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Abstract: Increasing outbreaks of emerging infectious diseases originating from wildlife have intensified

interests in understanding their dynamics in reservoir hosts. The effect of waning maternally derived antibodies

on epidemics in a seasonally breeding wild mammal population is unclear. We examined how the population

structure, influenced by seasonal breeding and maternally derived immunity, affects viral invasion and per-

sistence using a hypothetical system based on Hendra virus infection in black flying foxes (Pteropus alecto). A

deterministic Hendra virus epidemic model with uncertainty in parameter values was used to simulate tran-

sient epidemics following viral introduction into an infection-free population, including various timings within

a year and differences in pre-existing seroprevalence. Additionally, we applied different modelling methods of

waning maternal immunity to examine whether different models notably affected modelling outputs. The

waning of maternally derived immunity temporally dispersed the supply of susceptible individuals in seasonally

breeding populations, diminishing the effect of birth pulses generating the temporally synchronised supply of

susceptible newborns. Thus, even in a population with seasonal births, a considerable level of probabilities of

viral invasion and persistence could occur no matter when infectious individuals were introduced into the

population. Viral invasion and persistence were substantially influenced by the modelling method of maternally

derived immunity, emphasising the need to select an appropriate method and further investigate the waning

pattern of maternally derived antibodies.

Keywords: Black flying foxes, Epidemic model, Hendra virus, Maternal immunity, Seasonal birth, Viral dy-
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INTRODUCTION

Bats (Order: Chiroptera) have been identified as natural

reservoirs of many emerging infectious diseases of public

health concern (Calisher et al. 2006; Luis et al. 2013). Al-

though the bats do not appear to suffer from many of these

infections, the fatality rates attributable to bat viral diseases

are often quite high in other mammalian species including
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humans (Calisher et al. 2006). Hendra virus, for example,

has been detected in four species of flying foxes (Pteropus

alecto, P. conspicillatus, P. poliocephalus, and P. scapulatus)

in Australia (Halpin et al. 2000). Spillover from P. alecto

and P. conspicillatus (Edson et al. 2015; Field et al. 2015;

Burroughs et al. 2016) to horses, and thereafter to humans,

causes serious clinical symptoms and even death in both

horses and humans (Field et al. 2007). Surveillance of the

Hendra virus has revealed that spillover events temporally

concentrate between June and September in the southern

subtropics of eastern Australia (Plowright et al. 2015). This

temporal pattern implies that the seasonal behaviour of

reservoir hosts, such as seasonal breeding, can be consid-

erably implicated with Hendra virus dynamics in bat

populations. Although seasonal factors such as birth pulses

are not the only drivers of Hendra virus dynamics and

other factors (Eucalyptus phenology, bat movement, tem-

perature, and nutrition) can also markedly influence

Hendra virus spillover (Giles et al. 2016; Paez et al. 2017;

Martin et al. 2018), it would be valuable to understand the

underlying mechanism of this influence, as Hendra virus

spillover is known to result from various processes

involving many interacting factors (Plowright et al. 2017).

Births from susceptible mothers and immigration of

susceptible bats are not the only sources of Hendra virus-

susceptible bats. While newborns of immune mothers can

obtain protection against infection via maternally derived

antibodies (MatAbs), this protection wanes over a certain

period (Epstein et al. 2013), causing these individuals to

enter the susceptible pool as juveniles. The proportion of

immune mothers that confer waning passive immunity to

newborns could, therefore, markedly modify the supply of

susceptible bats. The supply of susceptible bats from these

two sources (from births to susceptible mothers and via

loss of MatAb (Hayman et al. 2018)) interacts to determine

whether viral introduction into a population results in

epidemics or viral persistence. The presence of MatAbs in

seasonally breeding wildlife delays recurrent epidemics over

a multi-year timescale (Garnier et al. 2014). However, the

mechanism underlying the effect of this delay on the timing

of epidemics within a year requires further investigation.

Profiles of Hendra virus prevalence and seroprevalence

in flying foxes may be generated by at least three different

underlying mechanisms: susceptible–infectious–recovered

(SIR), susceptible–infectious–recovered–susceptible (SIRS),

and susceptible–infectious–latent–infectious (SILI) (Plo-

wright et al. 2016). Later, two modelling studies, which

both investigated henipavirus in Eidolon helvum bats in

Africa, did not support lifelong immunity. One study

suggested long-lasting immunity (mean four years) (Peel

et al. 2018), while another study suggested about 1–2 years

of immune period that followed by recurring latent infec-

tion (Glennon et al. 2019).

A modelling approach was established to describe the

infectious period based on an exponential distribution,

which is a classical method for transferring individuals

across infection stages (Anderson and May 1991) and is

implicit in a simple differential equation susceptible–in-

fectious–immune (SIR) model with constant rate parame-

ters (Keeling and Rohani 2008). Although exponential

distributions are used widely for computational ease, efforts

towards finding more realistic methods to model the

infectious period resulted in the development of gamma-

distributed infectious periods, which divides a compart-

ment of the infectious stage into multiple compartments

(Lloyd 2001). Wearing et al. (2005) examined the impli-

cation of modelling infectious and latency periods in pre-

dicting the impact of infectious diseases. Like the infectious

period, the recovery period has been modelled with an

exponential distribution in modelling studies; the impact of

different approach of modelling the recovery period has not

been widely studied. Modelling studies about bat viruses

treated the period of maternally derived immunity as the

exponential distribution (Hayman et al. 2018; Peel et al.

2018). In particular, when hosts seasonally breed, the

supply of susceptible hosts into a population through births

and loss of maternally derived immunity would be sea-

sonally concentrated in a narrow window, which empha-

sises the importance of accurate modelling of loss of

maternally derived immunity for exact prediction of the

epidemic impact. Therefore, the exploration of different

epidemic modelling outcomes using an exponential and

gamma distribution would help to determine whether the

method for modelling waning maternal immunity is an

important influence on model behaviour.

Studies found that maternally derived antibody facili-

tates the viral persistence in bat populations (Hayman et al.

2018; Peel et al. 2018). Unlike Peel et al. (2018) in which

infectious individuals were introduced three months prior

to the birth pulse peak, we applied various timings of the

introduction of infectious individuals, focusing on the

timing gap between the introduction of infectious indi-

viduals into a population and a seasonal birth pulse. The

focus on the timing gap makes the modelling method of the

waning of maternal immunity critical in that the waning

timing depends on the modelling methods. Thus, we ex-
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plore the effects of the modelling method on differences in

decaying MatAbs between an exponential distribution and

gamma distribution to assess how important the effect of

decaying MatAbs on viral dynamics can be affected by

modelling methods. To this end, we set up a hypothetical

population of P. alecto with two age groups.

METHODS

Model Structure

We simulated Hendra virus dynamics in P. alecto using

compartmental deterministic models with uncertainty in

parameter values, which were framed using ordinary dif-

ferential equations and numerically integrated using the

deSolve package (Soetaert et al. 2010) in R (R Core Team

2018). An MSIRS model was built by adding a maternally

immune (M) compartment to an SIRS model. Maternally

immune (M) newborns become susceptible at a rate d.

Susceptible (S) bats become infected at the rate bSI (as-

suming density-dependent transmission). Plowright et al.

(2011) estimated the mean values of a Hendra virus

transmission rate (b) and recovery rate (c), which we used

in our models. Bats are infectious (I) before recovery at a

rate c. Based on the SIRS model, we assumed that once

recovered (R), bats lost their immunity at a rate (x). The

uncertainty in parameter values is shown in Table 1.

Hendra virus infection is known to not cause clinical dis-

ease in its reservoir hosts (flying foxes) (Halpin et al. 2001);

therefore, infected bats are considered to have the same

mortality rate as susceptible and recovered bats. The

models were simulated with annual birth pulses and run

with a daily time step. As viral extinction is likely to occur

in the first few post-epidemic troughs (King et al. 2009),

the simulation period was limited to five years, which was

considered as long enough to include the first few epi-

demics and following troughs.

Simulation of seasonal birth pulses and MatAbs re-

quired an age-structured model of the bat population. The

age structure consisted of sexually immature juvenile bats

(denoted by the subscript i) and sexually mature adult bats

(subscript m). In the MSIRS model, juveniles became

adults, which could breed at the timing of two years after

birth (at rate e) (Wang et al. 2013). The proportion of

juveniles in the total population (g) was, on average, 0.24

(McIlwee and Martin 2002). Four epidemic compartments

for the two age groups led to a total of eight stages (see

Appendix A). Although maternally immune adults are not

expected to exist in nature, we included this stage for

modelling consistency. The exponential distribution of

periods of MatAbs means that some individuals remained

in the maternally immune compartment for longer than in

Table 1. Model parameters. Three numbers in brackets following PERT indicate minimum, mode, and maximum values of the PERT

distribution

Parameter Symbol Value Unit Reference

Transmission rate b PERT(2E-5, 0.0000476, 5E-

5)

Per day (Plowright et al. 2011)

Recovery rate c PERT (1/10, 1/7, 1/4) Per day (Plowright et al. 2011)

Acquired immunity losing rate x PERT(1/7.2, 1/4.1, 1/2.7) Per day (Peel et al. 2018)

Mortality rate l PERT (1/15, 1/10, 1/7) Per year (McIlwee and Martin 2002)

Maternally derived immunity losing rate d PERT (1/223, 1/ 250, 1/277) Per day (Epstein et al. 2013; Baker et al.

2014)

Ageing rate a PERT (1/18, 1/24, 1/30) Per

month

(McIlwee and Martin 2002)

Scalar to control birth rate j 0.00159 Per day This study

Birth pulse synchrony s 130 – (Peel et al. 2014)

Timing of birth pulse u 1/2 – (McIlwee and Martin 2002)

Colony size N 10,000 Capita (Plowright et al. 2011)

Average proportion of juvenile bats in total

bats

g 0.23 – (McIlwee and Martin 2002)
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any period between birth and adulthood. With the

parameters used, few maternally immune adults remained,

which minimally affected the results. We assumed an age-

independent annual mortality rate (l) of 16% (McIlwee

and Martin 2002). The mortality rate (l) and birth rate

were independent of population density and were chosen

such that the population size remained constant. Bats born

to immune female adults (Rm) and maternally immune

female adults (Mm) were assumed to be maternally im-

mune (Mi) in the MSIRS model, whereas all newborns were

assumed to be susceptible (Si) in the SIRS model. The

initial numbers in each compartment are shown in Ap-

pendix B.

Seasonally pulsed births were modelled with a periodic

Gaussian function (Peel et al. 2014; Hayman 2015):

b tð Þ ¼ j
ffiffiffiffiffiffiffi

s=p
p

e�scos2ðpt�uÞ, where j controls the magnitude,

s determines synchrony, and u determines the timing of

birth pulse. This function allows births to occur exclusively

in a certain period within a year, with none outside this

period (Peel et al. 2014; Hayman 2015). The scaling

parameter (j) was used to ensure that the total population

size was stable inter-annually. Pteropus alecto shows dif-

ferent seasonal birth patterns depending on latitude

(McIlwee and Martin 2002). In southeast Queensland and

Northern NSW, where most Hendra virus spillover events

have occurred, the offspring of P. alecto are born in

October and November, which is closely aligned to that of

P. poliocephalus (Vardon and Tidemann 1998; McIlwee and

Martin 2002). With reference to the seasonal birth pulse of

P. poliocephalus, we set s = 130, so that 95% of annual

births were concentrated within one month (Peel et al.

2014).

Flying fox colonies are patchily distributed and indi-

viduals move among colonies. This movement may intro-

duce the Hendra virus into infection-free colonies,

triggering transient epidemics (causing metapopulation

dynamics of the virus within the host populations (Plo-

wright et al. 2011)). As natural reservoir hosts of Hendra

virus, flying fox colonies are highly likely to have been

previously exposed to the virus (Plowright et al. 2011), and

so colonies are not necessarily immunologically naı̈ve at the

timing of viral introduction. Partial immunity of a popu-

lation affects the duration and size of an epidemic caused

by the viral introduction (Pulliam et al. 2007). We, there-

fore, designed models to simulate Hendra virus dynamics

in a colony of flying foxes within this broader context of a

metapopulation in eastern Australia, assuming a propor-

tion of bats in a colony had previously been exposed to

Hendra virus and thus was partially immune.

Uncertainty in parameter values was included in the

models by using PERT distributions in R package ‘mc2d’

(Pouillot and Delignette-Muller 2010). The minimum,

mode, and maximum values of parameters are displayed in

Table 1. After 1,000 iterations were simulated, the pro-

portion of viral invasion and viral persistence were re-

corded. We predicted that viral invasion occurred when the

maximum of the sum of infectious juveniles (Ii) and

infectious adults (Im) surpassed ten, whereas viral persis-

tence was defined as occurring when the sum of infectious

juveniles (Ii) and infectious adults (Im) did not drop below

one over the entire simulation period of five years.

In addition to the uncertainty in parameter values, we

applied varying conditions of seroprevalence and days from

birth pulse to viral introduction, as seroprevalence can be

an important factor in determining the viral invasion and

persistence (Plowright et al. 2011). Nevertheless, multiple

studies that collected samples from pteropid bats to

investigate Hendra virus seroprevalence showed spa-

tiotemporally varying levels of seroprevalence (Breed et al.

2006, 2010, 2011; Field et al. 2015). Additionally, the days

from birth pulse to viral introduction may affect viral

invasion and persistence in seasonally breeding wildlife

(Peel et al. 2014). Considering the frequent migration of

flying foxes among colonies (Roberts et al. 2012), it is likely

that viral introduction into a colony can occur any time of

the year. Because Hendra virus infection has not found to

be pathogenic to P. alecto, we assumed that the infective

stage of bats did not affect the migration of bats and

thereby the migration did not change the proportion of

susceptible bats in the population. Also, the seasonal

migration pattern of P. alecto has not been investigated

enough to include our models, and we assumed that sea-

sonality did not affect the migration pattern of bats.

Therefore, we simulated the models with combinations of

various levels of seroprevalence and days from birth pulse

to viral introduction.

Modelling of Waning Maternally Derived Immunity

The half-life of anti-Hendra virus MatAbs was markedly

similarly estimated as 52.24 days in P. alecto (Epstein et al.

2013) and 61 days in Eidolon helvum (Baker et al. 2014). By

using dilutions of 1:16 as the negative cut-off, the immune

duration of the MatAb was 255.13 days (95% CI: 221.0–

289.3) (Epstein et al. 2013) and 244 days (95% CI: 224–
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264) (Baker et al. 2014). The mean of the two durations,

250, was used in this study. The MSIRS model with

exponentially distributed waning periods of MatAb (here-

after referred to as exponential MSIRS model) assumed

that the number of maternally immune hosts decreased

exponentially from birth. In addition to the exponential

MSIRS model, an MSIRS model with gamma-distributed

waning periods of MatAb (hereafter referred to as gamma

MSIRS model) was simulated. This model used a gamma

distribution in transferring maternally immune juveniles to

susceptible juveniles. Gamma-distributed waning periods

of MatAb were modelled by dividing the maternally im-

mune stage into multiple (g) sub-stages, where gamma-

distributed waning periods of MatAb had a mean of g and

variance of 1/g (Wearing et al. 2005). As the gamma dis-

tribution parameter (g) increased, the rate of loss of

maternally immune individuals shifted from exponential

decay to a fixed duration of maternal immunity (Fig. 1).

We then modelled the gamma-distributed maternally im-

mune durations using various gamma distribution

parameters. By using Pearson’s Chi-squared test of the

experimental data (Epstein et al. 2013) with various gamma

distribution parameters, we found that g = 8 showed the

smallest Chi-squared value. Thus, we used this value in our

models. This study included the three different modelling

methods in terms of the waning of MatAb: SIRS model,

exponential MSIRS model, and gamma MSIRS model.

RESULTS

Viral Invasion

The effect of seroprevalence on epidemics was predominant

compared to the effect of days from viral introduction to

birth pulse in all three models (Fig. 2). A seroprevalence as

low as 0.5 generated a nearly 100% probability of viral

invasion, whereas a value as high as 0.9 seroprevalence

generated a nearly 0% probability. In the SIRS model, viral

Figure 1. Gamma-distributed maternally immune periods. Gamma-

distributed maternally immune periods and histogram of duration of

maternal antibodies in fruit bats. The decreasing proportion of

maternally immune pups as a function of time is shown with an

increasing number of subdivisions within the compartment of

maternally immune pups. The gamma parameter in gamma

distribution increases from g = 1 to 30. Gamma distribution of

g = 1 corresponds to the exponential distribution, while increasing g

becomes close to a constant length. The black line shows the

decreasing proportion of maternally immune P. alecto pups, in which

the data in Epstein et al. (2013) were used.

Figure 2. Probabilities of viral invasion. The likelihood of viral

invasion was simulated with five levels of seroprevalence across

varying days from viral introduction to a seasonal birth pulse in the

(A) SIRS model, (B) exponential MSIRS model, and (C) gamma

MSIRS model. Time in days represents the days from viral

introduction to a birth pulse.
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introduction shortly before a birth pulse (e.g. about

345 days after a birth pulse) resulted in the highest likeli-

hood of viral invasion. However, in the exponential MSIRS

model, the characteristic was weakened and even more

weakened in the gamma MSIRS model. Compared to the

SIRS model, the addition of MatAb resulted in a more

uniform steady probability of viral invasion across the

timings of viral introduction by dispersing the timing of

supply of susceptible bats into the population. Therefore,

waning MatAbs appeared to reduce the effect of a highly

seasonal birth pulse, and the reduction was most pro-

nounced in the gamma MSIRS model compared to in the

exponential MSIRS model.

Viral Persistence

The introduction of infected individuals did not strongly

maintain infections in the population with the SIRS model

in all combinations of seroprevalence and days from birth

pulse to viral introduction (Fig. 3). If an infected bat was

introduced into a population with a high proportion of

susceptible bats, high-magnitude epidemics were followed

by deep troughs. Otherwise, if viral introduction occurred

into a population with a low proportion of susceptible bats,

epidemics and viral persistence were not triggered. The

three mechanisms of viral fadeout (initial fadeout, epi-

demic fadeout, or endemic fadeout) are described in Ap-

pendix C. In the MSIRS models, the simulation results

showed conditions for the determination of viral persis-

tence. Seroprevalence should be intermediate. Seropreva-

lences of 0.6 and 0.7 were found to have higher

probabilities than the low (0.5) and high (0.8 and 0.9)

seroprevalence. Too low seroprevalence led to epidemic

fadeout, while too high seroprevalence caused initial fade-

out. Regarding the timing of viral introduction, with low

seroprevalence (i.e. 0.5) the timing was critical in deter-

mining viral persistence, whereas the timing had little im-

pact with higher seroprevalence. This is because viral

introduction into a population with low seroprevalence

resulted in a high-impact epidemic that was followed by a

deep trough and fadeout of infectious bats, and this phe-

nomenon was accelerated by the birth pulses. Gamma

MSIRS model showed more flatten probabilities of viral

persistence across time than the exponential MSIRS model.

This was because the gamma MSIRS model generated a

relatively steady supply of susceptible hosts throughout the

year.

Exponential and Gamma MSIRS Models

The epidemic patterns appeared to be more affected by

seasonal birth pulses than by maternally derived immunity

in the exponential MSIRS model than in the gamma MSIRS

model (Fig. 4A). In the exponential MSIRS model, we

modelled the number of maternally immune bats to de-

crease by on average as much as 1/250 of the remaining

maternally immune bats every day. As a result, most

juvenile bats lost their MatAbs soon after birth, rather than

250 days after birth. When seroprevalence was high and

maternally immune newborns were more common than

susceptible newborns, the temporal trend of epidemics was

expected to change noticeably at approximately 250 days

after a birth pulse (period of maternally derived immunity)

rather than at the birth pulse. However, the number of

infected individuals began increasing at the time of birth

pulses, likely because of the exponential method used to

model the loss of MatAbs.

Figure 3. Probabilities of viral persistence. The likelihood of viral

persistence was simulated with five levels of seroprevalence across

varying days from viral introduction to a seasonal birth pulse in the

(A) SIRS model, (B) exponential MSIRS model, and (C) gamma

MSIRS model. Time in days represents the days from viral

introduction to a birth pulse.
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In comparison, the gamma MSIRS model showed a

more enhanced effect of MatAb than the exponential

MSIRS model (Fig. 4B). In the gamma MSIRS model, loss

of MatAb appeared to occur mainly at 250 days after birth.

Therefore, the impact of MatAb in determining the epi-

demic pattern was much higher than in the exponential

MSIRS model. Moreover, the two relatively separate tim-

ings ensured a steady supply of susceptible individuals

throughout the year. Another reason for birth pulses with a

stronger impact on epidemics compared to the loss of

MatAb was that the temporal synchrony of birth pulses was

higher than that of MatAb loss. Although more susceptible

hosts were supplied from the loss of MatAb than from birth

pulses, the tighter span of the latter relative to the former

had a high impact on epidemic patterns.

DISCUSSION

This study suggests that the effect of MatAb in seasonal

breeding species is not negligible and should be considered

to improve the understanding of viral invasion and per-

sistence in wildlife host populations. The existence of

MatAb dilutes the effect of the temporally concentrated

supply of susceptible individuals and contributes to making

viral invasion and persistence possible whenever infectious

individuals were introduced even into a seasonally breeding

population. However, these conclusions should be inter-

preted with caution, as the modelling results are contingent

on the assumptions made. This study identified the relative

importance of births and waning MatAb as sources of

susceptible hosts and the implication of modelling methods

for waning MatAb. In addition, the methods to model

waning MatAb should be emphasised, as we demonstrated

that the modelling results can considerably differ depend-

ing on the methods.

As flying foxes are natural reservoir hosts of the

Hendra virus (Halpin et al. 2000), the virus must be

maintained within flying fox populations. However, sea-

sonal birth pulses make it more difficult for the virus to

persist compared to in a population with a constant birth

rate (Altizer et al. 2006). Furthermore, when the annual

birth pulse is tight, the disadvantage is further intensified

(Peel et al. 2014). For seasonally breeding flying foxes, other

mechanisms are required to overcome or offset the disad-

vantageous conditions for viral persistence. Our modelling

results support that MatAbs can play a role in mitigating

adverse conditions to maintain a non-pathogenic virus by

dispersing the timing of the supply of susceptible hosts into

the population (Peel et al. 2018). This is consistent with

recent stochastic models showing that MatAb supports the

maintenance of a henipavirus and lyssavirus in seasonally

breeding African fruit bats (Eidolon helvum) (Hayman et al.

2018; Peel et al. 2018).

Wearing et al. (2005) demonstrated that infectious

disease modelling-based predictions are markedly affected

by whether the infectious and latent periods are modelled

using an exponential distribution or gamma distribution.

Heterogeneity in the longevity of protective immunity in

different individuals requires mechanisms to deal with the

distribution of immune periods of individuals in a model

structure (Antia et al. 2018). Here, we showed that gamma-

distributed periods of MatAbs could generate substantially

different modelling results compared to exponentially dis-

Figure 4. Supply of susceptible individuals from birth pulses and

waning maternal immunity in (A) exponential MSIRS and (B)

gamma MSIRS models. This is an example of simulation results that

were generated by using the mean value of parameters. The number

of days since the last birth pulse before viral introduction until viral

introduction into a colony was 1, and seroprevalence of the

population was 0.7. Black sold lines and black dashed lines represent

the daily supply of susceptible individuals from newborn pups from

birth pulses and juvenile bats who lost their maternally derived

immunity, respectively. Red solid lines represent the number of

susceptible. In both simulations, viral invasion and persistence

occurred.
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tributed periods. Because the functional form of loss of

MatAbs against Hendra virus or other viruses is unknown,

we set g = 8 to illustrate the effect of reducing the coeffi-

cient of variation in the duration of immunity by a third,

from 100% (exponential distribution) to approximately

35% (1=
ffiffiffi

g
p

)), to realistically imitate waning MatAbs. The

results of the gamma MSIRS model do not show more

accurate predictions than the exponential MSIRS model

but rather show that substantially different modelling re-

sults can be generated depending on whether the loss of

maternally derived immunity is exponentially or gamma-

distributed. Therefore, appropriate modelling of when

maternally immune newborns lose their passive immunity,

depending on the species and pathogens against emerging

infectious diseases, is expected to improve the prediction of

disease outbreaks.

Although this study modelled epidemics in a single

population, the results should be considered in the context

of metapopulation structure, as we assumed SIRS dynamics

in which metapopulations are expected to play an impor-

tant role in Hendra virus maintenance (Plowright et al.

2011, 2016). An effect of the seasonality of epidemics in

metapopulations is that seasonal forcing of transmission

may synchronise epidemics in each population (Grassly

and Fraser 2006). Synchronised epidemics are likely to in-

crease the likelihood of viral fadeout in a metapopulation.

The viral introduction would be less probable if epidemics

in populations become extinct at similar times. Therefore,

it is necessary to examine the effects of the seasonality of

viruses on the synchrony of epidemics in metapopulation

seasonal clustering.

The addition of waning MatAb on birth pulses affects

not only viral invasion and persistence but also the timing

of epidemic peaks, although the timing was not described

in this study. Dispersion of timing of the supply of sus-

ceptible individuals into a population delayed the timing of

epidemic peaks. The timing should be explored to prevent

Hendra virus spillover, as spillover events are seasonally

clustered in austral winter in southeast Queensland and

Northern NSW (Plowright et al. 2015). In contrast, P.

alecto in southeast Queensland and Northern NSW has

high birth synchrony (McIlwee and Martin 2002). High

birth synchrony results in temporal clustering of epidemic

peaks (Hirsch et al. 2016), although other climatic or

ecological factors may also contribute to the different

timing of spillover events (Paez et al. 2017; Plowright et al.

2017).

This study used deterministic models with uncertainty

in parameter values. Deterministic models are easier to

analyse and interpret the modelling results, while stochastic

models are more appropriate to reflect the world realisti-

cally (Keeling and Rohani 2008). We used deterministic

models because one of the primary goals of this study was

to understand how Hendra virus dynamics were affected by

seasonal breeding when it is combined with waning MatAb

rather than to assess the accurate probability of Hendra

virus persistence. Instead, we applied uncertainty in the

parameter values by using the PERT distribution (Xue et al.

2013). Thus, we were able to estimate the probabilities of

epidemic occurrence and viral persistence to compare the

effects of different conditions of waning MatAb and sea-

sonal breeding on viral dynamics.

CONCLUSION

Given the growing interest in emerging zoonotic diseases

from wildlife (Rhyan and Spraker 2010), empirical studies

of zoonotic reservoir ecology should be combined with

mathematical models to develop a mechanistic under-

standing of virus persistence and spillover. By incorporat-

ing MatAbs into generic epidemic models, we provide a

framework for studying epidemics in seasonally breeding

wildlife species. Complex effects of demographic and virus-

related parameters were previously reported in other sys-

tems (Begon et al. 2009). We explored a range of plausible

assumptions to complement the limited empirical data

available for the dynamics of the Hendra virus in flying fox

populations. The results showed the effects of MatAb on

viral invasion and persistence, rather than predicting actual

viral invasion and persistence. Caution must be used,

however, when making conclusions on the effect of MatAb,

given the specific circumstances associated with each dis-

ease and host population structure.
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