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Abstract

Many pathogens, especially those responsible for emerging infectious diseases, are

10 transmitted in a host community. How the host community structure affects an epi-
demic is still debated, particularly whether increasing the host community complexity

would tend to amplify or dilute the incidence of an epidemic in a target population,

e.g. humans or cattle. In this paper, we build a stochastic SIR model and compare
epidemiological dynamics in a target population between three simple host community

15 structures with an increasing complexity. Globally, our results show two possible main
outcomes. First, an intermediate host can have a diluting effect by preventing the di-

rect transmission from hosts to the target population, thus reducing the prevalence

of infection. Second, when two sources of infection are considered, the effects of the

epidemic are generally amplified. By highlighting that the structure of the ecological

20 hosts network can dramatically affect epidemics, our results may have implications for

the control of emerging infectious diseases.

1 Introduction

Zoonotic pathogens have a serious impact on socio-economic life in humans. More than

60% of human pathogens are classified as zoonoses [1,[2] i.e. pathogens coming from
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»s  vertebrate animals. The pathogen either spreads efficiently in human populations once
introduced from animals (e.g. influenza or human immunodeficiency virus), or spills over
recurrently from an animal reservoir causing smaller outbreaks with high fatality rates
(e.g. Nipah virus or Ebola virus). Emerging infectious diseases (EIDs) fall into the lat-
ter category of zoonoses. The pathogens responsible of the EIDs are naturally present

50 in a reservoir in which they can live indefinitely [3] and emerge recurrently in human

populations. 335 EIDs have been recorded since the 1940’s [4].

Many factors have been proposed to explain disease emergence including pathogen
characteristics (e.g. mutation), characteristics of host populations (e.g. population size,
migration) and ecological factors (e.g. land use, agriculture) [1,5]. Human encroachment

35 on wildlife habitats may also result in an increased transmission at the wildlife-human
interface [6-8]. Moreover, the agriculture expansion and the increasing number of livestock
can indirectly lead to an increasing emergence of diseases by acting as a bridge between
humans and reservoir hosts. By changing their environment, human populations modify
the contact rate between humans and potential reservoir hosts. Recent anthropogenic

20 ecological change is likely to cause major changes to the geographic range leading to
change in incidence of diseases by increasing the contact rate with the principal source of

infection - animal populations [9).

Pathogens that can infect a broad range of hosts are ubiquitous and determining the
source of infection is of primary interest to implement effective strategy of control [10].

s The pathogen responsible of an emerging infectious disease and indefinitely maintained
in an ecological system defines the reservoir [3,|11]. Human populations can be infected
either by (i) a reservoir as the single source of infection; for instance, the emergence of
the lassa virus is attributed to contacts with Mastomys natalensis, a common mouse in
human households [12]. (ii) An intermediate host; the emerging infectious disease can

so infect a broad range of incidental hosts that are irrelevant for the long-term persistence
of the pathogen. Then, the pathogen can spill over to the human population from those
incidental populations and be the only source of infection. For instance, the infection by
the hendra virus is due to a contact with a single intermediate host, the horses which
are themselves infected by fruit bats, the reservoir [13]. (iii) Two sources of infection, i.e.

55 a reservoir and one or several intermediate hosts. This is the case for the major part of
pathogens responsible of EIDs such as Ebola virus, Marburg virus, Nipah and Middle East

respiratory syndrom coronavirus (MERS) [14-17].
2
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The effect of the cross-species transmission in the host community of a zoonotic disease
remains poorly understood. Models tackling how cross-species spillovers affect zoonotic

o0 diseases are rare [18]. In a previous work, we showed that the size and frequency of
outbreaks result from a complex interaction between the infectiousness of the disease
and the spillover rate from a single reservoir [19]. However, most EIDs are involved in
ecological networks with several sources of infection, e.g. one or several intermediate host
species. Some authors have explored the effect of host-pathogen community assemblages

s (i.e. multi-host diversity) on epidemiological dynamics [20-22]. Two possible effects have
been found, an amplifying effect in the case of density-dependent transmission and a

buffering or dilution effect in the case of frequency-dependent transmission.

It is yet not clear whether the dilution vs. amplification effects are only due to the dif-

ferent transmission modes (frequency vs. density dependent) rather than on the variation

70 of the host community structure. In addition, how dilution and amplification are defined
and measured generally lacks accuracy and generality. Terms such as “dilution effect” (or
“amplifying effect”) is used in a phenomenological sense to describe the situation when
there is a decrease (or an increase) in disease frequency (i.e. the prevalence) [21], relatively

to a reference model. In previous works, the effect of the multi-host diversity was explored

75 with a single-host model as the reference, thus limiting the measurement of the amplifi-
cation vs. dilution effects to a single event of infection [20-22|. Yet, EIDs are generally
persistent in a community structure, which implies probable recurrent spillovers between
host species. In such a situation, it is not known whether increasing the complexity of
the host community structure tends to amplify or dilute the incidence of an epidemic in a

s0 target population.

In this paper, we propose to address the effect of the multi-host diversity by analyz-
ing a stochastic model with a reservoir and two incidental populations. The pathogen is
indefinitely maintained in the reservoir and can spill over to both incidental populations,
the intermediate host and the target population. Our aim is to study the role of the in-

85 termediate host in addition to the reservoir on the epidemiological dynamics of the target
population (e.g. the human population). In this multi-hosts process, five mechanisms
can have an impact on the epidemiological dynamics of the target population, (1-2) the
spillover transmission from the reservoir to both incidental population (i.e. the interme-
diate host and the target population), (3-4) the transmission between individuals within

o each incidental population and (5) the inter-incidental transmission, i.e. the transmission

3
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of the pathogen from the intermediate host to the target population. We addressed two
main questions. What is the effect of the intermediate host on the epidemic disease ob-
served in the target population and especially are intermediate hosts necessarily amplifiers
of the infection as it is commonly thought? Second, what is the effect of the addition of
o5 a second source of infection? We show that depending on the host community structure
considered, the intermediate host can have contrasted effects: it can dilute the epidemic
disease when it is the only source of infection, while adding the intermediate host as a

second source of infection in addition to the reservoir amplifies the epidemic disease.

2 Methods

1w 2.1 The model

A model with different community structures is considered including a reservoir and two
incidental populations, the intermediate host and the target population (Figure [1)). The
pathogen is assumed to live indefinitely in the reservoir and spills over recurrently into
one or both incidental populations. We assume that the epidemic follows a stochastic
105 SIR model (Susceptible Infected Recovered model) 23] in both incidental populations
(see Figure [1f). Each incidental population z is divided into three compartments: suscep-
tible individuals (S,), infected individuals (1) and recovered or dead individuals (R,).
Individuals in the compartment R, are not involved anymore in the transmission chains.
The intermediate host and the population population will respectively be denoted with

10 subscripts h and p.

Two routes of transmission are considered: within- and between- populations. The
pathogen is able to spread by inter-individual transmissions in both incidental populations
as follows: a susceptible individual is infected by direct contact with an infected individual
at rate B, and recovers or dies at rate v,. The basic reproductive ratio Ry, is equal

s to B3:5%/v, and represents the mean number of infected individuals that one infected
individual generates during its infectious period in a whole susceptible population. 5’2
corresponds to the number of susceptible individuals at the beginning of the epidemic
(at time t = 0). The incidental populations are connected to each other by the inter-
incidental transmission which occurs at rate m. The pathogen from the intermediate host

120 transmits to the target population by direct contact between an infected individual from

4
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Figure 1: Interactions in the epidemiological community. The pathogen is persistent in the reservoir
(A) and emerges recurrently in incidental populations at rate 7,5,. Two incidental populations
are considered, the intermediate host and the target population (respectively subscripts h and p).
In both incidental populations, the individuals are divided into three compartments depending on
their epidemiological status (S,: susceptible, I,: infected and R,: recovered or dead individuals).
A susceptible individual is infected by direct contact with an infected individual at rate .1, and
an infected individual dies or recovers at rate «y,. A third way of infection is possible for the target
population by a contact with an infected individual from the intermediate host (I},) at rate w5, 1.
The target population is surrounded by a dotted line and the sources of infection for the target
population are surrounded by a dashed line.

the intermediate host (I},) and a susceptible individual from the target population (5)) at
rate w1, S,. Moreover, the pathogen can emerge from the reservoir and spills over to the

intermediate host at rate 7, and over the target population at rate 7,.

The total number of susceptible individuals decreases during the epidemic since an

125 individual cannot become susceptible after infection. We assume no reverse infections
from the incidental populations to the reservoir and between incidental populations, which
corresponds to many documented EID’s. For instance in the case of the Nipah virus, a
fruit bat species is a reservoir host that maintains the pathogen indefinitely and transmits

the pathogen to pigs [24]. While transmission may occur from bats to pigs and pigs to

130 humans, there is no reciprocal transmissions from pigs to bats and from humans to pigs.

The demographic processes such as births and deaths are assumed to be much slower
than the epidemiological ones, they are thus neglected. This is what is expected for an
epidemic spreading locally during a short period of time. Three community structures
will be compared. The first one is composed of the target population and the reservoir.

135 The second and third ones are composed of the target population, the reservoir and the

intermediate host species. (see Figure [2).
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2.2 Simulation runs

The stochastic continuous time model presented in Figure [1] is analyzed with the help of
numerical simulations obtained via a Gillespie algorithm described in Appendix [A] The
1 mathematical stochastic model with the reservoir as the single source of infection (Fig-
ure [2} the reservoir model), has been analyzed in a previous paper [19] where we showed
that the size and frequency of outbreaks are affected by a complex interaction between the
infectiousness of the disease and the spillover rate from the reservoir. The intermediate
host and the target population are initially (¢ = 0) composed of 1000 susceptible individ-
ws uals (N = S; = 1000). Stochastic simulations were run for a basic reproductive ratio
(Rp,) ranging from 0 to 4 and for a spillover (7,) and an inter-incidental transmission
rates (m) ranging from 1076 to 107!, The average number of outbreaks and the size of the
largest outbreak have been measured in the target population. An outbreak occurs when
the number of infected individuals reaches the epidemiological threshold (I, > ¢) and ends
150 when there were no infected individuals anymore (I, = 0). During one simulation multiple
outbreaks can occur. In the case of non emerging infectious diseases, an epidemiological
threshold is used to indicate the start of outbreaks. In the case of emerging infectious
diseases, the value of the epidemiological threshold is very low because no infectious cases
are expected. The value of ¢ did not change qualitatively the results [19]. Simulations

155 ended when there are no susceptible individuals anymore in the incidental populations.

Parameters Values
Ry, variable
Ve 0.1 UT!
T variable (UT"!)
T variable (UT"!)
Ss 1000 individuals
Ce 5 infected individuals

Table 1: Parameters used and their values. UT denotes the unit of the time which can be expressed in
days or weeks.

2.3 Model analysis

In order to investigate the effect of the community structure, we compared the outcomes

of an epidemic between three pairs of models differing by the complexity and the structure
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of the host community, thus highlighting different mechanisms (Figure 2 and table . The
160 bridge effect: comparing the intermediate host model with the reservoir model where the
intermediate host acts as a bridge between the reservoir and the target population, so the
pathogen has to infect the intermediate host before spilling over to the target population.
The intermediate host effect: an intermediate host is added as a second source of infection
on the epidemic disease of the target population, whose effect will be measured by com-
165 paring the full model with the reservoir model. The reservoir effect: a reservoir is added
as second source of infection, whose effect will be measured by comparing the full model

with the intermediate host model.

Reservoir model Intermediate host model Full model

v | @ | @
D | @ | @

Figure 2: Community structure models. Left: most simple model, the only source of infection for
the target population (P) is the reservoir (A), the pathogen spills over to the population at rate
TpSp. Middle: the only source of infection is the intermediate host (H) who is suffering from the
infection by the reservoir (A) at rate 7,5, and contaminates the target population (P) at rate
wSply. Right: both the intermediate host (H) and the reservoir (A) infect the target population

(P).

For each comparison (Table , three figures representing three qualitatively different
170 dynamics for different parameters values are chosen. Results for other parameter sets are

presented in Appendices [B] to [D]
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Reservoir model Intermediate
host model

Reservoir model / Bridge effect Intermediate
host effect
Intermediate / / Reservoir effect
host model

Table 2: Mechanisms causing amplification or dilution as highlighted by model pairs comparison.

3 Results

3.1 Relative number of outbreaks

We measured how the number of outbreaks in the target population was affected by the
175 host community structure when the basic reproductive number of the epidemic in the
target population R0, varies for different host community structures and inter-incidental
transmission 7. On Fig. curves above the horizontal line at 1 show an amplification
effect of the complexity of the community structure: the number of outbreaks is higher
for the host community structure with the highest complexity and/or diversity. On the
180 contrary, curves below the horizontal line at 1 show a dilution effect. Overall, Fig.
shows four different relationships between the host community structure and the basic
reproductive number in the target population R0,. Increasing the complexity of the
community can first show an amplification (e.g. Fig. or second a dilution (e.g. Fig.
of the epidemic which decreases when the basic reproductive number Ry, increases.
155 Non-monotonous relationships are also observed with either a single maximum (third
outcome, e.g. blue curves in Fig. or a minimum and a maximum (fourth outcome, e.g.
blue curves in Fig. . In the latter case, the minimum can be either above or below 1
which means that depending on the reproductive ration Ry, the host community structure
can have either an amplification or a dilution effect (Fig. and [3d).
10 Overall, our results show that there is a complex interaction between the host community

structure and the basic reproductive number on an epidemic: only in some situations,
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Figure 3: Relative number of outbreaks depending on the community structure. To analyze the
bridge effect (subfigures a, b and c), the models are compared with 7, = 7.
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increasing the complexity of the host community structure shows a unique effect. For
instance, when the inter-incidental transmission is low, adding an intermediate host always
shows dilution of the epidemic by decreasing the number of outbreaks (Fig. , or always

105 shows amplification when a transmission is added between the reservoir and the target
population (Fig. . In most situations, on the contrary, the community structure can
amplify or dilute the epidemic depending on the inter-incidental transmission rate 7, the
basic reproductive number Ry, and the other transmission rates 7, and 7,. Finally, the
addition of an intermediate host can have a significant effect on the epidemic only when

200 the inter-incidental transmission rate 7 is intermediate ( Fig. , and no significant when
7 is low or high (Fig. [3d] and [31).

Fewer outbreaks are observed when a second source of infection is added compared to
the model with only one source of infection, either the intermediate host or the reservoir,
and when the transmission rates within and between populations are high (Fig.

205 and Fig. . Indeed, more frequent spillovers from the sources of infection (either the
intermediate host or the reservoir or both), delay the extinction of the occurring outbreak
in the target population and consume a higher proportion of the susceptible population.

The next outbreak will then be less likely to reach the epidemiological threshold (c).

When the intermediate host acts as a bridge, adding a node can amplify epidemics when

210 the inter-incidental transmission is intermediate or high and the spillover from the reservoir
to the intermediate host is high because the consumption of the susceptible population

in the intermediate host is low due to the fact that the infection will spread more slowly.
Moreover, the recurrent emergence of the pathogen from the intermediate host to the
target population will allow the outbreaks to reach the epidemiological threshold (¢) more

a5 frequently in the target population when the inter-incidental transmission is intermediate
or high (7 > 107%) (Figures [3b| and . Now if we consider the effect of the addition

of a second source of infection (either the intermediate host or the reservoir), when the
transmission rates are low, the second source of infection allows the small outbreaks in

the target population to reach the epidemiological threshold ¢ (Figures and .

20 3.2 Relative size of the largest outbreak

We also measured how the size of the largest outbreak in the target population was affected

by the host community structure when the reproductive rate of the epidemic in the target

10
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population R0, increases. Fig. @ shows that the effect of the host community structure
has simpler effect on the size of the largest outbreak than on the number of outbreaks
25 (Fig. . Most often, the effect of the community structure has a monotonous relationship

with the reproductive ratio Ry, .

Figure [4] shows that in general increasing the complexity of the community structure

(i.e the addition of nodes and edges) acts as an amplifier for the size of outbreaks (with
few exceptions). When the intermediate host acts as a bridge, the average size of the

20 largest outbreak is always smaller when the inter-incidental transmission is low (7 = 1079)
(see fig. . Indeed, the infection propagates and consumes a large proportion of the
susceptible population of the intermediate host (see Figure|5)). Because the inter-incidental
transmission depends on the number of infected individuals in the intermediate host, the
size of the largest outbreak is smaller with the intermediate host than without. By contrast

235 when the inter-incidental transmission is high (see Figures and , a higher average
size of the largest outbreak is observed due to the high number of spillovers from the
intermediate host to the target population. When a second source of infection is added,

either the intermediate host or the reservoir, the largest outbreak becomes larger (see

figs. 4d| to [4i]).

20 3.3 Why does the intermediate host either amplify or dilute the disease

incidence?

In order to address the effect of the intermediate host on the disease incidence, we col-
lected data from our simulations about the remaining susceptible individuals in the target
population (fig. . When the intermediate host is added between the reservoir and the
25 target population, then a dilution of the epidemiological dynamics can be observed when
the inter-incidental transmission is low. The outbreaks are then fewer and smaller. In-
deed, the intermediate host is the only source of infection for the target population and
the disease spreads between individuals by consuming the susceptibles in the intermediate
population by contrast with an endemic reservoir. When the inter-incidental transmission
20 is low, the intermediate host consumes only few susceptible individuals in the target pop-
ulation (see fig. . The ending of the disease epidemic in the intermediate host prevents

the occurrence of outbreaks in the target population.

11
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Figure 4: Relative size of the largest outbreak depending on the community structure. To analyze
the bridge effect (subfigures a, b and c¢), the models are compared with 7, = 7.
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Figure 5: Average number of susceptible individuals remaining in the target population when there
are only recovered individuals left in the intermediate host population. This average number is
presented for the intermediate host model and is depicted as a function of the transmission rate
between individuals in the target population (Ry,). Different values of parameters have been used:
a spillover rate (75,) ranging from 107° to 107! and an inter-incidental transmission rate (7) equal
to 1079, 10~* and 1072.

4 Discussion

Cross-species transmission is often associated with the emergence of pathogens in a broad
25 range of hosts species and can have a serious impact on human life (e.g. the COVID-19
pandemic). Here, we studied how the community structure affects the number and the

size of outbreaks in a target population (e.g. human population).

Using a simple SIR model with reservoir, our results showed that the addition of

a second source of infection either amplifies or dilutes the epidemic disease depending

260 on the statistics observed: the number of outbreaks tend to be lower while the size of
the outbreaks is larger. In the case where human populations are already in contact
with a reservoir, the addition of a second source of infection can amplify the severity of
epidemics. Indeed, even when less outbreaks are expected, the outbreaks are larger and
consume a larger proportion of susceptible individuals. This could explain observations

265 during the 2013-2015 Ebola outbreak, the largest Ebola outbreak to date. Several factors
have been proposed to explain this amplification of the epidemic disease such as a change

in virulence, in the capacity of transmission between individuals or an increased contact
between individuals |2526]. Here, we show that a larger size of outbreak could also be
explained by a higher contact rate with the intermediate hosts, which are numerous in the

270 case of Ebola virus (chimpanzees, gorillas, antelopes and bats) [27].

Broadly, a dilution effect of the number of outbreaks and the size of the largest outbreak

is observed when the intermediate host acts as a bridge between the reservoir and the target
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population but only when the inter-incidental transmission is low. In this case, the number
of outbreaks and the size of the largest outbreak are compared with the model with the
275 reservoir as the only source of infection. This suggests that the within-host transmission in
the intermediate host allows the dilution of the between-host transmission but only when
this transmission is low. Other studies showed that in the case of a density-dependent
transmission, the addition of species amplifies the disease in the target population [20}21].
In those models, the epidemiological dynamics are compared with a single introduction in a
280 SIR model and it is shown that the increasing host species diversity amplifies the frequency
of the disease. In our case, the reference model used is the model with the reservoir acting
as a source of infection. The pathogen spills over from the incidental population recurrently
causing outbreaks and leading to a higher peak of infected individuals. The insertion of
the intermediate host between the reservoir and the target host allows a lower number of

25 outbreaks and a lower size for largest outbreak.

By analyzing the source of infection of a target population, a strategy of control can
be implemented. In particular, when no drugs or other treatments are possible, zoopro-
phylaxis can help decreasing human exposure to any given pathogen by using an animal
population to divert the source of infection. This strategy of control has been implemented

200 for malaria in order to divert insect blood feeding from humans to other animals, often
cattle |28,29]. The presence of multiple species can, in principle, have both a diluting
effect, where the feeding on other species decreases the proportion of vectors feeding on
the target species for a disease, and an amplifying effect where the access to multiple feed-
ing hosts causes an increased abundance of vectors. When practicing zooprophylaxis, one

205 assumes a dilution effect of animal vectors. In our model, a dilution effect is observed only
when, instead of having a pathogen that spills over recurrently from an endemic reservoir,
an intermediate host is placed between the endemic reservoir and the target population
and acts as a bridge receiving the infection. When the contact between the intermedi-
ate host and human populations is low, and only in this case, the use of zooprophylaxis

300 might be an interesting strategy of control since epidemiological dynamics in the interme-
diate host allows a decreasing of both the number of outbreaks and the size of the largest
outbreak. Otherwise, if the reservoir infects the target population in addition to the in-
termediate host, even if weakly, then amplified epidemiological dynamics can be observed.
Understanding the contact processes at the wildlife-human interface is mandatory before

305 applying such an approach.

14


https://doi.org/10.1101/2022.01.23.477158
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.23.477158; this version posted January 23, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

The outbreaks present in cattle or other animal populations in proximity with hu-

mans are empirically linked with an increasing number of infected individuals in humans.

For instance outbreaks in pigs or in horses, caused respectively by the Nipah or Hendra
viruses, are associated with the appearance of infected human cases [30]. Indeed, the

s.0 Nipah and Hendra viruses propagate quickly and easily within non human animal con-
specifics. Transmission between pigs in the same farm is attributed to direct contact with
excretions and secretions such as urine, saliva, pharyngeal and lung secretions [24]. Once

the pathogens are in pigs or horses, then they can emerge to humans especially to farmer
workers. In our results we see that the increase of the within-population transmission

315 increases slightly the peak of infected individuals in the target population but decreases
the number of outbreaks. Indeed, a large number of individuals becomes infected in the
intermediate hosts when the transmission within individuals is high leading to the rapid
extinction of the outbreak. When an outbreak occurs in the intermediate host then an
outbreak also emerges in the target population. The dynamics of the outbreak in the

30 target population follows the dynamic of the outbreak in the intermediate host. In other
words, when an outbreak starts in the intermediate hosts, an outbreak is also observed in

the target population and on the contrary, when the outbreak stops in the intermediate
hosts then the outbreak goes extinct in the target population. This phenomenon leads to

a decreased number of outbreaks and a slightly increase of the size of the largest outbreak.

325 We can conclude that the most important parameter that highly affects the epidemiologi-
cal dynamics of the target population is the between-population transmission. Indeed, the
contact rate between the target population and the intermediate host can increase both

the peak of infected individuals and the number of outbreaks depending of the param-
eter values. The number of infected individuals is less important than the contact rate

330 between-populations in the epidemiological dynamics. Those results can have an impact
on strategy of control used. It seems more important to avoid contacts with the infected

animal than to decrease the disease in the intermediate hosts.

To conclude, our results show that the addition of an intermediate host can have two

opposite consequences. A dilution effect can be observed when the intermediate host is

335 the only source of infection and prevents the direct contact between the reservoir and the

target population, and an amplifying effect where the intermediate host acts as a second

source of infection even when the pathogen emerges rarely from the reservoir to the target
population.
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Appendices

s A Algorithm of the full model

Transition Effect Transition rate
1 (Szy Iny Ry) — (Sz — 1, I, + 1, Ry) Direct transmission BeSz1y
2 (Sgy Ip, Ry ) = (Se — 1, I + 1, Ry) Spillover TSz
3 (Szy Iny Ry) — (Sy, In — 1, Ry + 1) Recovery Yoly
4 (Sps Ip, Ry) = (S, — 1,1, +1, R,) Inter incidental transmission Syl

Table A.1: Transition rates of the stochastic model. The first three transitions correspond to the transi-
tions of the classic SIR stochastic model for the intermediate host and the target population. The subscript
x corresponds to subscripts h and p that identify respectively the intermediate host and the target pop-
ulation. Each epidemiological state is defined by Sg;: number of suceptible individuals; I,: number of
infected individuals and R,: number of recovered individuals. B, indicates the direct transmission rate.
7, indicates the rate of spillover from the reservoir to both incidental populations and 7 corresponds to
the inter-incidental transmission rate. Individuals recover at rate ..

The epidemiological dynamics of the target population using the full model (see Fig-
ure [2) can be simulated with the following algorithm (simulations were run in C++). At
time ¢, knowing the population state, we can compute the total event rate, 2 (infections

plus recoveries).

1. The total event rate €2 of the continuous time stochastic model is given by:

QO = BpSely + 125z + Volp + TSpIh.

345 2. The next event time is t' = t + ¢ where ¢ is exponentially distributed with parameter

Q.

3. The next event to occur is randomly chosen: direct transmission, spillover transmis-
sion, recover or inter incidental transmission with respective probabilities 5,51, /<2,

TS/, Yaly/Q and w8, /2.

350 We performed stochastic individual-based simulations of the epidemics with spillover
transmission, using rates as presented in Table The incidental host is initially (¢ = 0)
composed of 1000 susceptible individuals (N; = S; = 1000). The infection is considered
as endemic in the reservoir. Simulations are stopped when there is no susceptible indi-
vidual anymore. An outbreak begins when the number of infected individuals reaches the

355 epidemiological threshold ¢ (¢ = 5 infected individuals in the simulations) and ends when
16
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in the target population there is no infected individual anymore (I, = 0). Stochastic sim-
ulations were run for values of the basic reproductive ratio (Rp) ranging from 0 to 4 and
of the spillover transmission (7,) and the inter-incidental transmission (7) ranging from
1076 to 10!, 1000 simulations are performed for each parameter set. All other parameter

30 values are detailed in Table [Tl
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B The intermediate host model compared to the reservoir model

B.1 The relative number of outbreaks
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Figure B.1: Relative number of outbreaks in the target population in the intermediate host model
compared to the reservoir model. A low, intermediate and high value of the within-host trans-
mission in the intermediate host (respectively Ry, = 0, 1 and 2) and inter-incidental transmission
(respectively m = 1076, 10™* and 1072) is considered. The relative number of outbreaks is de-
picted as a function of the direct transmission between individuals (Ro,). Each curve represents a
spillover transmission from the reservoir to the intermediate host (75,) ranging from 1076 to 10~
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B.2 The relative size of the largest outbreak
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Figure B.2: Relative size of the largest outbreak in the target population in the intermediate
host model compared to the reservoir model. A low, intermediate and high value of the within-
host transmission in the intermediate host (respectively Ry, = 0, 1 and 2) and inter-incidental
transmission (respectively 7 = 107¢, 10=* and 102) is considered. The relative size of the largest
outbreak is depicted as a function of the direct transmission between individuals (R, ). Each curve
represents a spillover transmission from the reservoir to the intermediate host (73,) ranging from
1076 to 10~ 1.
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C The full model compared to the reservoir model

35 C.1 The relative number of outbreaks
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Figure C.1: Relative number of outbreaks between the full model and the reservoir model. A
low, intermediate and high value of the transmission between individuals in the intermediate host
(respectively Rg, = 0, 1 and 2) and inter-incidental transmission (respectively 7 = 107¢, 10=% and
1072) are considered. The relative number of outbreaks is depicted as a function of the transmission
between individuals in the target population (Ry,). Each curve represents a spillover transmission
from the reservoir to the intermediate host (73,) ranging from 107 to 107!, A low effect of the
reservoir is considered (7, = 1079).
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Figure C.2: Relative number of outbreaks between the full model and the reservoir model. A
low, intermediate and high value of the transmission between individuals in the intermediate host
(respectively Rg, = 0, 1 and 2) and inter-incidental transmission (respectively 7 = 107¢, 10=% and
1072) are considered. The relative number of outbreaks is depicted as a function of the transmission
between individuals in the target population (Ry,). Each curve represents a spillover transmission
from the reservoir to the intermediate host (7) ranging from 107% to 10~1. An intermediate effect
of the reservoir is considered (7, = 107%).
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Figure C.3: Relative number of outbreaks between the full model and the reservoir model. A
low, intermediate and high value of the transmission between individuals in the intermediate host
(respectively Rg, = 0, 1 and 2) and inter-incidental transmission (respectively 7 = 107¢, 10=% and
1072) are considered. The relative number of outbreaks is depicted as a function of the transmission
between individuals in the target population (Ry,). Each curve represents a spillover transmission
from the reservoir to the intermediate host (75,) ranging from 1076 to 1071. A high effect of the
reservoir is considered (7, = 1072).
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C.2 The relative size of the largest outbreak
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Figure C.4: Relative size of the largest outbreak between the full model and the reservoir model.
A low, intermediate and high value of the transmission between individuals in the intermediate
host (respectively Ry, = 0, 1 and 2) and inter-incidental transmission (respectively 7 = 1076, 107
and 1072) are considered. The relative size of the largest outbreak is depicted as a function of the
transmission between individuals in the target population (Rg,). Each curve represents a spillover
transmission from the reservoir to the intermediate host (75,) ranging from 1075 to 1071, A low
effect of the reservoir is considered (7, = 1076).
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Figure C.5: Relative size of the largest outbreak between the full model and the reservoir model.
A low, intermediate and high value of the transmission between individuals in the intermediate
host (respectively Ry, = 0, 1 and 2) and inter-incidental transmission (respectively © = 1076,
10~ and 1072) are considered. The relative size of the largest outbreak is depicted as a function
of the transmission between individuals in the target population (Rp,). Each curve represents a
spillover transmission from the reservoir to the intermediate host (77,) ranging from 1076 to 1071.
An intermediate effect of the reservoir is considered (7, = 107%).
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Figure C.6: Relative size of the largest outbreak between the full model and the reservoir model.
A low, intermediate and high value of the transmission between individuals in the intermediate
host (respectively Ry, = 0, 1 and 2) and inter-incidental transmission (respectively 7 = 1076, 107
and 1072) are considered. The relative size of the largest outbreak is depicted as a function of the
transmission between individuals in the target population (Rg,). Each curve represents a spillover
transmission from the reservoir to the intermediate host (7;,) ranging from 1075 to 10~!. A high
effect of the reservoir is considered (7, = 1072).
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Figure D.1: Relative number of outbreaks between the full model and the reservoir model. A
low, intermediate and high value of the transmission between individuals in the intermediate host
(respectively Rg, = 0, 1 and 2) and inter-incidental transmission (respectively 7 = 107¢, 10=% and
1072) are considered. The relative number of outbreaks is depicted as a function of the transmission
between individuals in the target population (Ry,). Each curve represents a spillover transmission
from the reservoir to the target population (7,) ranging from 1076 to 1071, A low spillover rate
from the reservoir to the intermediate host is considered 75, = 1076.
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Figure D.2: Relative number of outbreaks between the full model and the reservoir model. A
low, intermediate and high value of the transmission between individuals in the intermediate host
(respectively Rg, = 0, 1 and 2) and inter-incidental transmission (respectively 7 = 107¢, 10=% and
1072) are considered. The relative number of outbreaks is depicted as a function of the transmission
between individuals in the target population (Ry,). Each curve represents a spillover transmission
from the reservoir to the target population (7,) ranging from 107¢ to 10~!. An intermediate
spillover rate from the reservoir to the intermediate host is considered 7, = 107%.
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Figure D.3: Relative number of outbreaks between the full model and the reservoir model. A
low, intermediate and high value of the transmission between individuals in the intermediate host
(respectively Rg, = 0, 1 and 2) and inter-incidental transmission (respectively 7 = 107¢, 10=% and
1072) are considered. The relative number of outbreaks is depicted as a function of the transmission
between individuals in the target population (Ry,). Each curve represents a spillover transmission
from the reservoir to the target population (7,) ranging from 1076 to 10~!. A high spillover rate

from the reservoir to the intermediate host is considered 7, = 1072.
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Figure D.4: Relative size of the largest outbreak between the full model and the reservoir model.
A low, intermediate and high value of the transmission between individuals in the intermediate
host (respectively Ry, = 0, 1 and 2) and inter-incidental transmission (respectively 7 = 1076, 107
and 1072) are considered. The relative size of the largest outbreak is depicted as a function of the
transmission between individuals in the target population (Rg,). Each curve represents a spillover
transmission from the reservoir to the target population (7,) ranging from 1076 to 107 !. A low
spillover rate from the reservoir to the intermediate host is considered 7, = 1075.
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Figure D.5: Relative size of the largest outbreak between the full model and the reservoir model.
A low, intermediate and high value of the transmission between individuals in the intermediate
host (respectively Ry, = 0, 1 and 2) and inter-incidental transmission (respectively © = 1076,
10~ and 1072) are considered. The relative size of the largest outbreak is depicted as a function
of the transmission between individuals in the target population (Rp,). Each curve represents a
spillover transmission from the reservoir to the target population (7,) ranging from 1076 to 10~
An intermediate spillover rate from the reservoir to the intermediate host is considered 7, = 1074,
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Figure D.6: Relative size of the largest outbreak between the full model and the reservoir model.
A low, intermediate and high value of the transmission between individuals in the intermediate
host (respectively Ry, = 0, 1 and 2) and inter-incidental transmission (respectively 7 = 1076, 107
and 1072) are considered. The relative size of the largest outbreak is depicted as a function of the
transmission between individuals in the target population (Rg,). Each curve represents a spillover
transmission from the reservoir to the target population (7,) ranging from 107¢ to 107!. A high

spillover rate from the reservoir to the intermediate host is considered 7, = 1072.

37


https://doi.org/10.1101/2022.01.23.477158
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.23.477158; this version posted January 23, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

s References

[1] S. Cleaveland, K. Laurenson, M, L. H. Taylor, Diseses of humans and their domestic
mammals: pathogen characteristics, host range and the risk of emergence, Philo-
sophical Transactions of the Royal Society B: Biological Sciences 356 (2001) 991-999.
d0i:10.1098/rstb.2001.0889.

srs [2] L. H. Taylor, S. M. Latham, M. E. J. Woolhouse, Risk factors for human disease
emergence, Philosophical Transactions of the Royal Society of London 356 (2001)
983-989. doi:10.1098/rstb.2001.0888.

[3] R. W. Ashford, What it takes to be a reservoir, The Belgian Journal of Zoology 127
(1997) 85-90.

0 [4] K. E. Jones, N. G. Patel, M. A. Levy, A. Storeydard, D. Balk, J. L. Gittleman,
P. Daszak, Global trends in emerging infectious diseases, Nature 451 (2008) 990-994.

doi:10.1038/nature06536.

[5] D. M. Morens, A. S. Fauci, Emerging infectious diseases: Threats to human health
and global stability, PloS Pathogens 9 (7) (2013) e1003467. doi:10.1371/journal.
385 ppat.1003467.

[6] K. A. Murray, P. Daszak, Human ecology in pathogenic landscapes: two hypotheses
on how land use change drives viral emergence, Current Opinion in Virology 3 (2013)

79-83. do0i:10.1016/j.coviro.2013.01.006.

[7] F. Keesing, L. K. Belden, P. Daszak, A. Dobson, D. Harvell, R. D. Holt, P. Hudson,
300 A. Jolles, K. E. Jones, C. E. Mitchell, S. S. Myers, B. T, R. S. Ostfeld, Impacts of bio-
diversity on the emergence and transmission of infectious diseases, Nature 468 (647)

(2010) 647-652. |doi:10.1038/nature09575.

[8] J. Olival, K, R. Hosseini, P, C. Zambrana-Torrelio, N. Ross, B. T, P. Daszak, Host
and viral traits predict zoonotic spillover from mammals, Nature 546 (2017) 646-650.

395 doi:10.1038/nature22975.

[9] J. Shrag, S, P. Wiener, Emerging infectious disease: what are the relative roles of
ecology and evolution?, Trends in Ecology and Evolution 10 (1995) 319-324. doi:
10.1016/80169-5347(00)89118-1.

38


https://doi.org/10.1098/rstb.2001.0889
https://doi.org/10.1098/rstb.2001.0888
https://doi.org/10.1038/nature06536
https://doi.org/10.1371/journal.ppat.1003467
https://doi.org/10.1371/journal.ppat.1003467
https://doi.org/10.1371/journal.ppat.1003467
https://doi.org/10.1016/j.coviro.2013.01.006
https://doi.org/10.1038/nature09575
https://doi.org/10.1038/nature22975
https://doi.org/10.1016/S0169-5347(00)89118-1
https://doi.org/10.1016/S0169-5347(00)89118-1
https://doi.org/10.1016/S0169-5347(00)89118-1
https://doi.org/10.1101/2022.01.23.477158
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.23.477158; this version posted January 23, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

[10] S. Morse, J. A. K. Mazet, M. Woolhouse, C. R. Parrish, D. Carroll, W. B. Karesh,
400 C. Zambrana-Torrelio, W. Lipkin, P. Daszak, Prediction and prevention of the next

pandemic zoonosis, Lancet 380 (2012) 1956-1965.

[11] R. W. Ashford, When is a reservoir not a reservoir?, Emerging Infectious Diseases

9 (11) (2003) 1495-1496. |doi:10.3201/eid0911.030088.

[12] J. Bonwitt, A. M. Saez, J. Lamin, R. Ansumana, M. Dawson, J. Buanie, J. Lamin,

405 D. Sondufu, M. Borchert, F. Sahr, E. Fichet-Calvet, H. Brown, At home with masto-
mys and rattus: Human-rodent interactions and potential for primary transmission

of lassa virus in domestic spaces, The American Society of Tropical Medicine and

Hygiene 96 (4) (2017) 935-943.

[13] D. Middleton, J. Pallister, R. Klein, Y.-R. Feng, J. Haining, R. Arkinstall, L. Frazer,

410 J.-A. Huang, N. Edwards, M. Wareing, M. Elhay, Z. Hashmi, J. Bingham, M. Yamada,

D. Johnson, J. White, A. Foord, H. G. Heine, G. A. Marsh, C. C. Broder, L.-F.

Wang, Hendra virus vaccine, a one health approach to protecting horse, human, and

environmental health, Emerging Infectious Diseases 20 (3) (2014). doi:10.3201/
€1d2003.131159.

ss [14] D. T. S. Hayman, R. A. Bowen, P. M. Cryan, G. F. McCracken, T. J. O’Shea, A. J.
Peel, A. Gilbert, C. T. Webb, J. L. N. Wood, Ecology of zoonotic infectious diseases
in bats: Current knowledge and future directions, Zoonoses and Public Health 60 (1)

(2012) 2-21. |doi:10.1111/zph.12000!

[15] H. Ghazanfar, F. Orooj, M. A. Abdullah, A. Ghazanfar, Ebola, the killer virus,
420 Infectious Diseases of Poverty 4 (15) (2015) 1-6. doi:10.1186/s40249-015-0048-7y.

[16] S. Chowdhury, S. U. Khan, G. Crameri, J. H. Epstein, C. C. Broder, A. Islam, A. J.
Peel, J. Barr, P. Daszak, L.-F. Wang, S. P. Luby, Serological evidence of henipavirus
exposure in cattle, goats and pigs in bangladesh, PLoS Neglected Tropical Diseases

8 (11) (2014) e3302. doi:10.1371/journal.pntd.0003302.

ws [17] J. S. M. Sabir, T. T.-Y. Lam, M. M. M. Ahmed, L. Li, Y. Shen, S. E. M. Abo-
Aba, M. I. Qureshi, M. Abu-Zeid, Y. Zhang, M. A. Khiyami, N. S. Alharbi, N. H.
Hajrah, M. J. Sabir, M. H. Z. Mutwakil, S. A. Kabli, F. A. S. Alsulaimany, A. Y.
Obaid, B. Zhou, D. K. Smith, E. C. Holmes, H. Zhu, Y. Guan, Co-circulation of three

39


https://doi.org/10.3201/eid0911.030088
https://doi.org/10.3201/eid2003.131159
https://doi.org/10.3201/eid2003.131159
https://doi.org/10.3201/eid2003.131159
https://doi.org/10.1111/zph.12000
https://doi.org/10.1186/s40249-015-0048-y
https://doi.org/10.1371/journal.pntd.0003302
https://doi.org/10.1101/2022.01.23.477158
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.23.477158; this version posted January 23, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

camel coronavirus species and recombination of MERS-CoVs in saudi arabia, Science

430 351 (6268) (2016) 81-84. doi:10.1126/science.aac8608.

[18] J. O. Lloyd-Smith, D. George, K. M. Pepin, V. E. Pitzer, J. R. C. Pulliam, A. P. Dob-
son, P. J. Hudson, B. T. Grenfell, Epidemic dynamics at the human-animal interface,

Science 326 (2009) 1362-1367. doi:10.1126/science.1177345.

[19] M. Voinson, A. Alvergne, S. Billiard, C. Smadi, Stochastic dynamics of an epidemic
435 with recurrent spillovers from an endemic reservoir, Journal of Theoretical Biology

(2018).

[20] A. Dobson, Population dynamics of pathogens with multiple host species, The Amer-
ican Naturalist 164 (2004) S64-S78. doi:10.1086/424681.

[21] V. H. W. Rudolf, J. Antonovics, Species coexistence and pathogens with frequency-
440 dependent transmission, The American Naturalist 166 (2005) 112-118. doi:10.1086/
430674l

[22] B. Roche, A. Dobson, J.-F. Guégan, P. Rohani, Linking community and disease
ecology: the impact of biodiversity on pathogen transmission, Philosophical Trans-
actions of the Royal Society B: Biological Sciences 367 (2012) 2807-2813. |doi:

445 10.1098/rstb.2011.0364.

[23] W. O. Kermack, A. G. McKendrick, A contribution to the mathematical theory of
epidemics, Proceedings of the Royal Society of London 115 (772) (1927) 700-721.
doi:10.1098/rspa.1927.0118.

[24] K. B. Chua, Epidemiology, surveillance and control of nipah virus infections in

450 malaysia, Malaysian Journal of Pathology 2 (2010) 69-73.

[25] C.J.Brown, C. J. Quates, C. A. Mirabzadeh, C. R. Miller, H. A. Wichman, T. Miura,
F. M. Ytreberg, New perspectives on ebola virus evolution, PloS One 11 (8) (2016)
€0160410. doi:10.1371/journal.pone.0160410.

[26] D. J. Park, G. Dudas, S. Wohl, A. e. a. Goba, Ebola virus epidemiology, transmission,
455 and evolution during seven months in sierra leone, Cell 161 (2015) 1516-1526. doi:
10.1016/j.cell.2015.06.007.

40


https://doi.org/10.1126/science.aac8608
https://doi.org/10.1126/science.1177345
https://doi.org/10.1086/424681
https://doi.org/10.1086/430674
https://doi.org/10.1086/430674
https://doi.org/10.1086/430674
https://doi.org/10.1098/rstb.2011.0364
https://doi.org/10.1098/rstb.2011.0364
https://doi.org/10.1098/rstb.2011.0364
https://doi.org/10.1098/rspa.1927.0118
https://doi.org/10.1371/journal.pone.0160410
https://doi.org/10.1016/j.cell.2015.06.007
https://doi.org/10.1016/j.cell.2015.06.007
https://doi.org/10.1016/j.cell.2015.06.007
https://doi.org/10.1101/2022.01.23.477158
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.23.477158; this version posted January 23, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

[27] J. J. Muyembe Tamfum, S. Mulangu, J. Masumu, A. Kemp, J. T. Paweska, Ebola
virus outbreaks in africa: Past and present, Onderstepoort Journal of Veterinary

Research 79 (2) (2012) 1-8. |doi:10.4102/0jvr.v79i2.451.

w0 [28] A. Saul, Zooprophylaxis or zoopotentiation: the outcome of introducing animals on
vector transmission is highly dependent on the mosquito mortality while searching,

Malaria Journal 2 (2003).

[29] A. Asale, L. Duchateau, B. Devleesschauwer, G. Huisman, D. Yewhalaw, Zoopro-
phylaxis as a control strategy for malaria caused by the vector anopheles arabiensis

465 (diptera: Culicidae): a systematic review, Infectious Disease of Poverty 6 (2017) 160.

[30] M. Bunning, DVM, MPH, Nipah virus outbreak in malaysia, 1998-1999, Journal of
Swine Health and Production 9 (2001) 295-299.

41


https://doi.org/10.4102/ojvr.v79i2.451
https://doi.org/10.1101/2022.01.23.477158
http://creativecommons.org/licenses/by/4.0/

	Introduction
	Methods
	The model
	Simulation runs
	Model analysis

	Results
	Relative number of outbreaks
	Relative size of the largest outbreak
	Why does the intermediate host either amplify or dilute the disease incidence?

	Discussion
	Appendices
	Algorithm of the full model
	The intermediate host model compared to the reservoir model
	The relative number of outbreaks
	The relative size of the largest outbreak

	The full model compared to the reservoir model
	The relative number of outbreaks
	The relative size of the largest outbreak

	The full model compared to the intermediate host model
	The relative number of outbreaks
	The relative size of the largest outbreak



