that prior herd immu-

nity can increase the CCS in some circumstances. Sufficient

life-history data were not available for all of the seasonal

birth pulse datasets presented here to estimate the CCS

required for pathogen persistence over a range of infectious
periods. However, we provide two specific examples to

demonstrate the real-life utility of this model when data are

available. First, our results indicated that the effect of birth

pulse synchrony on the CCS was more pronounced in

shorter-lived host species (i.e. with higher turnover m), such

as Townsend’s vole (Microtus townsendii, dataset 3, m � 3.3

[42]). Even with a relatively low degree of synchrony (s ¼ 3.3,

representing 95% of births occurring within 7.8 months), the

presence of the birth pulse in M. townsendii increases the

CCS for a pathogen with an infectious period of one month

(g ¼ 12) from less than 200 to almost 10 000 individuals (elec-

tronic supplementary material, figure S13). An even greater

increase in CCS is expected for pathogens with more

acute infectious periods (electronic supplementary material,

figure S7). Second, we consider the grey-headed flying fox

(P. policocephalus, dataset 13), which has a highly synchronous

seasonal birth pulse (s ¼ 130, representing 95% of births within

28 days), but a low turnover rate (m ¼ 0.14 [43]), which

moderates the effect of the birth pulse (figure 2b). Our model

predicts that pathogens with an infectious period of less

than approximately six weeks (g � 8) could not persist in a

naive population with this turnover rate and degree of syn-

chrony (electronic supplementary material, figure S14a). This

raises questions regarding the dynamics of pathogens with

short infectious periods, such as Hendra virus (g � 52) [44]

within populations of this species. The inclusion of pre-existing

immunity at 50% (equivalent to Hendra virus seroprevalence

rates commonly observed in this species [44]) resulted

in greater persistence, though still only to g � 20 (electronic

supplementary material, figure S14b). This suggests that

other factors important in viral persistence in this system are

absent from our model; for example, age-structure, meta-

populations, multi-host systems, within-host persistence and

waning immunity.

Our model provides theoretical insights into the effect

of seasonal birth pulses on pathogen dynamics in wildlife

populations and a basis for further extension. For example,

one extension would be to consider a metapopulation frame-

work, which would allow recurrent introduction of the

pathogen. Interestingly, our model predicts that prior immunity

can favour the persistence of some pathogens by dampening the

secondary outbreak dynamics, a phenomenon related to the

‘epidemic enhancement’ proposed by Pulliam et al. [45] and

applied within a metapopulation framework by Plowright

et al. [44]. There is ongoing debate on the effects of habitat frag-

mentation on the persistence of infectious diseases in wildlife

[46]. A landmark study by Swinton et al. [12] concluded that

the fragmented metapopulation structure of harbour seals

around the North Sea was responsible for the rapid fade-out

of a deadly outbreak of phocine distemper virus in 1988.

Recent examples indicate that existing habitat fragmentation

and variations in population sizes could be used to hinder the

threat from infectious diseases to endangered wildlife, including

rabies in the Ethiopian wolf [47] and chytridiomycosis in amphi-

bians [48]. Our model could also be modified to account for

disease-induced death in order to investigate the role of seasonal

birth pulse on the relative risks of host and pathogen extinction.

Despite growing interest in the environmental and demo-

graphic drivers of pathogen cycles in wildlife [14], the effect

of these cycles on pathogen persistence has been overlooked.

By incorporating an empirically motivated birth pulse func-

tion into a generic infection model, we have provided a

framework to study pathogen persistence in wildlife species
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exhibiting seasonal births. The CCS is sensitive to demo-

graphic and pathogen-related parameters, and should be

considered within an ecological context. Therefore, esti-

mation of CCS values and their subsequent use in wildlife

management practices must be treated with caution as it is

likely to be highly system-dependent.
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13. Dorélien AM, Ballesteros S, Grenfell BT. 2013 Impact
of birth seasonality on dynamics of acute
immunizing infections in sub-saharan Africa.
PLoS ONE 8, e75806. (doi:10.1371/journal.pone.
0075806)

14. Altizer S, Dobson A, Hosseini P, Hudson P, Pascual
M, Rohani P. 2006 Seasonality and the dynamics of
infectious diseases. Ecol. Lett. 9, 467 – 484. (doi:10.
1111/j.1461-0248.2005.00879.x)

15. White K, Grenfell BT, Hendry RJ, Lejeune O. 1996
Effect of seasonal host reproduction on host-
macroparasite dynamics. Math. Biosci. 137, 79 – 99.
(doi:10.1016/S0025-5564(96)00061-2)

16. Roberts MG, Kao RR. 1998 The dynamics of an
infectious disease in a population with birth pulses.
Math. Biosci. 149, 23 – 26. (doi:10.1016/S0025-
5564(97)10016-5)

17. Hosseini PR, Dhondt AA, Dobson A. 2004
Seasonality and wildlife disease: how seasonal
birth, aggregation and variation in immunity affect
the dynamics of Mycoplasma gallisepticum in house
finches. Proc. R. Soc. Lond. B 271, 2569 – 2577.
(doi:10.1098/rspb.2004.2938)

18. Ireland JM, Mestel BD, Norman RA. 2007 The effect
of seasonal host birth rates on disease persistence.
Math. Biosci. 206, 31 – 45. (doi:10.1016/j.mbs.2006.
08.028)

19. Ireland JM, Norman RA, Greenman J. 2004 The
effect of seasonal host birth rates on population
dynamics: the importance of resonance.
J. Theor. Biol. 231, 229 – 238. (doi:10.1016/
j.jtbi.2004.06.017)

20. Begon M, Telfer S, Smith MJ, Burthe S, Paterson S,
Lambin X. 2009 Seasonal host dynamics drive the
timing of recurrent epidemics in a wildlife
population. Proc. R. Soc. B 276, 1603 – 1610.
(doi:10.1098/rspb.2008.1732)

21. Duke-Sylvester SM, Bolzoni L, Real LA. 2011 Strong
seasonality produces spatial asynchrony in the
outbreak of infectious diseases. J. R. Soc. Interface 8,
817 – 825. (doi:10.1098/rsif.2010.0475)

22. Clayton T, Duke-Sylvester S, Gross LJ, Lenhart S, Real
LA. 2010 Optimal control of a rabies epidemic
model with a birth pulse. J. Biol. Dyn. 4, 43 – 58.
(doi:10.1080/17513750902935216)

23. He D, Earn DJD. 2007 Epidemiological effects
of seasonal oscillations in birth rates. Theoret.
Popul. Biol. 72, 274 – 291. (doi:10.1016/j.tpb.2007.
04.004)

24. George DB, Webb CT, Farnsworth ML, O’Shea TJ,
Bowen RA, Smith DL, Stanley TR, Ellison LE,
Rupprecht CE. 2011 Host and viral ecology
determine bat rabies seasonality and maintenance.
Proc. Natl Acad. Sci. USA 108, 10 208 – 10 213.
(doi:10.1073/pnas.1010875108)

25. Burnham KP, Anderson DR. 2002 Model selection
and multimodel inference, 2nd edn. New York, NY:
Springer.

26. R Development Core Team. 2013 R: a language
and environment for statistical computing.
Version 3.0. Vienna, Austria: R Foundation for
Statistical Computing.

27. Soetaert K, Petzoldt T, Setzer WR. 2010 Solving
differential equations in R: package deSolve. J. Stat.
Softw. 33, 1 – 25.

28. Gillespie DT. 1977 Exact stochastic simulation of
coupled chemical reactions. J. Phys. Chem. 81,
2340 – 2361. (doi:10.1021/j100540a008)

29. Cao Y, Gillespie DT, Petzold LR. 2007 Adaptive
explicit-implicit tau-leaping method with automatic
tau selection. J. Chem. Phys. 126, 224 101 –
224 109. (doi:10.1063/1.2745299)

30. Brown J, Kodric-Brown A. 1977 Turnover rates in
insular biogeography: effect of immigration on
extinction. Ecology 58, 445 – 449. (doi:10.2307/
1935620)

31. Antia R, Regoes RR, Koella JC, Bergstrom CT. 2003
The role of evolution in the emergence of infectious
diseases. Nature 426, 658 – 661. (doi:10.1038/
nature02104)

32. Arinaminpathy N, McLean AR. 2009 Evolution
and emergence of novel human infections.
Proc. R. Soc. B 22, 3937 – 3943. (doi:10.1098/
rspb.2009.1059)

33. Lloyd-Smith JO, George D, Pepin KM, Pitzer VE,
Pulliam JR, Dobson AP, Hudson PJ, Grenfell BT. 2009
Epidemic dynamics at the human – animal interface.
Science 326, 1362 – 1367. (doi:10.1126/science.
1177345)

34. Keeling M, Gilligan C. 2000 Metapopulation
dynamics of bubonic plague. Nature 407, 903 – 906.
(doi:10.1038/35038073)

35. Davis S, Trapman P, Leirs H, Begon M, Heesterbeek
JAP. 2008 The abundance threshold for plague as a
critical percolation phenomenon. Nature 454,
634 – 637. (doi:10.1038/nature07053)

http://dx.doi.org/10.2307/1294515
http://dx.doi.org/10.2307/1294515
http://dx.doi.org/10.1016/0035-9203(58)90045-2
http://dx.doi.org/10.1016/S0169-5347(00)89050-3
http://dx.doi.org/10.1016/S0169-5347(00)89050-3
http://dx.doi.org/10.1016/j.tree.2005.07.004
http://dx.doi.org/10.1016/j.tree.2005.07.004
http://dx.doi.org/10.1017/S0031182000075806
http://dx.doi.org/10.2307/2342553
http://dx.doi.org/10.1098/rsif.2009.0284
http://dx.doi.org/10.1098/rsif.2009.0284
http://dx.doi.org/10.1126/science.1095854
http://dx.doi.org/10.1126/science.1095854
http://dx.doi.org/10.1046/j.1365-2656.2003.00705.x
http://dx.doi.org/10.1046/j.1365-2656.2003.00705.x
http://dx.doi.org/10.1046/j.1365-2656.1998.00176.x
http://dx.doi.org/10.1046/j.1365-2656.1998.00176.x
http://dx.doi.org/10.1371/journal.pone.0075806
http://dx.doi.org/10.1371/journal.pone.0075806
http://dx.doi.org/10.1111/j.1461-0248.2005.00879.x
http://dx.doi.org/10.1111/j.1461-0248.2005.00879.x
http://dx.doi.org/10.1016/S0025-5564(96)00061-2
http://dx.doi.org/10.1016/S0025-5564(97)10016-5
http://dx.doi.org/10.1016/S0025-5564(97)10016-5
http://dx.doi.org/10.1098/rspb.2004.2938
http://dx.doi.org/10.1016/j.mbs.2006.08.028
http://dx.doi.org/10.1016/j.mbs.2006.08.028
http://dx.doi.org/10.1016/j.jtbi.2004.06.017
http://dx.doi.org/10.1016/j.jtbi.2004.06.017
http://dx.doi.org/10.1098/rspb.2008.1732
http://dx.doi.org/10.1098/rsif.2010.0475
http://dx.doi.org/10.1080/17513750902935216
http://dx.doi.org/10.1016/j.tpb.2007.04.004
http://dx.doi.org/10.1016/j.tpb.2007.04.004
http://dx.doi.org/10.1073/pnas.1010875108
http://dx.doi.org/10.1021/j100540a008
http://dx.doi.org/10.1063/1.2745299
http://dx.doi.org/10.2307/1935620
http://dx.doi.org/10.2307/1935620
http://dx.doi.org/10.1038/nature02104
http://dx.doi.org/10.1038/nature02104
http://dx.doi.org/10.1098/rspb.2009.1059
http://dx.doi.org/10.1098/rspb.2009.1059
http://dx.doi.org/10.1126/science.1177345
http://dx.doi.org/10.1126/science.1177345
http://dx.doi.org/10.1038/35038073
http://dx.doi.org/10.1038/nature07053
http://rspb.royalsocietypublishing.org/


rspb.royalsocietypublishing.org
Proc.R.Soc.B

281:20132962

9

 on May 14, 2014rspb.royalsocietypublishing.orgDownloaded from 
36. Heier L, Storvik GO, Davis SA, Viljugrein H, Ageyev
VS, Klassovskaya E, Stenseth NC. 2012 Emergence,
spread, persistence and fade-out of sylvatic plague
in Kazakhstan. Proc. R. Soc. B 278, 2915 – 2923.
(doi:10.1098/rspb.2010.2614)

37. Brown VL, Drake JM, Stallknecht DE, Brown JD,
Pedersen K, Rohani P. 2013 Dissecting a wildlife
disease hotspot: the impact of multiple host
species, environmental transmission and seasonality
in migration, breeding and mortality. J. R. Soc.
Interface 10, 20120804. (doi:10.1098/rsif.2012.0804)

38. Smith GC, Wilkinson D. 2003 Modeling control of
rabies outbreaks in red fox populations to evaluate
culling, vaccination, and vaccination combined with
fertility control. J. Wildl. Dis. 39, 278 – 286. (doi:10.
7589/0090-3558-39.2.278)

39. Cowled BD, Garner MG, Negus K, Ward MP. 2014
Controlling disease outbreaks in wildlife using
limited culling: modelling classical swine fever
incursions in wild pigs in Australia. Vet. Res. 43, 3.
(doi:10.1186/1297-9716-43-3)
40. Potapov A, Merrill E, Lewis MA. 2012 Wildlife
disease elimination and density dependence.
Proc. R. Soc. B 279, 3139 – 3145. (doi:10.1098/rspb.
2012.0520)

41. Morters MK, Restif O, Hampson K, Cleaveland S,
Wood JLN, Conlan AJK. 2012 Evidence-based control
of canine rabies: a critical review of population
density reduction. Zoonoses Public Health 82,
6 – 14. (doi:10.1111/j.1365-2656.2012.02033.x)

42. Beacham TD. 1980 Survival of cohorts in a
fluctuating population of the vole Microtus
townsendii. J. Zool. 191, 49 – 60. (doi:10.1111/j.
1469-7998.1980.tb01448.x)

43. Tidemann CR, Nelson J. 2011 Life expectancy,
causes of death and movements of the grey-headed
flying-fox (Pteropus poliocephalus) inferred from
banding. Acta Chiropterol. 13, 419 – 429. (doi:10.
3161/150811011X624901)

44. Plowright RK, Foley P, Field HE, Dobson AP, Foley
JE, Eby P, Daszak P. 2011 Urban habituation,
ecological connectivity and epidemic dampening:
the emergence of Hendra virus from flying foxes
(Pteropus spp.). Proc. R. Soc. B 278, 3703 – 3712.
(doi:10.1098/rspb.2011.0522)

45. Pulliam JRC, Dushoff JG, Levin SA, Dobson AP. 2007
Epidemic enhancement in partially immune
populations. PLoS ONE 2, e165. (doi:10.1371/
journal.pone.0000165)

46. Brearley G, Rhodes J, Bradley A, Baxter G, Seabrook
L, Lunney D, Liu Y, McAlpine C. 2012 Wildlife
disease prevalence in human-modified landscapes.
Biol. Rev. 88, 427 – 442. (doi:10.1111/brv.12009)

47. Haydon D et al. 2006 Low-coverage vaccination
strategies for the conservation of endangered
species. Nature 443, 692 – 695. (doi:10.1038/
nature05177)

48. Briggs DJ, Wilde H, Hemachuda T, Shantavasinkul P,
Quiambao B, Sudarshan MK, Madhusudana SN.
2010 Comment on: rabies and African bat lyssavirus
encephalitis and its prevention. Int. J. Antimicrob.
Agents 37, 182 – 183. (doi:10.1016/j.ijantimicag.
2010.09.014)

http://dx.doi.org/10.1098/rspb.2010.2614
http://dx.doi.org/10.1098/rsif.2012.0804
http://dx.doi.org/10.7589/0090-3558-39.2.278
http://dx.doi.org/10.7589/0090-3558-39.2.278
http://dx.doi.org/10.1186/1297-9716-43-3
http://dx.doi.org/10.1098/rspb.2012.0520
http://dx.doi.org/10.1098/rspb.2012.0520
http://dx.doi.org/10.1111/j.1365-2656.2012.02033.x
http://dx.doi.org/10.1111/j.1469-7998.1980.tb01448.x
http://dx.doi.org/10.1111/j.1469-7998.1980.tb01448.x
http://dx.doi.org/10.3161/150811011X624901
http://dx.doi.org/10.3161/150811011X624901
http://dx.doi.org/10.1098/rspb.2011.0522
http://dx.doi.org/10.1371/journal.pone.0000165
http://dx.doi.org/10.1371/journal.pone.0000165
http://dx.doi.org/10.1111/brv.12009
http://dx.doi.org/10.1038/nature05177
http://dx.doi.org/10.1038/nature05177
http://dx.doi.org/10.1016/j.ijantimicag.2010.09.014
http://dx.doi.org/10.1016/j.ijantimicag.2010.09.014
http://rspb.royalsocietypublishing.org/

	The effect of seasonal birth pulses on pathogen persistence in wild mammal populations
	Introduction
	Material and methods
	Birth pulse function and empirical validation
	Dynamic model

	Results
	Empirical validation of birth pulse function
	Demographic dynamics with periodic Gaussian birth rate
	Infection dynamics and critical community size
	Density-dependent model

	Discussion
	Acknowledgements
	Data accessibility
	Funding statement
	References


