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Abstract: Disease transmission in wildlife is linked to ecosystem and human health, and host
community structure can mediate pathogen spread. Here, we decompose the well-known
susceptible-infected (SI) compartmental models of disease transmission for multi-host communities
to explore the disease-biodiversity relationship. We examine the parameters involved in interspecific
transmission and link them to the multi-host outbreak potential, R0. We partition R0 into its separate
elements that can be associated with either the recipient or donating host, and show how this allows
us to identify maintenance versus spillover hosts, allowing us to quantify separate stages of spillover
into a novel, recipient host. We further suggest that the evolutionary relatedness between donating
and recipient host may play a role in the probability a pathogen establishes in a novel species, as
illustrated by the observed phylogenetic signal in the host-breadth of multi-host pathogens. We
discuss how anthropogenic changes to the environment and wildlife communities, such as the
reduction and fragmentation of wildlife habitat, might alter the mode and dynamics of disease
transmission. This discussion contributes to the ongoing debate on the relationship between disease
incidence and biodiversity. Through a synthesis of classic ecological theory, we illustrate how
pathogens can affect host populations through phenomena such as in/direct symbioses, that can
save a pathogen from extinction or suppress competing host species, but we highlight how host
diversity can simultaneosuly influence the survival and success of the pathogen, suggesting a complex
feedback between hosts and parasites in multi-host communities. Our review provides a guide to
common derivations of interspecific transmission, and underscores the critical connections between
community and disease-ecology.

Keywords: epidemiological models; transmission; pathogens; biodiversity; dilution effect;
amplification effect; disease-diversity; competition; R0; pathogen reproductive number

1. Introduction

Epidemics caused by zoonotic spillovers are increasing worldwide [1]. Most emerging pathogens
in humans are directly transmitted viruses or bacteria that have crossed the species barrier, perhaps
multiple times, likely facilitated by changes to the environment by humans [2,3]. Recent demographic
changes have led to increasing contact between humans and livestock with wildlife, providing new
opportunities for disease spillover [4,5], and we are seeing a concomitant rise in disease outbreaks
originating from wildlife [1,3,6]. A key strategy to prevent emergence of novel infectious diseases, is
to reduce transmission from the reservoir (a population of one - or multiple - species that maintain
the disease) to a susceptible, novel target population [7]. Understanding the process of transmission
within and between species, and especially from reservoir hosts to previously unexposed hosts, is thus
critical for mitigating the risk of future disease emergence events.

Predicting the likelihood of interspecific transmission of a pathogen from an endemic donor
host into a novel host population requires information on host behaviour and abundance, host and
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pathogen geographical overlap, host phylogeny and the pathogen’s mode of transmission [8–12].
Most commonly, transmission is modelled using compartmental disease models, which include host
behaviour, and can provide predictions of pathogen outbreak potential (the basic reproductive ratio, R0)
— the number of secondary infections that can arise from a single infected individual [13]. In these
models, transmission describes the process by which an infected individual transmits a pathogen to
an uninfected individual, a critical step in disease spread [14]. When interspecific transmission is
sufficiently high, a pathogen may invade a novel host [6,15,16]. This can occur when a new pathway
between an infected host and a susceptible host is established, for example, due to travel, translocation
of the pathogen or other mechanisms facilitating spillover. Here, we describe the steps of interspecific
transmission and the role of anthropogenic changes in the environment on transmission dynamics,
and how these different components determine disease spillover and endemic equilibria.

Mathematically defining interspecific transmission is not straightforward, and requires specific
information on the contact structure between donating and recipient hosts. A subset of pathogens have
been suggested to transmit through the environment in addition to spreading via vectors or direct
contact between hosts [17]. Anthrax is one well-known example of a pathogen with environmental
transmission [18]. Another example is bovine Tuberculosis (bTB, caused by Mycobacterium bovis),
which has a wide host range, with environmental transmission playing a dominant role in interspecific
transmission [19,20]. There is some evidence that survival rate of the bacterium also differed between
sterile and unsterile soil samples, suggesting an even more complex role of environmental context
in mediating disease transmission [21]. Survival rates in the environment vary by pathogen, and
generally tend to be relatively low for viruses, which have short generation times and rely on their
hosts for reproduction, whereas some bacteria and ectoparasites, can survive outside their hosts for
extended periods of time. For example, Rabies (Rabies lyssavirus) has no known record of environmental
transmission [22], whereas prions causative agents of Chronic Wasting Disease (CWD), can persist
in the environment, providing a pathway for indirect disease transmission between racoons (Procyon
lotor) and white-tailed deer [23]. These multiple possible pathways of transmission pose a significant
challenge to developing predictive models of disease spread.

The relationship between biodiversity and disease is also complex; there exist contrasting
hypotheses for this relationship both of which depend on assumptions about the dynamics of
transmission. Biodiversity has been suggested to buffer disease outbreaks, a theory which is known as
the dilution effect [24–26], and the increase in frequency of epidemics has been suggested to be linked
to the loss of biodiversity worldwide [24,27,28]. However, biodiversity may also increase pathogen
prevalence, an amplification effect, making it difficult to generalise about the role that biodiversity plays
with diseases.

To examine how interspecific disease transmission is influenced by changes in biodiversity,
here we explore the role of host community composition in disease outbreaks. We examine
how the biology of transmission, and the mathematical assumptions in the general interspecific
transmission model, shape the disease-diversity relationship and how anthropogenic disturbances
may shift transmission modes. We also explore how pathogens effect host communities and contact
structures, for example, by altering community composition through indirect competition. We start by
defining interspecific transmission and outbreak potential in a multi-host system. We then explore
how host community structure influences transmission dynamics, linking to the much debated
disease-biodiversity relationship. Finally, we discuss the evolution of multi-host pathogens and
disease emergence.

2. Decomposing Interspecific Transmission

To derive expressions for transmission between host species, we need to first describe the general
transmission process. We can decompose interspecific transmission into five stages (Figure 1. These
stages are analogous to those outlined by [29] for intraspecific transmission except with the additional
consideration of the identity of the donating and receiving hosts. Figure 1 illustrates the five stages of
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transmission for bTB transmitting from its reservoir, African buffalo (Syncerus caffer), to a novel host,
African elephants (Loxodonta africana), a species in which bTB has recently been discovered [30]. Bovine
TB is a generalist pathogen able to infect almost all mammals [31,32], including threatened wildlife
species and livestock. Because of its high prevalence in both wildlife and livestock, it serves as a useful
model for interspecific transmission.

Figure 1. Interspecific transmission of bovine Tuberculosis (bTB) from its reservoir, the African buffalo
(Syncerus caffer), to the African elephant (Loxodonta africana). Graphs show an approximation of
the stages of transmission as described by [35]: 1) Propagule load (y-axis) within donor host over
time (x-axis), 2) Production of pathogen-infective stages in donor host (y-axis) depending on host
traits (x-axis), 3) Survival and growth of pathogen propagules in the environment (y-axis) over time
(y-axis), including the environment of an intermediate host, 4) Acquired dose by recipient host at
exposure (y-axis) depends on the prevalence of the donor host (x-axis), 5) Recipient host pathogen
load (y-axis) over time (x-axis). Both direct and indirect (environmental) transmission modes are
shown. Intraspecific transmission is shown between buffaloes, which can occur through aerosols. The
illustrations in orange (circles with rod-shaped bacteria) represent the progression of the mycobacterium,
in the lungs of both hosts, as well as in their dispersal propagules. The figure is illustrative of the
complexity of a pathogen’s transmission cycle. Figure credit: Sylvia Herediaz, UBC Zoology.

Mathematical models of transmission, as illustrated in the susceptible-infected (SI) model
considered below, represent a series of simplifying assumptions and are the net result of the five
transmission stages. The first stage (Figure 1) illustrates dynamics of the pathogen load within the
donor host, a process mediated by the donor host’s immune response. Stage 2 is the production of
infective propagules, which determines the interspecific transmission potential, and depends on both
the donor species’ immune response and the phase of infection. In the case of bTB, a chronic infection,
propagule production increases with time, whereas for many acute infections, such as influenza, there
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is a peak in propagule production early in infection [33]. Once shed into the environment the pathogen
must first survive (Stage 3), and then may be picked up by a novel host species (in Figure 1, the African
elephant). The probability of a pathogen spreading via the environment depends on the environmental
conditions, such as light exposure and humidity, as in the case of M. bovis [21,34]. The recipient hosts
is then exposed (Stage 4) in a process depending crucially on host behaviour, geography, disease
prevalence and density of hosts, as we discuss in further detail below. Finally, the pathogen must
replicate within the exposed host (Stage 5), a process that is again dependent on host immune defences,
completing the transmission cycle.

The first and second stages of transmission are solely dependent on the donating host, as
represented by the buffalo in Figure 1. The propagule load in this host, and the production of dispersing
propagules depends on the level of infection and host immune system, and is therefore species-specific
as well as individual-specific. For example, the establishment and growth of bTB in individual buffalo
is facilitated by co-infection with helminths, which can increase the population-level transmission
rate [36,37]. In some cases, the mediating effect of co-infection was strong enough to inhibit bTB
infection in the absence of helminth infection. Infected host individuals shed pathogen propagules
into the environment (Figure 1, Stage 3), and this transmission pathway may be more important in
interspecific dynamics, because transmission by direct or close contact may be less likely between
individuals of different species (with some exceptions). Mycobacterium bovis has been found in the
soils of bTB-positive farms, and can survive up to four weeks in the environment [21,38,39], allowing
for possibility of extended environmental transmission (Figure 1, Stages 3 and 4). Environmental
transmission of bTB has also been shown in a controlled experiment with white-tailed deer (Odocoileus
virginianus) in Michigan, and wild boar in Doñana National Park, Spain [38,40]. Finally, the subsequent
pathogen load in the recipient host (Stage 5) depends on the pathogen type and the host’s immune
response. This may reflect the strength of co-evolution of the pathogen with the reservoir host, and
the recipient’s host evolutionary relatedness to the donor host, with a higher likelihood of pathogen
sharing when donor and recipient hosts are more closely related [41,42], we expand upon this in
Section 4. These and more examples show that defining interspecific transmission is complex, and that
the contribution of environmental transmission can be important.

Pathogen transmission is most commonly modelled using classic compartmental models [i.e., the
Susceptible-Infected-Recovered model 13,43]. To illustrate some common approaches to modelling
disease transmission, both within and between species, we begin with a simple SI model where we
disregard resistance as many wildlife infections are either chronic or fatal, and recovered individuals
will not directly impact transmission. While limited in epidemiological complexity, starting from
the simplified susceptible-infected (SI) compartmental model allows us to easily expand to consider
interspecific disease transmission and the much-debated disease-diversity relationship [27]. This model
captures classic expressions for intraspecific transmission in the case where the donor (subscript d)
and recipient species (subscript r) are the same, but easily allows for analogous expressions for models
of interspecific transmission. The disease incidence in the recipient host is given by the following:

dIr

dt
= ∑

d

(
βd,rSr

Id
Nd

)
︸ ︷︷ ︸

Transmission

− ΓIr︸︷︷︸
Removal

(1)

where t is time, Γ is the removal rate (recovery and mortality rates, combined), S and I are the
number of susceptible and infected individuals, respectively, and the host population size is defined as
N = S + I, these variables are measured in counts. When r = d, this function represents intraspecific
transmission. Here, βd,r is a general transmission rate and describes the rate of new infections per unit
time per recipient host. Transmission is often asymmetric, for example, [44] suggest that for a fox with
rabies to infect another species, such as a dog or cat, requires a million times more virus particles than
would be necessary to infect another fox. Usefully, while the generalized transmission term of Equation
(1) is usually referred to as Frequency-Dependent (FD) transmission [45], by changing the contact rate
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to include density (see Section 2.1) we can also derive Density-Dependent (DD) transmission. This
single constant implicitly captures the biological complexity of the five transmission stages as well
as chains of transmission between recipients and hence, unsurprisingly, can result in a wide range of
possible epidemiological dynamics. As a result of the numerous underlying assumptions, its value
cannot easily be interpreted, particularly in the context of interspecific transmission.

This simple SI transmission model assumes that all individuals within and between species mix
homogeneously, such that the identity and/or characteristics of individual hosts need not be modelled
explicitly. As illustrated in transmission stages 1 and 2 of Figure 1, we ignore the individual variation
in propagule load. However, the model in Equation (1) can easily be extended to including additional
discrete donor and recipient classes (e.g., varying in exposure or other attributes that might place
them within high or low risk classes) or continuous variation among individuals (e.g., age-dependent,
activity, or space-use related variation), capturing key features of individual heterogeneity. Including
such information can also help capture interspecific differences in disease establishment in novel host
populations. For example, in trophic transmission of bTB from infected buffalo to lions (Panthera leo),
subadult buffalo are at highest risk of carrying bTB, while all age classes of lions are equally exposed
[31]. We explore some examples of modelling heterogeneous populations in Appendix Section 5.

2.1. The Transmission-Rate, βd,r

The modelled interspecific transmission rate, βd,r, between the donor, d, and recipient, r, hosts is
a simplification of the process in Figure 1. It can be approximated by the product of the interspecific
contact rate, κd,r, capturing stages 1-4, and the probability that the recipient host becomes infectious
given contact, cr, capturing stage 5. We can represent this as β ≈ κ · c [see 46]. To explore multi-host
pathogen dynamics, we can easily extend this formulation:

βd,r ≈ κd,rcr (2)

This approximation holds as long as the probability of infection per contact, cr, is small (see
Appendix Equation (A2) for derivation), but it implicitly ignores donor host heterogeneity, as described
above, by averaging over the duration of infection (e.g. pathogen load and propagule production,
Stages 1 and 2), the possibility of environmental transmission and the lifespan of the pathogen outside
of the host (Stage 3), the novel host’s susceptibility and immune response to the novel pathogen
(Stage 4) and the potential for onward transmission in order to become epidemic (Stage 5). Below,
we decompose Equation (2) further and discuss how each component contributes to the interspecific
transmission process.

2.1.1. The Contact-Rate, κd,r

The contact rate between hosts, measured as the number of recipient hosts contacted per donor
host per unit of time, determines the shape of transmission dynamics [45]. There are multiple
approaches for describing the spread of a pathogen through a host population, the most common
distinction is between density-dependent (DD) and frequency-dependent (FD) dynamics, but there are
numerous variations, reflecting differences in the biology of the pathogen and the behaviour of the
hosts. A general form for this contact rate in a single-species system is:

κ(N) = ξNq (3)

Here, the parameter q (0≤ q ≤1) determines the transmission mode [47], modifying the unit of
measurement of the per-capita contact rate ξ. Wildlife diseases are almost always modeled assuming
DD transmission (q = 1), regardless of the pathogen, as host behaviour, including local heterogeneities,
is more likely to approximate mass-action dynamics at larger scales [48]. In contrast, local dynamics in
human interactions commonly depart from assumptions of DD (people frequently form small contact
networks) and might thus be better modelled using FD transmission (q = 0) or, more realistically,
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assuming asymptotic transmission (transmission that can shift from DD to FD with increasing host
density).

Extending this to the interspecific contact rate κd,r, representing the contact rate between donor, d,
and recipient, r, species. The per-recipient contact rate depends on the density of donor recipients, Nd:

κd,r(Nd) = ξd,r Nqd,r
d (4)

Here, ξd,r is the per-capita contact rate and represents the theoretical maximum number of contacts
between d and r, and qd,r is the DD-FD modifier of interactions between the r and d species pair, such
that qd,r = 1 represents DD and qd,r = 0 is FD. In FD transmission, recipients hosts come into contact
with a fixed number of donor hosts per unit of time regardless of the population density of the donor.
In contrast, DD transmission occurs when the number of contacts per recipient host per unit time
increases with donor host population density. For the case of a single donor and single recipient host
species this simplifies to:

Transmission = βd,rSr
Id
Nd

(5)

Inserting Equations (2) and (4), we get:

Transmission = ξd,rcr Nqd,r
d Sr

Id
Nd

=

{
lrξd,rcrSr Id, when q = 1

ξd,rcrSr
Id
Nd

, when q = 0
(6)

The mode of transmission may differ between versus within populations (see following section
and Figure 3A and B). For example, transmission can be DD within a household (or herd) but FD
between households, where contacts may be constant per time-unit. Many empirical studies show
evidence of both FD and DD dynamics in the same system, with DD dynamics more often observed
at low population densities and FD dynamics more common at higher densities as contacts saturate
[49,50]. Feline Leukaemia Virus (FeLV) provides one good example: At low host densities, infrequent
encounters make contact rates insensitive to changes in densities (FD), at intermediate densities contact
rate becomes proportional to density (DD), at higher densities contacts again approximate FD dynamics
due to increased territoriality, and at very high densities, individual territories decrease in size, causing
the contact rate to become DD again due to home range overlap [51]. Behaviour, such as territoriality,
can thus have a large effect on contact rates within and between species. When modelling multi-species
pathogens, we therefore need to carefully consider how transmission mode may differ both between
versus within species and within versus between populations in each species. We elaborate on this
complexity in Section 3 and Figure 3 using the spillover of a filovirus, such as Ebola, as example.

Contact structures within species are very unlikely to resemble contact structures between
species. For directly transmitted diseases in populations with strong social and spatial structuring,
we thus need to revisit assumptions of homogeneity and random host mixing assumed within
density-dependent transmission [48,52,53]. Epidemic network models based on graph-theory, where
the realized per-capita transmission rate β̂ is scaled to the mean neighbourhood size [48,52], provide
one useful approach. In these models, the degree of connectivity within a population has a large
effect on disease dynamics. For example, triangular contacts (three connected individuals) reduces
both the initial spread and final disease outbreak size [54]. We discuss examples of single-species
heterogeneity using graph-theory in Appendix Section 5. However, contacts in complex networks
tend to homogenize over time [55]. Therefore over longer timescales, heterogeneity can average out,
providing an opportunity to simplify otherwise complex models.

2.1.2. The Probability of Successful Transmission, cr

Accurately quantifying the probability that a pathogen will establish in the recipient host after
contact with an infected donor host or environmental propagules from that donor host is challenging.
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Within a species there is large variation in terms of susceptibility that depends on, for example,
co-infection, sex, age, and genetic variation [56–58]. In a community of multiple species, it is becoming
increasingly clear that the evolutionary relationship between species is also important for disease
transmission, with strong evidence of phylogenetic signal in the likelihood of pathogen sharing among
hosts [41,59–61]. It is likely, for example, that similarity in the immune defenses of closely related
species due to evolutionary conservation of cellular, immunological, or metabolic traits, favours
virus exchange between them [62,63]. Similar phylogenetic signature in pest and pathogen sharing is
observed in plants [42,64–67], and phylogeny is also suggested to be a strong predictor of pathogen
impact, with declining severity of the disease with increasing evolutionary distance from the reservoir
host [68,69]. However, parasites infecting hosts outside of their typical host range can cause lethal
damage, presumable due to a lack of resitance [70].

It would be relatively straightforward to include information on host phylogeny in our
compartmental disease models, for example, scaling the probability of successful transmission,
c, by the evolutionary relationship between hosts (see [42]). By incorporating the evolutionary
distance separating hosts as an additional weight modifying transmission success, e.g. c =

1/(Phylogenetic distancespecies A→species B), we can then describe the projected disease dynamics in
host communities using commonly-used phylogentic metrics. It could additionally be possible to
modify the probability of establishment to c(r|d), so that the establishment depends on both the
recipient and donor hosts identity, as in the example shown in Figure 1, Stage 4. We discuss further the
implications of host phylogenetic diversity in multi-host diseases in Section 4.

2.2. Calculation of the Outbreak Potential in the Recipient Host, R0,r

To calculate the probability of a disease outbreak in a host population with a single host species,
we can use the previously described basic reproductive number: R0 = Transmission

Removal = β
Γ . An R0 = 1

describes dynamics in which each infected individual gives rise to one additional infection (before
death or recovery). When R0 > 1 there is more transmission within the population than removal
through death or recovery, and the disease will spread exponentially, the larger R0, the faster the rate
of spread. If R0 < 1 the disease will (eventually) die out.

In a system with multiple hosts contributing to the spread of a pathogen, we have multiple
dimensions of R0:
i) R0,rr, describing the contribution to disease spread within a single host species from intraspecific
transmission,
ii) R0,r, describing the contribution to disease spread within a single host species from both interspecific
and intraspecific transmission from all donating hosts (D),
iii) R0,Dr, describing the contribution to disease spread within a single host from interspecific
transmission,
iv) R0,total , the outbreak potential across the whole community, considering the contributions of both
interspecific and intraspecific transmission.

These various R0 expressions determine the pathogen’s endemicity in a host (at endemic
equilibrium), and whether each hosts is an obligate mutualists (at spillover equilibrium), as we
illustrate in Figure 2. We can calculate these R0 expressions from Equation (1). For a more detailed
derivation, see Appendix section 3.
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increase βdr

increase βrr

R0,rr > 1

R0,rr + R0,Dr < 1
d1

d2

R0,rr < 1
R0,rr + R0,Dr > 1
      R0,r > 1

d3

Figure 2. Alternative equilibria for a recipient host, r. The y-axis shows disease prevalence in the
recipient population. The yellow dashed line represents the unstable disease-free spillover equilibria.
The solid yellow line is the endemic equilibrium of the disease in the recipient host. The tan symbols
represent recipient host individuals, the red, brown and green symbols represent donating hosts, each
of a different species. These donating hosts can also transmit the disease among themselves

In a multi-host community, an ’outbreak’ can always occur in a recipient host given an influx of
disease propagules through interspecific transmission. When intraspecific transmission does not occur
then the disease will be at a non-zero "Spillover" equilibrium (Figure 2), hence R0,r > 1. To find both
this "spillover" equilibrium and the "endemic" equilibrium that exists in the presence of intraspecific
transmission for the recipient host, we consider the case when Equation (1) > 0, such that there is a
greater influx of disease into the population than outflux through mortality (and potentially recovery):

dIr

dt
= ∑

d
βd,r

Id
Nd

Sr − Γr Ir > 0 (7)

This can be rewritten and partitioned into the respective intraspecific and interspecific transmission
components (see Appendix Section 3 for the derivation):

d
dt

Yr = βrrYr(1 − Yr)︸ ︷︷ ︸
intraspecific

+ ∑
d ̸=r

βd,rYd(1 − Yr)︸ ︷︷ ︸
interspecific

−ΓrYr (8)

Where Yr =
Ir
Nr

and Yd = Id
Nd

. We can similarly partition R0 which can be derived by assuming, as per
definition, that the disease is initially rare, Yr ≈ 0:

R0,r =
βrr

Γr︸︷︷︸
R0,rr

+ ∑
d ̸=r

βdr
Γr

Yd
Yr︸ ︷︷ ︸

R0,Dr

> 1 (9)

Hence, R0,r is composed of R0,rr and R0,Dr, where D stands for all donating hosts. Thus, when R0,rr ̸=
0, the community can go from a disease-free equilibrium to a spillover equilibrium if R0,Dr + R0,rr > 1.
Only when the intraspecific transmission (βrr) is significantly increased (or, Γr decreased), will the
community converge on the endemic equilibrium, R0,rr > 1 (Figure 2).

Interspecific transmission and the community R0 has most often been described using
Who-Acquired-Infection-From-Whom (WAIFW) matrices, representing the transmission rates, βdr,
between all species pairs [71,72]. The WAIFW-matrix can be expanded to include transition between
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stages, such as the recovery and mortality rates, to create the Next-Generation-Matrix (NGM), as shown
by [72,73]. We can find all R0,rr values on the diagonal of the NGM-matrix, and the off-diagonals
represent the respective R0,Dr. This framework allows us to simply derive the outbreak potential over
all the hosts in the community, calculated as the maximum eigenvalue of the NGM matrix. The sum of
each the row in the matrix is equivalent to our Equation (9).

The separate definitions of R0, derived above, allow us to easily describe multi-host dynamics.
For example, in the case of bTB (Figure 1), buffalo are primary reservoirs and are able to maintain
the disease in the population (i.e. R0,bb >1, where b = buffalo). However, some spillover hosts,
such as lions, have high disease-induced mortality rate (high Γl), and cannot maintain bTB without
reinfection [74]. Thus for lions R0,ll < 1 (where l = lion), but with sufficient transmission from other
hosts, R0,Dl can be > 1. Other likely examples include bTB in elephants (Loxodonta africana), and
rabies in jackals (Canis adustus), which need to be frequently reinfected from domestic dogs to support
an infection in the population [25,75]. Spillover hosts such as jackals may nonetheless contribute to
disease maintenance, and increase the pathogen burden within host communities [76]. Even when
a pathogen does establish in a novel host species, it may still not drive a disease outbreak (R0 < 1),
and there may be an evolutionary lag as it adapts to its novel host before emerging as an outbreak.
The separate derivations of the basic reproductive number we introduce here provide us with a useful
perspective for better understanding the contribution of each species in disease maintenance within
multi-host communities.

3. The Role of Host Community Structure in Interspecific Transmission

Changing host community structure alters intraspecific and interspecific contact rates, and can
thus reshape disease dynamics. As we described in Section 2.2, not all host species have similar
susceptibility or transmission potential, so different species may uniquely alter disease prevalence
and outbreak potential [26]. Additionally, abiotic conditions, including anthropogenic factors, can
affect spatial structure of hosts, and host immunology and competence [77]. To understand how a
diseases emerges in a novel host, for example, a zoonotic disease emerging from a wildlife reservoir
into human populations, we need to consider the spatial scales and behaviour of both originating
and novel host populations. The nature of the transmission (e.g. DD versus FD) contributes to the
probability of a disease being able to establish in a novel population, and whether host diversity dilutes
or amplifies disease prevalence. However, as discussed above, the mode of transmission within each
species is often not so simply categorised, and as we add additional hosts we add further complexity
to transmission dynamics.

Here, we use an example of Ebola (Zaire ebolavirus), where spillover occurs between human
households, H, and wildlife, W, to illustrate the complexity of multi-host transmission (Figure 3A.).
We might assume FD transmission between households within villages, because the rate a family
or individual interacts with another family, does not change with the human density. In contrast,
within households, transmission might approximate DD dynamics. Wildlife disease dynamics are
commonly modelled assuming DD transmission [48]; however, contacts between wildlife and people,
for example, through hunting, which may be a time-dependent, not density-dependent, are more likely
to be FD. In addition, transmission dynamics can shift even within wildlife species between FD and
DD, depending, for instance, host density, as was the case for feline leukemia virus (FeLV) in cats [51].

Behaviour is an important modifier of transmission dynamics; however, it is becoming
increasingly evident that land use change in the form of habitat loss and fragmentation, agricultural
intensification, and urbanisation has also had a dramatic effect on disease emergence and risk of
epidemics [27,78–80]. These changes to the natural landscape in combination with a growing human
population have likely increased the contact zone between human and wildlife hosts, providing new
opportunity for interspecific transmission at the interface between natural and converted landscapes
[79,81] (Figure 3C). For example, there is evidence for increased bacterial transmission between
primates and humans on forest edges [82]. We might initially predict DD transmission to dominate
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if habitat degradation decreases the habitat area to support hosts, elevating host densities and thus
intraspecific contact rates (Equation (3) and Figure 3C). However, over time, a reduction in natural
habitat might force species to forage further, elevating interspecific contacts, and community disease
dynamics might oscillate along the DD-FD spectrum. This switching between DD and FD dynamics is
important when we consider how the mode of transmission determines the effects of host community
structure on pathogen prevalence, which in turn feeds back to shape host communities.

Figure 3. Determinants of inter- and intraspecific transmission mode. A: The mode of transmission
(e.g., FD vs. DD) may differ among the hosts in a multi-species infection or even within levels of the
hierarchical social structure. Transmission is often DD within households/herds but FD between them
(see Panel B). Transmission mode in wildlife populations is also known to change with host density
(right hand graph, [adapted, with permission, from 51]). Interspecific transmission between human and
wildlife is appropriately modelled using FD transmission when the interaction occurs along a linear
boundary (grey bar), see Panel C. B: Schematic showing the phenomenological distinction between DD
(left) and FD (right) transmission in the relationship between contacts and host density as illustrated
by the transmission within versus between households/herds. C: The relationship between density
and interspecific contacts may be impacted by habitat fragmentation. The blue and green squares
represent habitat patches for households and wildlife, respectively, the grey bar represents the contact
zone between species. Whereas increasing densities along a single linear boundary (grey bar) has and
FD effect, fragmentation of the habitat resulting in many species boundaries shifts transmission toward
a DD mode. Fragmentation increases along the x-axis, density of individuals within each patch is on
the y-axis.

4. Linking Host Community- and Disease-Ecology

Host community structure can both affect and be affected by pathogen dynamics. In multi-host
systems, transmission is determined by multiple shedding hosts species, each of which can contribute
differently to disease prevalence, depending on their interspecific and intraspecific ecological
interactions [7,76,83]. This variation complicates models and how we estimate transmission, which
may be asymmetric among hosts, with some hosts acting as pathogen reservoirs and others as sinks.
In this section, we review both the sides of host communities on pathogen transmission and vice versa
in multi-host disease systems, connecting classical community ecology theory and revisiting the much
debated disease-diversity relationship.

4.1. Host Community Effects on Pathogen Prevalence

The dilution effect suggests a higher diversity of hosts reduces the probability of a pathogen
infecting another host species, for example, by reducing encounters, and therefore transmission
between hosts or indirectly by changing total host abundance [9,25]. One well-modelled example of
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encounter reduction (also known as frequency-dependent dilution) is provided by [84]; here, one host
is rescued from pathogen mediated-extinction by a second host that is infected by the same disease
(apparent mutualism). In this model the secondary host is assumed less competent, and therefore
functions as a buffer, reducing further disease spread by replacing contacts (and therefore transmission
events) with the original host, effectively reducing frequency of contacts between competent hosts.
Lyme disease is a frequently cited empirical example of the FD dilution effect, where diversity of
vertebrate hosts decreases the risk of spillover to humans. The bacterial pathogen (Borrelia burgdorferi)
is vectored by the black legged tick (Ixodes scapularis), and uses the white-footed mouse (Peromyscus
leucopus) as a primary host. Prevalence of B. burgdorferi decreases in white-footed mice when a
secondary, less competent host, the eastern chipmunk (Tamias striatus), increases in density [25]. The
dilution effect becomes more complex when species have high levels of sociality, as FD dilution
assumes homogeneous contacts. A summary of diseases with dilution effect can be found in [9].

Host species richness and abundance have been the focus of most discussion on the
disease-diversity relationship, but species identities are another important driving factor [42], and host
competence may be more important than densities [85]. The replacement effect describes the replacement
of a high competent host with a less competent host. One variation of the replacement effect is the
phylogenetic dilution effect, in which host competence is assumed to covary with phylogenetic relatedness
such that the addition of a phylogenetically distant species to a host community would be predicted to
result in a decline in prevalence [42,86]. It is, therefore, possible to see a dilution effect through changes
in the phylogenetic community composition even when host species richness remains constant, as has
been suggested for bTB in sub-Saharan mammals [87,88]. It is challenging to decompose communities
into separate components capturing richness, competences and abundances, but understanding how
disease dynamics will shift with community change will require consideration of all three components.

In contrast to dilution, the amplification effect suggests that higher host diversity increases disease
prevalence. This may be directly, via elevating contact rates by increasing total host density [84] or
by the addition of a highly competent, super-spreader host (a phenomenon parallel to the selection
effect in biodiversity science [89]), or indirectly by changing host densities through competition [90]
(Figure 4B). For example, higher amphibian diversity is thought to have increased Chytrid disease
(Batrachochytrium dendrobatidis) prevalence in some species of frogs, as highly competent (amplifying)
hosts are more abundant in species-rich habitats [26]. Another example comes from a model for Lyme
disease where the addition of a competent alternative rodent host increases the number of infected tick
larvae and therefore increases disease prevalence [91]. These examples show that the amplification
effect may also arise in vectored diseases (often modelled as FD) through indirect competition (host
regulations) when increased host diversity supports more competent host species [24,84].

In all cases of amplification and dilution (Figure 4), it is assumed that the pathogen is a
generalist but hosts may differ in competence. In FD transmission, amplification depends explicitly on
host competence, and thus host identity (Figure 4A). Under strict assumptions of DD transmission,
amplification will always occur, as contacts increase with host density, and contacts are always additive
and never substitutive [72,84], as we illustrate in Figure 4A, column 2. Thus, increasing the number of
hosts simply increases encounter rates between S and I individuals, and will therefore always amplify
the disease, regardless of the competence of the hosts. In contrast, the direct effect of diversity in
FD transmission, assuming a constant number of contacts per time unit and varying competence,
are mixed. The addition of a less competent host will always have a diluting effect, whereas the
addition of a highly competent host may have an amplifying effect (Figure 4A, column 1, row 3).
Predicting the indirect effects of diversity is more challenging. For example, a model by [92] suggests
that the substitutive behaviour (encounter reduction) of dilution in DD systems can only occur when
we assume that species richness scales linearly with species density, which is not always the case.
However, dilution can occur in DD systems indirectly, when the abundance of a competent host is
reduced by an introduced, non-competent host that outcompetes the former (Figure 4A, column 3).
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Most wildlife diseases are modelled assuming DD transmission, we might thus expect
amplification effects to dominate in natural systems. However, host contacts likely saturate at higher
densities [49], such that disease dynamics may switch from DD to FD transmission (c.f. asymptotic
transmission), and therefore we might predict dilution effects to be relatively more common at higher
densities.

Figure 4. A: Illustration of how dilution and amplification effects can occur in FD and DD transmission
systems. Nodes represent species and edge-width the transmission-strength. Highly competent species
have higher probability of transmission, represented by thicker edges. Grey nodes represent extirpated
hosts due to competition. The first column shows direct dilution and amplification through encounter
reduction with the addition of a less or more competent host, respectively. The second and third
column show DD dynamics, column two shows the classic amplification effect caused by increase in
contacts, while the third column shows an indirect dilution effect due to competition with the purple
host reducing the density (and therefore transmission) between the blue host. B: Table summarizing the
mechanisms leading to dilution and amplification for FD and DD transmission modes, as illustrated in
A.

4.2. Pathogen Effects on Host Community

While we expect a pathogen’s persistence to be influenced by the abundance of its hosts, host
abundance might also be influenced by the pathogen. Most obviously, a pathogen can suppress
host abundance directly through disease induced mortality. In multi-host systems, pathogen sharing
among hosts can result in apparent competition [93]. For example, a reservoir host may indirectly
suppress a spillover host by acting as a source of infection, and if the reservoir host has a better
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adapted immune system to the pathogen, it can reduce the relative density of the spillover host via
pathogen induced mortality. One example of apparent competition is provided by the spillover of
the vector-transmitted Barley Yellow Dwarf virus (genus Luteovirus) from wild oats (Avena fatua),
which reduced the abundance of the spillover host species, Setaria, allowing the wild oat to maintain
ecological dominance [94]. Although disease dynamics may appear similar, and feedback into dilution
or amplification effects, apparent competition describes the effect of pathogen prevalence on hosts,
whereas, dilution and amplification describe the effects of host diversity on pathogen prevalence.
Apparent competition is typically only a property of DD systems, but may be possible in FD systems if
the pathogen is not directly diluted by less susceptible, spillover hosts.

Apparent mutualism can occur in FD systems when hosts have equal competence. In this case, the
introduction of a novel host can reduce the disease prevalence in the original host by replacing contacts.
There is no ’competition’ as all hosts are equally affected by the pathogen [90], and all hosts benefit
from additional hosts. Apparent mutualism differs from dilution, as dilution assumes difference in
host competence, while apparent mutualism assumes hosts are identical in their competence.

Pathogens are also thought to play an important role in maintaining host diversity. The
Janzen-Connell effect describes a process in which pathogens drive density-dependent mortality in
hosts, allowing for heterospecifics to coexist [95,96]. Pathogens can thus counteract the process of
competitive exclusion by preventing any one host becoming too dominant [97]. Originally describing
seedling mortality in forests, the Janzen-Connell effect also includes a spatial component: seedlings
have lower survival rates when grown in proximity to conspecifics as their genetic similarity in
immune responses makes them equally susceptible to pathogen infection. Both distance-dependent
and density-dependent effects can be viewed as examples of apparent intraspecific competition,
mediated by pathogens. These dynamics give rise to a rare-species advantage, when we assume that
closely related species have an increased probability of disease-sharing this may be reflected in their
evolutionary distinctiveness from other host species [42].

In summary, under assumptions of DD transmission dynamics, increasing diversity results in
amplification, irrespective of differences in host competence, assuming each host adds to overall
disease transmission. Under assumptions of FD dynamics, increasing host diversity can result in
apparent mutualism when hosts are equal in their competence, and dilution can occur when hosts have
unequal competence. However, apparent competition is possible under both FD and DD dynamics
if hosts vary in competence and one host experiences lower pathogen related mortality, for example,
through having a superior immune system.

5. Pathogen Adaptation in Multi-Host Systems

Heterogeneity in host susceptibility, infectivity and mixing affects the likelihood of disease
emergence. This is more commonly referenced as within-host heterogeneity, [57,98] but can be easily
extended to encompass species-heterogeneity in the context of generalist pathogens. Models show that
greater heterogeneity reduces the probability of emergence [99,100], but see [101], this is because the
risk of encountering a poor-quality host increases the extinction probability of the pathogen. However,
if R0 is initially < 1 in the novel host following spillover, adaptation of the pathogen to the new
host is required for emergence. Thus, rate of pathogen adaptation can be more important than host
heterogeneity in determining the probability of disease emergence in novel hosts.

In general, pathogens always benefit from a longer duration of infection (low recovery rates) and
higher transmission, and in a single-host system we would expect pathogen evolution to maximise
transmission [102]. In a multi-host system, it has been suggested that generalism in a heterogeneous
environment may be costly, resulting in selection for host specialization [103]. There is a large body of
work on the evolution of generalism, and while we do not review this literature here (see [14,104] for
recent reviews), we emphasise the importance of evolution in driving emergence in spillover hosts. We
also note that pathogens appear to be limited in their generalism by the phylogenetic distance between
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hosts, suggesting evolutionary constraints to host range expansion, and therefore host-phylogeny may
also play an important role in the probability of emergence [14,16,63,105].

6. Future Directions

Accelerating rates of biodiversity loss and habitat degradation worldwide, have been
accompanied by increasing disease outbreaks in wildlife, domestic animals and human populations,
generating an urgent need for studies on how biodiversity and changes in the environmental carrying
capacity of wild species may modify pathogen transmission.

As most hosts and pathogens exist within multi-host systems, we need to better understand
how transmission affects disease outbreaks in such systems. However, the complexity in quantifying
transmission with asymmetries in interspecific rates and between reservoir and novel hosts following
spillover events [16,106], can make the application of SIR models models fraught. Defining the shape
of the transmission function between hosts is challenging, and seemingly small differences can have
dramatic effects on predictions in multi-species models [72]. Additional challenges include accounting
for spatial heterogeneity and contact structure, although over longer timescales transmission dynamics
may appear more homogeneous [55].

It is also becoming increasingly clear that the evolutionary relationship between species plays a
role in disease transmission, with strong evidence of phylogenetic signal in the likelihood of pathogen
sharing among hosts [41,59–61]. It is likely, for example, that similarity in the immune defenses of
closely related species due to evolutionary conservation of the cellular, immunological, or metabolic
traits, favours pathogen exchange between them [62,63]. Similar phylogenetic signature in pest and
pathogen sharing is observed in plants [42,64–66]. Phylogeny is also suggested to be a predictor of
pathogen impact, with declining severity of the effect of the disease with increasing evolutionary
distance between hosts [68,69], although evidence from livestock diseases suggest that the relationship
may be more complex [70]. Information on the phylogenetic structure of host communities may
help determine both the probability of interspecific transmission and predict novel host shifts [42,58].
Additionally, the greater the shared evolutionary history between reservoir and spillover species, the
greater the probability of onward transmission in the novel host [10], providing us with information
on the potential for disease emergence. Phylogenetic approaches, therefore, provide powerful tools for
modelling future disease threats.

As habitat transformation and climate change continue to impact species distributions and
population sizes, host communities are being disassembled and reassembled; understanding the
role of community structure in transmission will be critical for forecasting disease dynamics in the
Anthropocene.

7. Conclusion

1. By reviewing and decomposing the process of disease transmission in multi-host communities,
we illustrate how the separate components contribute to determining disease outbreak potential.

2. We describe how the outbreak potential, R0, within a host is composed of intraspecific and
interspecific components which determine whether a disease can be maintained within a host in
isolation, or whether interspecific transmission is required to a spillover equilibrium.

3. We highlight that mode of transmission plays an important role in the disease-diversity
relationship. Anthropogenic global changes are decreasing space for wildlife and increasing
the contact rates between humans and wildlife. In some cases, this can switch interspecific
transmission dynamics from density-dependent to frequency-dependent, which can lead to
changes in the amplifying or diluting effects of biodiversity on disease prevalence.

4. We draw parallels between well-known disease-diversity relationships and theories of community
ecology, and highlight that host competencies and identities play an important role in potential
disease dilution and amplification. The well-known and disputed dilution effect can exist of a
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contact-dependent (FD dilution) as well as a community phylogeny component (phylogenetic
dilution).

5. In multi-host communities, density-dependent transmission favours the amplifying effect of
biodiversity as it assumes indefinitely increasing contacts. However, we expect that contacts will
saturate at high host densities, causing a switch to FD transmission. At high host densities we
might, therefore, additionally expect a shift in the amplifying/diluting effects of biodiversity.

6. Interspecific contacts also play an important role in determining the relationship between host
diversity and disease prevalence and we argue there should be a greater focus on the full scale
of ecological interactions between hosts when examining the effect of host diversity on disease
prevalence.

7. Future work is needed to better understand how the composition of host communities determines
the prevalence, maintenance and onward transmission of disease, and the likelihood of novel
pathogen emergence via host shifts. Accurately defining the interspecific transmission process
will be a critical first step.

Appendix A. Derivation of transmission rate β

The transmission rate for a single-species model was defined by [46] as:

β = −κ · ln(1 − c) (A1)

When the probability of infection given contact, c, is small this equation can be simplified into the
more intuitive form of the product of the contact rate (κ) and the proportion of those contacts resulting
in infection (c), β = κ · c [35? ]. Assuming probability of successful transmission after contact (c −→ 0),
we can perform a second order Taylor expansion of κ around c = 0:

β ≈ −κ · ln(1 − c)
∣∣∣∣
c=0

+
d
dc

(
− κ · ln(1 − c)

)∣∣∣∣
c=0

· c

= 0 +
κ

1 − c

∣∣∣∣
c=0

· c

β ≈ κ · c (A2)

Therefore, β = κ · c is the approximation of Equation (A1) at low probability of successful transmission.

Appendix B. Generalizing the Derivation of Transmission Rate from the Single-Species Context

Generalizing the derivation of transmission rate from the single species context, as described by
[46], we begin by considering the probability that a recipient host is infected by a donor host in a small
time interval ∆t, ∆pd,r. The probability that the recipient remains un-infected, is then given by;

1 − ∆pd,r = (1 − cr)
κd,r

Id
Nd

∆t
(A3)

Here, Id
Nd

is the proportion of infected individuals in the donor host population, with homogeneously
mixed individuals within a species population, allowing for random contacts.

The term (1 − cr) gives the probability that an exposed recipient (following step 4 in Figure 1) is
not infected. Note that here we have defined cr to be dependent on the recipient host alone, this implies
that establishment depends solely on the pathogen, as in the case of environmental transmission,
and the identity of the donating host is irrelevant. This may not always be the case, as we discuss in
Section 2.1.2 of the Main text). Defining βd,r = −κd,r ln(1 − cr) we get the probability a recipient host
is infected by a donor host:

∆pd,r = eβd,r
Id
Nd

∆t
(A4)
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Appendix C. Derivation of Endemic Equilibrium for Species r, R0,r

We describe a system of equations where we have donating host d infecting recipient host, r:

dIr

dt
= ∑

d
βd,r

Id
Nd

Sr − Γr Ir > 0 (A5)

Dividing over Nr:
d
dt

Ir

Nr
= ∑

d
βd,r

Id
Nd

Sr

Nr
− Γr

Ir

Nr
(A6)

Rewriting this as Yr =
Ir
Nr

and Yd = Id
Nd

, where Sr
Nr

= Xr = 1 − Yr, we get:

d
dt

Yr = ∑
d

βd,rYd(1 − Yr)− ΓrYr (A7)

We can then separate the inter and intraspecific transmission:

d
dt

Yr = βrrYr(1 − Yr)︸ ︷︷ ︸
intraspecific

+ ∑
d ̸=r

βd,rYd(1 − Yr)︸ ︷︷ ︸
interspecific

−ΓrYr (A8)

The classic definition of R0 is the ability for a disease to spread in an almost fully susceptible
population. Therefore we assume: Yr ≈ 0 and thus (1 − Yr) ≈ 1, which simplifies Eqn (A8) to:

dYr

dt
= βrrYr + ∑

d ̸=r
βdrYd − ΓrYr > 0 (A9)

Rearranging this by bringing the last term over to right hand side and dividing over Yr:

βrr + ∑
d ̸=r

βdrYd
Yr

> Γr (A10)

Then we divide over Γr to get the expression for R0,r

R0,r =
βrr

Γr︸︷︷︸
R0,rr

+ ∑
d ̸=r

βdr
Γr

Yd
Yr︸ ︷︷ ︸

R0,dr

> 1 (A11)

Appendix D. Interspecific Transmission through WAIFW

Interspecific transmission can be modeled in a WAIFW-matrix (Who Acquired Infection From
Who), an n by n - matrix showing the transmission between species in an n-species system, where
intraspecific transmission can be found on the diagonal, and interspecific transmission on the
off-diagonals [2? ]. Transmission is defined as βi,j, where i is the receiving host and j the donating host (j
infects i). This matrix can be used to form the Next Generation Matrix which calculates the community
R0, and determines the overall disease prevalence in the system, as well as the contributions of each
individual host [? ].

One way to estimate the interspecific transmission rate is to take the average of the intraspecific
transmission rates, using a scaling parameter to account for differences in transmission potential
between species i and j [72]. This scaling parameter can determine the magnitude of diluting and
amplifying behaviour of each host species in the system. Alternatively, one can parameterize the
probability of successful transmission, c, per host species-pair, assuming that disease competence, and
therefore transmission, is dependent on the donating and receiving host species’ identities [12], and
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can be asymmetrical. A similar approach can also be applied to contact rates, κ, if one wants to define c
separately for individual host species (or species pairs), rather than the community average [? ]. There
can also be asymmetrical transmission between hosts, as in the example of foxes infected with rabies,
which require a million times more virus particles to infect a dog or cat than would be necessary to
infect another fox [? ]. This also goes for different pathways of transmission. For example, a larger
number of propagules is necessary for transmission of M. bovis through ingestion than inhalation [32].
Such asymmetries may be overlooked when simply averaging intraspecific transmission rates. The
next-generation matrix [? ], which allows us to calculate the community R0 and each host’s relative
contribution, is a useful framework for modelling the dynamics of multi-host pathogens and disease
maintenance in the reservoir. However, it has been most often applied using the scaling methods as
described above.

Appendix E. Contact Network Model Distributions

Within a host population, not all individuals are the same, and they may vary in susceptibility
and infectivity, as captured by the concept of superspreaders, which dramatically influences outbreak
potential and disease dynamics [99]. Similar concepts can be extended to super-movers, super-recipients,
super-shedders, and super-susceptibles [48,53,83]. Additionally, hosts likely do not have a homogeneous
contact structure, as these may be modified through networks or variation in population density.
Various case studies provide an illustration of how contact structure is important for modeling wildlife
diseases [29,48? ? ].

Many animals aggregate in flocks, herds or other social networks. For directly transmitted
diseases in populations with strong social and spatial structuring, we need to revisit the assumption
of homogeneity and random host mixing assumed within density-dependent transmission [48,52,53].
Epidemic network models are based on graph-theory, where the realized per capita transmission rate
β̂ is scaled to the mean neighbourhood size [48,52]. It has been shown that the degree of connectivity
within a population has a large effect on disease dynamics. For example, triangular contacts (three
connected individuals) reduces both the initial spread and final disease outbreak [54]. The transmission
via a given connection is weighted by parameter < k >, the mean degree number of connections of a
node, or dispersion parameter, which can be scaled in three ways [52,99]:

1. Independent of total population size, N. This is similar to the assumptions of the classic
frequency-dependent transmission function

2. Increasing linearly with population size, N
3. Increasingly less than linear C ·

√
N, C being a constant, an intermediate between 1 and 2. This is

analogous to the density-dependent transmission function, assuming a constant area.

In epidemic network models, the calculation of R0 differs from the original compartmental models, as
it is assumed that some individuals, such as superspreaders, contribute more to the spread of the disease
than others [48,53,99]. This is similar to some of the previously introduced multi-host models, as in
both cases the population consists of individuals contributing differently to disease spread. However,
the former models do not take into account the heterogeneity of individuals, group formation and the
extent of mixing within these groups. Fortunately, epidemic network models, that are often used to
track contact in human epidemics [? ], have the advantage of being able to take into account both the
heterogeneous nature of contacts between hosts and the topology of the contact network, using the
mean and variance of the number of contacts per individual (the number of connections). This can be
done by choosing from a number of degree distributions. Some common examples are listed below
[52].

Appendix E.1. Poisson Distribution

In the Poisson distribution, the variance to mean ratio is close to one. Due to this relatively low
variance this distribution is closest to homogeneous mixing. A Poisson distribution is based on the
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assumption that events happen at a constant rate per time unit, irrespective of the time that has passed.
For example, an individual contacts another individual with a constant contact rate, with a constant
probability of being infected, independent of the number of previously infected individuals. Increasing
the number of nodes either has a slight to strongly decreasing effect on β̂, depending on whether
< k > increases linearly with population size (case 3), increases with

√
N (case 2) or if it is constant

with population size (case 1), respectively [52].

Appendix E.2. Power-Law Truncated Distribution

This distribution consists of two power law functions that intersect at a value that represent the
size at which the behavior of the group changes. This threshold value can be an optimal group size, such
as for animals living in herds [? ]. Here, the variance to mean ratio >> 1, such that some individuals
have many contacts, and others almost none, capturing the phenomenon of super-spreaders [52]. The
Power-law truncated distribution assumes extreme heterogeneity in local contacts; β̂ either slightly
increases (case 3), slightly decreased (case 2) or decreases strongly (case 1) with the number of nodes
in a network.

Appendix E.3. The Exponential Distribution

This is the intermediate case between the Poisson and the truncated power-law distributions.
It is another example of a memory-less distribution, like the Poisson process, as it models the time
between two events in a Poisson process. This distribution has, like the power-law distribution, a
greater proportion of superspreaders.
Here, either β̂ remains unchanged (case 3), slightly decreases (case 2) or linearly decreases (case 1) with
increasing number of nodes.
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