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We study the effect of connectivity on disease risk in metapopulations.
We link the diversity–disease relationship to habitat fragmentation.
Connectivity can have either positive or negative effect on disease risk.
The net impact of connectivity depends on the facilitation versus dilution effect.
Different disease risk indicators react differently to changes in connectivity.

art ic l e i nf o

a b s t r a c t

Article history:
Received 1 December 2014
Received in revised form
1 April 2015
Accepted 4 April 2015
Available online 14 April 2015

Epidemiological studies have suggested that increasing connectivity in metapopulations usually
facilitates pathogen transmission. However, these studies focusing on single-host systems usually
neglect that increasing connectivity can increase species diversity which might reduce pathogen
transmission via the ‘dilution effect’, a hypothesis whose generality is still disputed. On the other hand,
studies investigating the generality of the dilution effect were usually conducted without considering
habitat structure, which is surprising as species loss is often driven by habitat fragmentation. Using a
simple general model to link fragmentation to the dilution effect, we determined the effect of
connectivity on disease risk and explored when the dilution effect can be detected. We showed that
landscape structure can largely modify the diversity–disease relationship. The net impact of connectivity
on disease risk can be either positive or negative, depending on the relative importance of the facilitation
effect (through increasing contact rates among patches) versus the dilution effect (via increasing species
richness). We also demonstrated that different risk indices (i.e. infection prevalence and abundance of
infected hosts) react differently to increasing connectivity and species richness. Our study may
contribute to the current debate on the dilution effect, and a better understanding of the impacts of
fragmentation on disease risks.
& 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
The landscape conﬁguration and structure can inﬂuence pathogen transmission dynamics by modifying host movements and
contact rates (Cross et al., 2005; Hess, 1996; Keeling, 2000).
Previous epidemiological studies have suggested that increasing
habitat connectivity and host movements in metapopulations
usually facilitate disease transmission, allowing a pathogen to
successfully invade a metapopulation (Colizza and Vespignani,
n
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2007; Tanaka et al., 2014) and increasing the prevalence and
incidence of endemic diseases in metapopulations (Cross et al.,
2005; Hess, 1996). However, epidemiological studies usually
focused on single-host systems and neglected the effect of habitat
structure and connectivity on species diversity and composition in
landscape which may also inﬂuence host–pathogen interactions.
In fact, studies have demonstrated that habitat structure and
connectivity are linked to the capacity of a metapopulation and
can determine the species diversity and composition in a landscape (Hanski and Ovaskainen, 2000). Therefore, habitat structure
and connectivity can also inﬂuence pathogen transmission via
modifying species composition.
Several studies argued, taking an ecological perspective, that high
species richness can reduce the risk of infectious diseases via a
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hypothesised ‘dilution effect’ (Huang et al., 2013b; Keesing et al.,
2010; LoGiudice et al., 2003; Ostfeld and Keesing, 2012; Venesky
et al., 2013). This dilution effect has been reported in a wide range of
infectious diseases, and has attracted much current attention in the
context of global biodiversity loss and increased disease emergence
(Ostfeld and Keesing, 2012). While the dilution effect hypothesis
presents an exciting convergence of public health concern and
biodiversity conservation, its generality is still under active debate
(Begon, 2008; Randolph and Dobson, 2012; Salkeld et al., 2013;
Wood and Lafferty, 2013; Wood et al., 2014). There are several
theoretical studies trying to explore the generality of the dilution
effect. For example, it has been shown that the probability of the
occurrence of the dilution effect may depend on the type of disease
transmission (Dobson, 2004; Rudolf and Antonovics, 2005). Speciﬁcally, studies found that the dilution effect is more likely to operate in
diseases with frequency-dependent transmission (Joseph et al., 2013;
Rudolf and Antonovics, 2005); for diseases with density-dependent
transmission, high species richness generally increases the risk unless
it engenders reduced densities of competent hosts (Rudolf and
Antonovics, 2005) or reduce the encounters between parasites or
vectors and competent hosts (Keesing et al., 2006). Different indices
of disease risk may also react differently to the changes in species
richness. Using Preston's distribution as the law of community
assemblage, a theoretical study found that high species richness
can reduce infection prevalence while the number of total infected
hosts in the community increases (2012). However, these studies on
the diversity-disease debate were usually conducted in spatially
homogeneous environments (but see (Allan et al., 2003)). Considering that species loss is often driven by habitat fragmentation, it is
necessary to explore the diversity–disease relationship in fragmented
landscapes to get a better understanding of the dilution effect and
the role of fragmentation in host–pathogen interactions.
Increasing connectivity can enhance disease risk through facilitating contact rates among individuals, however it may also bring
more species in the community, reducing disease risk via the dilution
effect. Here, using a simple model, we investigate the effect of habitat
connectivity, measured as host migration rate (Hess, 1996), on
pathogen transmission in Levins' metapopulations (Levins, 1969).
We explored the relative importance of the facilitation versus the
dilution effect when connectivity increases. Furthermore, we
explored the conditions under which the dilution effect can be
expected. The risk of pathogen transmission was measured with
three different indices: probability of pathogen invasion to the
metapopulation, the mean infection prevalence of the competent
host (i.e., the proportion of infected hosts in the whole metapopulation) and the mean number of infectious competent hosts. We ﬁrst
analysed the model behaviour in a single-host system and explored
how the facilitation effect operated. We then extended our model to
a two-host system, with a competent host species and a lowcompetence host species, and explored the relative importance of
the dilution versus facilitation effect on disease risk.

2. Methods
2.1. Pathogen transmission in the single-host system
We incorporated a classical SIR (susceptible-infectious-recovered) model into Levins' metapopulation model where the hosts
were fully mixed in a certain number of identical, environmentally
homogenous patches and all patches were equally accessible to
the hosts from other patches (Levins, 1969). The model reads as
dSi =dt ¼ bN i  ðλ þ dÞSi

ð1Þ

dI i =dt ¼ λSi  ðr þ dÞI i

ð2Þ

dRi =dt ¼ rI i  dRi
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ð3Þ

where Ni represented the host population size in patch i, and hosts
could be either susceptible (Si), infected (Ii) or recovered/immune
(Ri). The host population increased with logistic growth, which
included a constant birth rate b and a density-dependent mortality
d within each patch. Host mortality was assumed to be independent of infection status. Infected hosts could be recovered from the
infection at a recovery rate r and recovered individuals were
immune to the pathogens. We assumed a frequency-dependent
transmission, since the dilution effect is more likely to occur in this
type of disease (Dobson, 2004; Joseph et al., 2013; Rudolf and
Antonovics, 2005). Then, the force of infection λ was determined
by intraspeciﬁc transmission rate β
λ ¼ βI i =Ni

ð4Þ

The population demographic processes and pathogen transmission dynamics were modelled discretely. At each time step, the
processes of birth, death, infection, recovery, movement and
extinction were modelled sequentially (Hess, 1996; Jesse and
Heesterbeek, 2011; Jesse et al., 2008). These processes were also
modelled stochastically by describing them as random variables
for each step. The number of newly-born individuals followed a
Poisson distribution, whereas the number of deaths, infections,
and recoveries followed a binomial distribution. Newborns would
neither die nor be infected (Jesse and Heesterbeek, 2011; Jesse
et al., 2008).
All patches were connected to each other via host movements
(Hess, 1996; Jesse et al., 2008). The migration proportion, m, as a
measure of connectivity, was used to describe how many individuals left a patch at each time step. The migration proportion
therefore represented the movement rates among subpopulations,
with a higher value of migration proportion representing a higher
frequency of movements (Hess, 1996), which is a characteristic of
less fragmented landscapes. This migration proportion was
assumed to be the same, regardless of the state of the individuals
or the local population size in the patch. The number of emigrants
for each patch at each time step also followed a binomial
distribution, and all emigrants were distributed randomly over
all patches.
In addition, we set a local extinction rate for the local population in each patch at each time step. This extinction rate was the
inverse of persistence time, Tp(i), which was a function of population size Ni and carrying capacity K (Hakoyama and Iwasa, 2000)
T p ðiÞ ¼

Ni K
N i þ K=a

ð5Þ

where a was the adjusting parameter for persistence time. Higher
values of a lead to a higher Tp and thus a lower local extinction risk.
2.2. Pathogen transmission in the two-host system
We further extended the above mentioned single-host model to a
two-host system including one competent and one low-competence
host species. We only used two host species to make the results
tractable. Here, we assumed that the low-competence host species
had a higher local extinction risk (lower birth rate, b2 and lower
carrying capacity, K2) than the competent host. The negative competence–extinction relationship can be generated from two alternative
mechanisms based on parasite local adaptation theory and lifehistory theory (Joseph et al., 2013). Parasite local adaptation theory
predicts that parasites may evolve to exploit the most common host
as a consequence of selective pressure of losing hosts during
community disassembly (Joseph et al., 2013). Life-history theory
generally suggests that slow-lived species, which are more likely to
have lower population densities and are more vulnerable to biodiversity declining due to less investment in reproduction (Cardillo,
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2003; Henle et al., 2004), usually invest more in immunological
defences and act as less competent hosts for pathogens (Lee et al.,
2008; Martin II et al., 2006). Although the relationship between lifehistory and reservoir competence has been supported in several
different diseases (Cronin et al., 2010, 2014; Huang et al., 2013a;
Johnson et al., 2012; Previtali et al., 2012), directly using immuneresponse measures as indication of reservoir competence might be
difﬁcult due to the complication of immunity (Randolph and Dobson,
2012). Despite the existing disputes regarding to the life-history
theory, the negative competence–extinction relationship has been
documented in several disease systems, such as Ribeiroia ondatrae
(Johnson et al., 2013) and four generalist aphid-vectored pathogens
(Lacroix et al., 2014), implying that our assumption about higher
extinction risk of low-competence host species may at least be valid
for these diseases.
Interspeciﬁc transmission between the competent and lowcompetence hosts was assumed to be symmetrical and was
quantiﬁed as a scaled average of the intraspeciﬁc transmission
rates, as set in previous studies (Dobson, 2004; Joseph et al., 2013;
Rudolf and Antonovics, 2005)


β þ β2
β12 ¼ β21 ¼ c 1
ð6Þ
2
where β1 and β2 were the intraspeciﬁc transmission rates, while β12
and β21 were the interspeciﬁc transmission rates, and c was a scaling
parameter allowing us to adjust the magnitude of the interspeciﬁc
transmission rates. The force of infection for the competent host, λ1,
was calculated as (Rudolf and Antonovics, 2005)
λ1 ¼ β1

I1
I2
þ β21
N1 þN 2
N1 þ N2

ð7Þ

In this way, λ1 can be reduced by the mechanism ‘transmission
interference’ due to the lower intraspeciﬁc transmission rate of the
low-competence host. Besides, the dilution effect can also be caused
by two other mechanisms: host regulation where the lowcompetence host species can reduce the abundance of competent
host species by competition or predation, and encounter reduction
where the low-competence host is capable of reducing the contact
rate among the competent hosts (Keesing et al., 2006). In addition,
the low-competence host may also increase the encounter rates
among competent hosts, generating an ‘encounter augmentation’
(Keesing et al., 2006). We simulated all of these scenarios. We
modelled host regulation by adding an extra mortality of the
competent host in the presence of the low-competence host species,
so that the carrying capacity of the competent host K 01 was
dependent of the abundance of the low-competence host


H2
ð8Þ
K 01 ¼ K 1 1 
q

where q is the ‘host regulation parameter’ modulating the extent to
which the low-competence host population reduces the carrying
capacity of the competent host. H2 is the abundance of the lowcompetence host. In this way, the mortality of the competent host in
the presence of low-competence hosts was


dq
H2
0
ð9Þ
¼ b 1þ
d ¼
q  H2
q  H2
The encounter reduction and augmentation were simulated
using an ‘encounter modiﬁcation parameter’, p, to modulate the
extent to which the low-competence host population increase or
reduce the force of infection of the competent host, λ1.
λ01 ¼ β1

I1
I2
β ðN1 þ N 2 Þ
I1
I2
þβ21
¼ 1
n
þ β21
ðN 1 þ pN 2 Þ N1 þ N 2
N 1 þ pN 2
N1 þN 2
N1 þ N2
ð10Þ

When the value of p is larger than one, it means that the lowcompetence host can reduce the encounter rate (and thus transmission rate) among competent hosts, while p smaller than one
means that the encounter rate increases with the addition of the
low-competence host.
The ‘dilution potential’, deﬁned as the potential of the additional host to reduce the disease risk of the competent host
(LoGiudice et al., 2003), could be determined by the intraspeciﬁc
transmission rate of the low-competence host β2, the scaling
parameter c and the parameters p and/or q. A higher dilution
potential corresponds with a lower value of β2, c, q and/or a higher
value of p. We varied these parameters to investigate the relative
importance of the dilution effect triggered by the low-competence
host with different dilution potentials. Details for all parameters
are provided in Table 1. For reasons of simplicity, the migration
proportions for the low-competence and competent hosts were
assumed to be similar. However, relaxing this assumption will not
qualitatively affect our conclusions (see Section 3 and Appendix
Fig. A.2).
2.3. Model analyses
The carrying capacity of a patch was set at 100 for the
competent host, which was large enough for the infection to
become endemic after the pathogen successfully invaded the
metapopulation. Twenty-ﬁve patches in a Levins metapopulation
were used in the simulations (we found that the number of
patches did not change the results qualitatively). We assumed
that the time step was two weeks. Therefore, the annual reproduction rate was 1.0125 ¼10.8 and the death rate for the competent
host was 0.05 if the population is at half of the carrying capacity,
translating to the mean life expectancy of 40 weeks. The movement rate m ¼0.01 means an average of 22% of individuals in a

Table 1
Description of model parameters and variables. Subscripts 1 and 2 represent the competent and low-competence host species, respectively.
Parameter

Deﬁnition

Values

b
d
β1
β2
β12 ¼ β21
c
q
p
r
K
m1 ¼m2
a

Birth rate
Death rate
Intraspeciﬁc transmission rate for competent host
Intraspeciﬁc transmission rate for low-competence host
Interspeciﬁc transmission rate
Interspeciﬁc transmission scaling parameter
Host regulation parameter
Encounter modiﬁcation parameter
Recovery rate
Patch carrying capacity
Migration proportion
Local population extinction adjusting parameter

b1 ¼0.1; b2 ¼0.08
d¼ bN/K
0.9
[0.1, 0.9]
c(β1 þβ2)/2
[0.01, 1]
200, 300, 400
0.5, 1, 2
[0.1, 0.3]
K1 ¼ 100; K2 ¼ 80
[0, 0.05]
a1 ¼ 5; a2 ¼ 3

Z.Y.X. Huang et al. / Journal of Theoretical Biology 376 (2015) 66–73

69

patch leaving over 1 year (if x Bin (10, 1 0.9925), then E[x] ¼
0.22), whereas the maximum movement rate in our study 0.05
translates to 72% of individuals leaving in one year. We ﬁrst ran the
model without pathogens for 500 time steps to allow the system
to reach a quasi-equilibrium. Then, an infectious competent
individual was added into a randomly selected occupied patch,
and the transmission process was simulated with another 500
time steps so that the populations reached an approximate
equilibrium (Appendix Fig. A.1). Since the infection and demographic processes are stochastic and can create large variation
among runs of the model, we ran 1000 repetitions for each
parameter set (Cross et al., 2005). The mean infection prevalence
of the competent host (IPC) and the number of infected competent
hosts (NumInfC) were quantiﬁed for the simulations with successful pathogen invasion and persisting infection.
We ﬁrst analysed the model behaviour in a single-host (competent host) system with different recovery rates, and explored
how the facilitation effect operated. We then extended our model
to a two-host system and explored the relative importance of the
dilution and facilitation effects on disease risk under different
levels of dilution potential of the low-competence host.

3. Results
3.1. Two scenarios: facilitation effect and dilution effect
Our results for the pathogen transmission with a single-host
model under different recovery rates show that the infection could
not invade the metapopulation when habitat connectivity was
very low (Fig. 1). When the pathogen invaded the metapopulation,
the mean infection prevalence and the probability of pathogen
invasion showed similar saturating relationships with migration
proportion at different recovery rates (Fig. 1), indicating that the
facilitative effect of connectivity can only operate within a certain
range of connectivity. We deﬁned the facilitation region as the
range of the migration proportion where increasing migration
proportion increased the infection prevalence. We used moving
windows with a window of ﬁve steps (0.005), where the infection
prevalence increased by less than 2% with an increase of 0.005 in
migration proportion to determine the upper threshold for the
facilitation range (we found that slightly different criteria did not
change the results qualitatively). We used infection prevalence to
deﬁne the facilitation region because infection prevalence for
frequency-dependent transmitted diseases is independent of host
density, and thus its increase would only have been caused by
increasing contact rates among local populations. The width of the
facilitation region was enlarged with increasing recovery rate
(shown by the dashed vertical lines in Fig. 1).
The results also showed that the population sizes for competent
and low-competence hosts reacted similarly to increasing connectivity (Fig. 2). A higher connectivity threshold was needed for the lowcompetence host than for the competent host to persist in the
metapopulation due to a lower carrying capacity and higher local
extinction risk of the low-competence host. When the lowcompetence hosts began to persist in the system, the dilution effect
might start to operate due to various mechanisms (transmission
interference, host regulation or encounter reduction). Given that the
facilitation region for the competent host depended on the recovery
rate, two distinct scenarios became apparent. One scenario was that
the facilitation effect and dilution effect overlapped over a gradient of
migration proportions (i.e., r¼0.3, shown as the shaded area in
Fig. 2). The other scenario was that the facilitation effect operated at
lower values of the migration proportion than the dilution effect (i.e.,
r¼0.1, Fig. 2). We explored how disease risks reacted to increasing
connectivity with different dilution potentials of the low-competence

Fig. 1. Changes in the probability of pathogen invasion (dashed curves) and in
infection prevalence (solid curves) with increasing migration proportion under
different recovery rates: (A) r¼ 0.1; (B) r ¼0.2; and (C) r ¼0.3. Grey vertical lines
indicate the standard deviation for the infection prevalence, and dashed vertical
lines indicate the upper threshold of the facilitation region.

host, varying intra- and interspeciﬁc transmission rates (low: β2 ¼0.1,
c¼ 0.1; high: β2 ¼0.75, c¼0.75). We also varied the host regulation
parameter and encounter modiﬁcation parameter to simulate different strength of host regulation (low, q¼400; intermediate, q¼ 300;
high, q¼ 200) or encounter reduction/augmentation (reduction,
p¼2; augmentation, p¼0.5). We only investigated the scenario in
which the facilitation and dilution effect overlapped, since we
focused on the relative importance of these two effects. Here, we
considered that relaxing the assumption of similar migration rates
between two hosts would not qualitatively affect our results, since it
only changed the threshold of connectivity for colonisation of the
low-competence host and made the overlap region (the range of
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Fig. 2. Changes in the equilibrium population sizes (after 500 time steps) of the
two hosts (dashed curve: low-competence host; solid curve: competent host) with
increasing migration proportion. The grey dashed arrows indicate the facilitation
region under different recovery rates (taken from Fig. 1) and the shaded area refers
to the overlap region where both a dilution and a facilitation effect operate under
the condition that the recovery rate r¼ 0.3. The dilution effect operates when the
low-competence hosts invade the system.

connectivity where both a facilitation and a dilution effect operate)
move over the gradient of connectivity (see Appendix Fig. A.2).
3.2. Dilution versus facilitation in a two-host system
We ﬁrst explored the scenario when only transmission interference operated (p¼ 1, q¼ þ 1). When the dilution effect and the
facilitation effect overlapped (r¼0.3) and the low-competence host
had lower intra- and interspeciﬁc transmission rates (β2 ¼0.1, c¼0.1,
Fig. 3A), the number of infected competent hosts (NumInfC) and the
infection prevalence of the competent host (IPC) showed similar
patterns. They ﬁrst increased with migration proportion because of
the facilitation effect, and then decreased due to the dilution effect
to relatively stable levels. Hence, in the overlap region (where both
the facilitation and the dilution effect operate), the facilitation effect
was outweighed by the dilution effect. However, when the lowcompetence host had higher intra- and interspeciﬁc transmission
rates (β2 ¼ 0.75, c¼0.75) different disease risk indicators showed
different reactions in the overlap region (Fig. 3B). The NumInfC
increased, whereas the IPC remained relatively stable, indicating the
dilution effect roughly balanced by the facilitation effect. We then
varied the intra- and interspeciﬁc transmission rates of the lowcompetence host (different combinations of c and β2) to investigate
the net effect of connectivity on disease risk, i.e., whether disease
risk indicators increased or not in the overlap region where the
facilitation and the dilution effect overlapped (Fig. 4A). Our results
showed that lower intra- and interspeciﬁc transmission rates (low
values for β2 and/or c) were required for NumInfC to decrease than
for IPC, indicating that it would be more likely to detect a negative
effect of connectivity when using infection prevalence as the
disease indicator in this situation.
When we added the host regulation mechanism and increased
its extent, lower dilution potentials were required to allow the
number of infected competent hosts (NumInfC) to decrease in the
overlap region (Fig. 4B). When the competition was strong enough
(q was smaller than 200), connectivity always had a negative effect
on NumInfC. However, the infection prevalence of the competent
host (IPC) only changed slightly (Fig A.3) with increasing extent of
competition, as we used a frequency-dependent transmission
which is independent of host abundance. Therefore, which risk
indicator (prevalence or abundance of infection) is more likely to
have a negative relationship with connectivity depends on the
strength of competition when host regulation operates. We then

Fig. 3. Changes in the infection prevalence of the competent host (IPC, dashed
curves) and number of infected competent hosts (NumInfC, solid curves) with
increasing migration proportion when only the transmission interference operates.
Dashed vertical lines indicate the upper threshold of the facilitation region (see
Fig. 1), while the solid vertical lines indicate the start of the dilution effect (see
Fig. 2). (A) Dilution overweighs facilitation (β2 ¼c ¼ 0.1). (B) Dilution roughly
balanced by facilitation (β2 ¼ c¼ 0.75).

investigated the relative importance of the facilitation versus
dilution effect in the condition of ‘encounter modiﬁcation’. Compared with IPC, a lower dilution potential of the low-competence
host (higher values for β2 and/or c) was always required for the
NumInfC to keep stable in the overlap region (Fig. 4C) due to the
increased population size of the competent host. Therefore, when
either the encounter reduction or the encounter augmentation
operates, it will always be more likely to detect a negative effect of
connectivity when using IPC than using NumInfC.

4. Discussion
4.1. Results from the single-host system
Our results from the single-host system showed that the infection
could not invade the metapopulation when habitat connectivity was
very low (Fig. 1). This because at low connectivity infected individuals
cannot move frequently enough and thus have very low probabilities
of arriving in a fully susceptible patch and spreading the pathogen
within their infection periods. Then, the infection prevalence
increased within a certain range of migration proportion to a relative
stable value (Fig. 1). This is because infectious individuals did not
move frequently at low migration proportions, i.e. in a highly
fragmented landscape, and thus could not encounter enough susceptible individuals and spread the pathogen, especially when there
are many recovered and immune individuals and limited susceptibles. The infection prevalence was high when the metapopulation
acted more like a homogeneous population at high migration
proportions, which resulted in immediately access of susceptible
individuals for infected individuals. A higher recovery rate led to a
larger facilitation region as a higher recovery rate means shorter
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Fig. 4. Thresholds for the combination of the intraspeciﬁc transmission rate for the competent host (β2) and the interspeciﬁc transmission scaling parameter (c) under which
the disease risk indicators decreases in the overlap region. The infection prevalence of the competent host (IPC, dashed curves) or the number of infected competent hosts
(NumInfC, solid curves) increased in the upper-right regions (lower dilution potential). (A) Under the condition of transmission interference (p ¼1, q¼ þ 1). (B) Under
different strength of host regulation (black¼ no competition; red¼ low; blue¼ intermediate). (C) Under the mechanism ‘encounter modiﬁcation’ (black¼ no modiﬁcation;
red¼ encounter augmentation; blue ¼ encounter reduction).

infection periods, and high infection prevalence could only be
achieved when infectious individuals moved more frequently to
encounter susceptible individuals within their infection period.
4.2. Dilution versus facilitation
Human-induced habitat fragmentation plays an important role in
species loss (Fahrig, 2003), and in turn can modify disease dynamics
(Keesing et al., 2006; Ostfeld and Keesing, 2012). Some studies have
shown increased disease risk in fragmented habitats with decreasing
species richness (Allan et al., 2003; Brownstein et al., 2005; Johnson
et al., 2013), providing supporting evidence for the dilution effect.
Others, however, have not found such a relationship (Young et al.,
2013), and argued that habitat fragmentation has a more complex
and ambiguous role in pathogen transmission (Estrada-Peña et al.,
2014; Wood and Lafferty, 2013). Our modelling study demonstrates
that these apparent contradictions for the effects of habitat fragmentation can be understood, and suggests that both dilution and
facilitation effects can operate with increasing habitat connectivity.
Our study also shows that whether disease risk decreases or not
depends on the dilution potential of the low-competence host. In
addition, different disease risk indicators (the prevalence and number of infections) respond differently to changes in connectivity.
Which risk indicator is more likely to have a negative relationship
with connectivity depends on the mechanism of the dilution effect
and its strength.
Our results show that disease risk in fragmented habitats does not
always need to decrease due to the dilution effect when connectivity
increases, but can also increase because of a facilitation effect. The
net effect of connectivity reﬂects the relative importance of the
dilution versus the facilitation effect. This result about spread of
pathogens in fragmented habitat might partly explain the current
contradictions about whether the dilution effect exists or not. For
example, a recent study showed that a higher risk of chytridiomycosis, caused by the chytrid fungus Batrachochytrium dendrobatidis,
was found in less fragmented landscapes with higher amphibian
species richness (Becker and Zamudio, 2011), whereas experimental
studies on this emerging amphibian disease suggested a dilution
effect where increased species richness reduced the disease risk
(Becker et al., 2014; Searle et al., 2011). We show in this study that
facilitation and dilution might occur simultaneously in fragmented
habitat. Although the dilution effect is expected to operate under
high levels of species richness (with less fragmentation), this effect

could be outweighed by the facilitation effect caused by increasing
landscape connectivity. B. dendrobatidis, a driver of the global
amphibian decline, can heavily infect many amphibian species
(Fisher et al., 2009), which leads to low dilution potentials of these
host species, so that the facilitation effect might overshadow the
dilution effect in habitats with high connectivity and high species
richness. However, such a positive diversity–disease relationship in
the ﬁeld might also be caused by the identity effect that some
particular disease-prone species may present with increasing species
diversity (Becker and Zamudio, 2011; Becker et al., 2014).
In addition, we found that different indicators of disease risk
(i.e. the proportion of infected and the number of infected hosts)
show different trends over the connectivity gradient in metapopulations, suggesting that connectivity affects these indicators
differently. If so, then the detection of a dilution effect becomes
more difﬁcult. Many studies reported the dilution effect using
infection prevalence as the indicator of disease risk (Allan et al.,
2009; Clay et al., 2009; LoGiudice et al., 2003; Schmidt and
Ostfeld, 2001; Suzan et al., 2009). However, several studies argued
that the density of infected individuals might sometimes be a
more direct measure of disease risk (Salkeld et al., 2013; Wood and
Lafferty, 2013; Wood et al., 2014), especially for the risk to humans
when wildlife–human contacts are density-dependent (Roche
et al., 2012). According to our results, if the density of infected
individuals is used as the risk indicator instead of the infection
prevalence, the negative effect of connectivity might disappear,
making the dilution effect harder to detect. This result is consistent to a previous theoretical study which also showed that it
would be easier to detect a negative effect of species diversity
using the hosts' infection prevalence than using the abundance of
infected hosts (Roche et al., 2012). To better understand the
determinants of disease risk and the generality of the dilution
effect, we recommend reporting both the prevalence and the
density of infected individuals.
4.3. Limitations of the model
In the simulation models, we made a number of simplifying
assumptions to make the analysis tractable. First, by using the SIR
model, we have restricted our focus to diseases that generate lifelong immunity. In many systems, immunity can be non-existent
(described as SI model) or only short-lived (described as SIRS model).
However, using SI or SIRS model also generates the facilitation and
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dilution regions (data are not shown here) and are thus expected not
to qualitatively change our results. In addition, we assumed a
negative relationship between a species' reservoir competence and
its local extinction risk, which is central in the dilution effect
hypothesis (Huang et al., 2013a; Joseph et al., 2013; Young et al.,
2013). Although this negative relationship, based on life-history
theory and parasite local adaptation, has been documented in several
studies (see review in Joseph et al., 2013), its generality is still under
debate (Joseph et al., 2013; Young et al., 2013). Weak correlations
between host reservoir competence and local extinction risk can
produce inconsistent effects of host species richness on disease risk
(Joseph et al., 2013), which however does not change our conservative conclusion that the dilution effect can be overshadowed by the
facilitation effect of connectivity in metapopulations. Also, to compare the relative importance of the dilution against the facilitation
effect, we only used two host species, but this framework can be
easily extended to systems with more species and we expect that
adding more species will not give qualitatively different results.
In our analyses, we assumed a frequency-dependent transmission,
which are usually applied to vector-borne or sexually-transmitted
diseases (McCallum et al., 2001). However, we did not incorporate the
vector into the model due to the complexity of vector behaviour and
life cycle, which can largely impact the transmission dynamics and
may quantitatively impact our results. For example, the addition of the
low-competence host may elevate vector density and cause an
ampliﬁcation effect, making the dilution effect harder to detect. We
also assumed that seasonal factors did not inﬂuence disease transmission and host demographic variables and the hosts were fully mixed.
Relaxing these two assumptions about contact structure and seasonal
factors can directly modify susceptible recruitment and transmission
patterns (Altizer et al., 2006) and thus might potentially inﬂuence our
results. Finally, some studies pointed out that higher connectivity, from
an evolutionary perspective, may generate a higher genetic diversity
within host species, providing a higher variation in host resistance to
be selected for, and thus reduce disease risk (Jousimo et al., 2014).
Therefore, a natural next step would be to relax these assumptions
and incorporate evolutionary perspective to increase our understanding of the roles that connectivity plays in pathogen transmission.
4.4. Conclusions
In general, our study shows that even when a dilution effect
operates in a system, the impact of fragmentation on disease risk
cannot be easily predicted because connectivity is able to simultaneously trigger a facilitation and a dilution effect. Different
disease risk indicators (the prevalence and number of infections)
respond differently to changes in connectivity. Which risk indicator is more likely to have a negative relationship with connectivity depends on the mechanism of the dilution effect and its
strength. With this ﬁnding our study contributes to better understanding when the dilution effect can be found and what impacts
habitat fragmentation has on disease risk.
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