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Summary

1. We provide the first theoretical analysis of multihost disease dynamics to incorporate social
behaviour and contrasting rates of within- and between-group disease transmission.

2. A stochastic susceptible-infected-recovered (SIR) model of disease transmission involving one
to three sympatric species was built to mimic the 1994 Serengeti canine distemper virus outbreak,
which infected a variety of carnivores with widely ranging social structures. The model successfully
mimicked the erratic and discontinuous spatial pattern of lion deaths observed in the Serengeti lions
under a reasonable range of parameter values, but only when one to two other species repeatedly
transmitted the virus to the lion population.

3. The outputs from our model suggest several principles that will apply to most directly
transmitted multihost pathogens: (i) differences in social structure can significantly influence the
size, velocity and spatial pattern of a multihost epidemic; and (ii) social structures that permit
higher intraspecific neighbour-to-neighbour transmission are the most likely to transmit disease to
other species; whereas (iii) species with low neighbour-to-neighbour intraspecific transmission
suffer the greatest costs from interspecific transmission.

Key-words: African lion, canine distemper virus, disease transmission, multihost model, social

structure

Introduction

Multihost pathogens are likely to exhibit spatiotemporal
dynamics different from those of pathogens that infect only a
single host species. From one perspective, multiple hosts
could be considered an additional form of heterogeneity
that divides the total host population into subpopulations,
between which transmission occurs at a different rate from
that within each subpopulation. Single-species ‘subpopulation’
approaches (with multiple scales of mixing) have been
successfully developed to examine disease transmission
between sexes in the case of sexually transmitted diseases
(May & Anderson 1987; Anderson 1991); between children of
different ages (measles, mumps, rubella) (Anderson & May
1985); people living in regions, cities and villages of different
sizes (measles, influenza) (May & Anderson 1984; Grenfell &
Bolker 1998; Grenfell, Bjornstad & Kappey 2001; Viboud
et al. 2006); and hosts living as a metapopulation in different
patches of habitat (Swinton et al. 1998; McCallum & Dobson
2002; McCallum & Dobson 2006).

*Correspondence author. E-mail: craft004@umn.edu

However, using subpopulation approaches on multihost
pathogens is not as straightforward as it seems; different host
species might vary in their response to infection, have varying
contact patterns based on social behaviour, and have different
spatial distributions across the landscape (Dobson 2004).
Due to these complexities, previous work on multihost
models has made simplifying assumptions and assumed that
each host population is well mixed, and specifically ignored
heterogeneities due to social organization (Dobson 2004;
Fenton & Pedersen 2005; McCallum & Dobson 2006). We
have, therefore, developed a general stochastic, spatial model
of a disease outbreak in two and three host-species com-
munities with widely ranging social structures. Our model
structure is based on a 1994 outbreak of canine distemper
virus (CDV) in the Serengeti ecosystem that killed one-third
of the lion population (Panthera leo) (Roelke-Parker et al.
1996; Kock et al. 1998; Packer et al. 1999). CDV is a conta-
gious multihost virus spread by aerosol inhalation, which
affects all carnivore families. Infected animals either die or
obtain lifelong immunity (Appel 1987; Williams 2001).

Because lions are territorial, and most opportunities for
disease transmission between social groups involve immediate
neighbours (M.E.C., unpublished data), the erratic and
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discontinuous spatial pattern of CDV spread in the 1994
epidemic seems unlikely to have resulted solely from lion-to-
lion transmission (Fig. 1). During the 1994 outbreak, the
same CDV variant was responsible for deaths in spotted
hyenas (Crocuta crocuta) (Haas et al. 1996; Roelke-Parker
et al. 1996; Carpenter et al. 1998), while jackals (Canis adustus,
Canis aureus, Canis mesomelas) also showed CDV-like
symptoms and subsequently tested positive for CDV antibodies
(Alexander et al. 1994; Roelke-Parker et al. 1996).

Hyenas and jackals had the potential to transmit CDV to
lions, as the two species are more abundant than lions (Campbell
& Borner 1986), and frequently interact with lions at kills
(Schaller 1972; Cleaveland et al. 2008). While lions, hyenas,
jackals, bat-eared foxes (Ototcyon megalotis) and potentially
many other carnivore species (e.g. leopards, Panthera pardus)
were affected by the 1994 CDV outbreak (Roelke-Parker
et al. 1996), our most detailed data come from the long-term
monitoring of the Serengeti lions (Packer et al. 2005). We
therefore treat lions as the sentinel species when comparing
the observed pattern of infection in the 1994 lion population
with the model’s CDV spatial spread.

QUESTIONS

We developed a stochastic simulation model to capture the
general spatial and temporal patterns observed in the 1994
CDV outbreak. Although the model is based on the lion
outbreak, it has been developed to provide more general
insights into disease outbreaks in other communities, where
multiple host species are susceptible to infection by the same

NCAA

Fig. 1. The observed dynamics of a canine
distemper outbreak in the Serengeti lion
study population in the southeast Serengeti
National Park (SNP) near the Ngorongoro
Conservation Area Authority (NCAA) and
Loliondo Game Controlled Area (LGCA).
Each oval represents a lion pride. The time
course was determined by either (a) date of
first observed death in a pride; or (b) date of
sampling for the first seropositive individual
in the pride. Prides infected early in the
epidemic are coloured dark blue, those
infected later in the epidemic grade through
to white. One pride remained uninfected
(black).

pathogen. In particular, we ask whether differences in territorial
social structure affect the spatial and temporal pattern of
disease outbreaks, and if the time course of the epidemic is
sensitive to different rates of within- vs. between-species
interaction. Social organization due to territorial behaviour
divides intraspecific transmission into two major components:
within and between groups. Within-group transmission can
occur during normal social interactions (feeding, grooming),
whereas between-group transmission can occur during fights
over food and territory, or during immigration events.
Interspecific transmission occurs when multiple species feed
together or during intraguild predation events.

We performed a set of simulations that examine the epidemic
dynamics of a directly transmitted pathogen involving multiple
host species with contrasting social organizations (e.g. iso-
lated vs. well connected territorial structures), characterized
by different within- and between-group transmission rates.
After exploring the epidemic dynamics for each species in iso-
lation, we examine the consequences of coexistence between
pairs of species using high and low rates of interspecific trans-
mission. Finally, we ask whether the coexistence of three hosts
differs in any substantive way from any two-species scenario.

We use the simulation to ask:

How do within- and between-group contact patterns affect
the incidence, rate of spread, probability and spatial pattern
of infection in multiple hosts with coexisting pathogens?

How do the model results compare with the observed
outbreak?

© 2008 The Authors. Journal compilation © 2008 British Ecological Society, Journal of Animal Ecology, 77, 12571264



MODELLING APPROACH

The model describes the spatial and temporal dynamics of a
pathogen in a spatially structured, multihost community. The
habitat is divided into a two-dimensional grid of 625 patches,
with each patch containing a local population of each species.
Because of the natural boundaries of the Serengeti ecosystem,
we chose not to wrap the edges of the simulated habitat.
Infection is spread within local populations, between different
species occupying the same patch, and between any popu-
lations/species occupying the eight neighbouring patches.
The pathogen is modelled in a stochastic, density-dependent,
susceptible-infected—-recovered (SIR) framework. The model
was programmed in C.

The importance of group size to pathogen persistence is
well known (Swinton et al. 2001; Park, Gubbins & Gilligan
2002; McCallum & Dobson 2006), so we held group size
constant across species and across social groups in order to
isolate the effect of social organization. Each patch begins with
10 individuals of each species. An individual may be categorized
in one of three states: S (susceptible), I (infected) or R (recovered).
All individuals, except an initially infected source, begin the
simulation in state S. Transitions occur from S — I (infection)
and from I — R (recovery). During each time-step, we
determine the probability of a susceptible individual becoming
infected, ps _, 1, and of an infected individual recovering (either
dying or obtaining lifelong immunity), p; _, . The number
of actual transitions is drawn from a binomial distribution,
B(n, p). For the infection transition, 7 is the number of suscepti-
ble individuals in the group, while for the recovery transition,
n is the number of infected individuals.

The probability that a susceptible individual i will be
infected depends on the number of infections in its own social
group, interspecific transmission within the same patch,
and intra- and interspecific transmission from neighbouring
patches. Two ‘who acquires infection from whom’ matrices
(WAIFW; Anderson & May 1991) characterize the force
of infection between individuals of each group; let 3, ;
represent within-patch transmission and f,; represent
between-patch transmission. The total probability of infec-
tion is given by:

- ex { I zﬁg,.,z,ﬂ

JeS, JeSy

where S, is the set of groups sharing the local patch and Sy
represents the groups in neighbouring patches and /; is the
number of infected individuals in group j. Each infected
individual has a fixed probability, pu, of recovering.

Interspecific B values are taken as a weighted average of the
intraspecific values so that

ﬁij = ﬁji = %c(ﬁii + .Bjj)a

where ¢ describes the level of interspecific interactions (or
coupling). We used two different values of ¢, designated ‘high’
and ‘low’ (0-2, 0-01, respectively) for the multispecies simulations.
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Table 1. Relative rates of within- and between-group transmission

Resembles R, within-group R, between-group
Lion >1(1-9) <1(0-3)
Hyena >1 (1) >1(1-1)
Jackal >1(1-5) <1(0-7)

Within- and between- R, values are calculated by n(1 — e #’*), where n
is the number of susceptible individuals that might be contacted by
the initially infected individual, Sis the infection rate per susceptible
individual, and p is the recovery rate. The model treats transmission
from the initial infected to each susceptible as an independent
Poisson process with rate # and duration 1/u. The probability that
each susceptible individual is infected is then p;, = 1 — P[no infection],
and the expected total number is np,.

Mocal = 95 ey = 80; 1= 0-1.

The value of the average reproductive rate of the pathogen
is defined as R,. In general, a pathogen can persist only when
R,is >1 (when each infected individual infects at least one
other individual). Species’ within- and between-patch
transmission rates were chosen so that the R, values in a single-
species habitat equalled 2-2. CDV is closely related to phocine
distemper virus, for which the empirically estimated R, is 2-8
(Swinton et al. 1998). Different social systems were modelled
by choosing different relative rates of within- and between-group
transmission (Table 1).

In the Serengeti, the African lion lives in territorial social
groups (prides) consisting of related females and their dependent
offspring. Before the 1994 epidemic, average pride sizes (excluding
cubs <3 months) were 10 individuals (M.E.C., unpublished data)
defending territories ranging from 15 to 150 km? (Mosser
2008). Lions form fission—fusion groups where pridemates are
in frequent physical contact, but only occasionally contact
their neighbours during territorial defence or fights over food
(Schaller 1972; M.E.C., unpublished data). Thus the within-
patch (or within-pride) transmission rate for lions will be far
higher (R, > 1) than between-patch transmission (R, < 1).

The spotted hyena lives in social groups (clans) averaging
about 45 individuals per clan (Hofer & East 1995). These
hierarchical clans consist of related females and immigrant
males who defend exclusive group territories (16-55 km?) and
encounter their neighbours during territorial clashes, or when
feeding at the same carcass (Hofer & East 1993a). Addition-
ally, Serengeti hyenas have a unique feeding adaptation where
they commute to migratory prey and associate with non-
clan members at waterholes and resting sites (Hofer & East
1993b). Thus hyenas are expected to have high within-patch
transmission (but contact each other less than lions), as well
as high between-patch transmission.

Jackals live in small family groups of two to four, who are
in close contact with each other (Moehlman 1983). Serengeti
golden and black-backed jackals actively defend discrete
territories (=2—-4 km?) from neighbours; they also make extra-
territorial forays to water sources and large mammalian
kills (Moehlman 1983). We therefore consider each ‘patch’
of 10 individuals to consist of two to five loosely connected
groups of jackals. Although they interact with each other less
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frequently than pridemates, jackals contact individuals
from neighbouring patches more frequently than lions.

Infections were introduced in a single individual at the edge
of the grid to mimic a pathogen introduced from domestic
dogs at the edge of the park (Cleaveland et al. 2000). We ran
150 simulations for each combination of species. To check
whether changes in disease dynamics were due to social struc-
ture rather than to a simple increase in overall population size,
we ran controls where the same species was coupled with itself
within separate partitions of the same patch. Each simulation
ran until all infections disappeared. For each species, we
also varied the within- and between-group transmission rates
to confirm that the results presented here were representative
of the overall range of possible outcomes.

We used the package NcF (Bjornstad & Falck 2001) for R
(R Development Core Team, 2006) to evaluate the spatial
pattern in both simulated and observed outbreaks. For each
time-step (day) in the simulated outbreaks, we entered the
number of active infections per grid square (pride) into
the nonparametric correlation function (ncf). Because of the
coarse-grained resolution of within-pride mortality in 1994,
we constructed within-pride epidemic curves from the simulated
outbreaks by aligning the simulated start dates, averaging the
number of infections at each time-step, and rounding the
values into discrete integers. We combined these simulated
within-pride epidemic curves with the observed first death
date per pride and spatial location, to create a complete
time-series for the observed outbreak.

Results

SINGLE-SPECIES MODELS

Depending on contact structure, single-species epidemics
produced epidemic curves that varied in impact (average
cumulative number of infected hosts by the end of an outbreak),
velocity (cumulative number infected per unit time), and
probability and persistence of an outbreak (Figs 2and 3). The
outbreaks in hyenas produced the most infected individuals,
spread with the highest velocity, and had the highest per-
centage of runs with epidemics (defined as lasting longer
than 200 time-steps). In contrast, lions had the fewest infected
individuals and slowest velocity; the disease generally burned
out (few runs caused epidemics, and those that did were of
shorter duration). Jackals produced values intermediate
between lions and hyenas, except that infection persisted the
longest in jackals (Fig. 2).

MULTISPECIES MODELS

Compared with single-species models, any representation of
a multihost system inevitably involves an increased number
of susceptible hosts with a concomitant effect on disease
transmission and persistence. We isolated the impact of an
increased number of susceptibles by constructing a series of
controls that effectively doubled or tripled the number of
individuals in the single-species simulations. We could then

highlight the effects of social system per se by contrasting a
lion-plus-lion model (which doubled the number of lions) to a
lion-plus-hyena model (with the same number of individuals as
the doubled-lion model, but with two different social systems).

DO WITHIN- AND BETWEEN-GROUP CONTACT
PATTERNS INFLUENCE THE IMPACT OF A PATHOGEN?

Adding a second or third host species (Figs2 and 3a)
increased the impact of the pathogen (average cumulative
number of infected individuals in the first host species),
although this was not always significant (see Supplementary
material). For example, the number of infected hyenas did not
increase significantly when hyenas were weakly coupled to
another species, even to an overlapping control population of
hyenas. However, many more lions were infected when weakly
coupled with either hyenas or jackals than with a control
population of lions. Note, though, that fewer jackals are
infected when lions are weakly coupled with jackals, com-
pared with the weakly coupled doubled-jackal control. This
is due to the dilution effect of ‘wasting’ infections on less
competent transmitters such as lions (Ostfeld & Keesing
2000). An amplification effect can be seen when hyenas
(the most competent transmitters) are paired with lions,
compared with the lion-plus-lion scenario. With high inter-
specific connectivity, the overall increase in infecteds can
largely be attributed to increased population size, because the
doubled and tripled single-host-species scenarios are indistin-
guishable from the two- and three-host-species outputs.

DO WITHIN- AND BETWEEN-GROUP CONTACT
PATTERNS INFLUENCE THE RATE OF SPREAD OF
THE PATHOGEN THROUGH THE SYSTEM OR THE
PROBABILITY OF AN EPIDEMIC?

When additional species were added to a single-species
epidemic with high coupling, the average velocity (number of
infecteds per unit time) of the wave front increased, and there
was a higher probability of an epidemic; but this was not
always the case when species were loosely connected
(Fig. 3b,c). For example, in hyenas, the velocity of infection
and probability of an epidemic actually slowed down when
weakly combined with one or two additional species. The
controls illustrate that at high coupling, there are large
effects of adding any additional species (regardless of social
structure); but at low coupling, the social structure of the
additional hosts can increase or decrease the velocity or
probability of a large-scale epidemic.

DO WITHIN- AND BETWEEN-GROUP CONTACT
PATTERNS CHANGE THE SPATIAL SPREAD OF
A PATHOGEN?

Spatial spread of single-species infections differed according
to contact patterns (Fig. 4a). While the epidemic always
travels in a wave-like pattern, the neighbour-to-neighbour
transmission rate determined the extent of spatial spread.
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Fig. 2. Temporal dynamics of simulated epidemics. Single-species epidemics in lions, jackals and hyenas, and multiple-species epidemics when
coexisting species are weakly vs. highly coupled (low C vs. high C). Coloured zones indicate 10-90% quantiles of the number of infecteds in each
species in runs where infections were still present (left y-axis). Solid lines, proportions of runs with an infection still present (right y-axis). Dashed
lines, cumulative proportion of individuals that became infected during the course of the epidemic. Population size for each species, 6250

individuals.

Hyenas and jackals have high conspecific neighbour trans-
mission, so there is extensive spatial spread no matter which
other species is added to their community. Low neighbour-to-
neighbour transmission in lions, however, limits the spatial
spread of the pathogen unless the lions are tightly coupled
with another species. When lions are loosely coupled with
another species, occasional spill-overs from the more compe-
tent host cause smaller local outbreaks (Fig. 4b).

Overall, the finer resolution of spatial spread in two-host
systems depended on the level of connectivity between
species. With low coupling, most cells were infected by
conspecific neighbours causing long chains of same-species
infection; fewer cells were infected. With high coupling, each

species had a relatively equal chance of being infected by
a different species, and more cells were infected (Fig. 4b).
When the spatial nonparametric correlation function was
plotted at low and high coupling, the spatial correlation
was consistently higher with high coupling (Fig. 4c¢), indi-
cating a more coherent, wave-like spread of infection. With
the low coupling, correlation between infection times broke
down only a few cells away, confirming a more local, patchy
spread.

When all three species were loosely coupled together, the
wave-like pattern was replaced by disconnected jumps in the
spatial pattern of infection and uneven coverage of infection
when viewed from the lion’s perspective (there was still a
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Fig. 3. (a) Average cumulative number of infected individuals for
each of the species listed, in isolation and combined with one and two
other species (L = lion, H = hyena, J = jackal). Grey bars, low-coupling;
white bars, high-coupling; error bars, 95% CI. (b) Velocity of infec-
tion (number of infections per time-step) per combination of species.
(c) Percentage of simulations (n =150) that cause an epidemic
(defined as infection persisting longer than 200 time-steps).

strong wave formation in jackals and hyenas) (Fig. 4b). Asin
the two-host case, most cells were infected by their conspecific
neighbour. But with high mixing, there was a high coverage
of infecteds, most infections stemmed from interspecific
contacts, and spatial pattern was more of a multispecies wave
of infection than in the two-species case, although the timing
of infection in lions was still slightly patchy. The ncf also
showed higher correlation with high coupling, and less
correlation with low coupling.

In addition, when we used different within- and between-
group mixing parameters (species 1, 1-1, 1-1; species 2, 0-5,
1-7; species 3, 17, 0-5), our findings were consistent with the
results obtained from the mixing parameters used in this
model. Specifically, with the varied set of mixing parameters,

we also found that differences in social structure can significantly
influence the size, velocity and probability of a multihost
epidemic, especially with low interspecific coupling.

COMPARISION WITH OBSERVED OUTBREAK

The low-coupling simulations generated spatial patterns that
were more similar to the nonwave-like, patchy spread of CDV
observed in the Serengeti lions. High-coupling models gener-
ated an obvious wave-like pattern with a high degree of spatial
correlation that contrasted sharply with the observed out-
break (Fig. 4c).

Discussion

These results have implications that extend beyond pathogens
of Serengeti carnivores. Our model suggests a number of
general principles that will apply to most directly transmitted
pathogens that can infect multiple host species: (1) differences
in social structure can significantly influence the size, velocity
and probability of a multihost epidemic; (2) social structures
that permit higher intraspecific neighbour-to-neighbour
transmission are the most likely to transmit disease to other
species; and (3) species with low neighbour-to-neighbour
intraspecific transmission are most vulnerable to interspecific
transmission.

Deterministic models by Holt & Pickering (1985); Begon
& Bowers (1994); Woolhouse, Taylor & Haydon (2001); and
Dobson (2004) have consistently emphasized the importance
of multiple scales of mixing, specifically the relative rate of
within- vs. between-species transmission in determining the
transient dynamics of infection. When interspecific trans-
mission is high, our stochastic spatial model shows that the
presence of multiple-host species is essentially equivalent to a
larger susceptible host population. More hosts are infected,
and the pathogen may have a significantly higher impact in
species that could not sustain an outbreak in isolation. The
combined population of species essentially acts as a single
super species, incorporating the strongest parameters of each
species. Thus the rate of disease spread can increase with the
number of coexisting host species; the rate of interspecific
transmission increases the cumulative number of hosts
infected in all susceptible host populations; the probability
of an extensive outbreak increases; and the number of
individuals infected (and potentially dying) may be higher
in host populations that would otherwise be too small or too
dispersed to sustain the pathogen by themselves. Furthermore,
adding a second species that is more effective at transmission
produces an amplification effect; while a less-effective second
species can cause a dilution effect (Keesing, Holt & Ostfeld
2006).

In the observed 1994 outbreak, hyenas and/or jackals
feasibly could have acted as amplifying species by spreading
the CDV through the more isolated lion prides and causing
long-distance leaps in infection among prides. When we
compared the observed CDV outbreak with the simulations,
results were reasonably similar to the low transmission-rate
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Fig. 4. (a) Spatial spread of infection from a single example of a simulation in lions, jackals and hyenas, respectively; (b) simulated multispecies
epidemics involving lions. The colour of each simulated grid cell represents the source of infection in lions in a single example (blue, lion; yellow,
jackal; red, hyena); colours grade from early (dark) to late (light) infection; uninfected cells are black. (c) Spatial correlations for simulated and
observed outbreaks. For simulated epidemics, each plot shows mean estimates (solid line) and 95% bootstrap CI (dashed lines) based on 1000
randomly chosen 5 x 5 subgrids. For the observed epidemic, each plot shows distance (km) vs. spatial correlation for mean estimate (solid line)
and 95% bootstrap CI (dashed lines). NCF figures were similar for the other two-species combinations and the three-species scenario.

scenario. Based on our simplified model, we cannot say
whether an outbreak restricted to hyenas, jackals and lions, or
a larger combination of susceptible species (e.g. leopards,
bat-eared foxes), could have created the observed outbreak,
but rather that low interspecific contact rates feasibly could
have accounted for the extensive coverage of CDV infection
and erratic spatial spread seen in the Serengeti lions.
Multihost pathogens have particular importance for the
management of endangered species. First, numerically
abundant species will usually act as reservoirs of infection for
endangered species that are, by definition, rare (McCallum
& Dobson 1995; Funk ez al. 2001; Woolhouse, Taylor &
Haydon 2001). Second, infections would normally die out in
any single-species system where the host experiences low
levels of intergroup contact, but the risk of a persistent
outbreak increases dramatically when it is exposed to a
well mixed host species. Disease threats from sympatric
species historically have been overlooked when considering
reintroduction and translocation of social carnivores
(focusing instead on the negative effects of kleptoparasitism

and intraguild predation) (Gusset ef al. 2008). But any highly
territorial species will be especially susceptible to multihost
diseases in the presence of less sedentary species such as
hyenas or evenly distributed species such as jackals. These
risks should be considered when translocating territorial
social species for reintroductions.

Acknowledgements

We thank Tony Starfield for initial guidance, Ottar Bjornstad for assistance
with the NCF package, and Sarah Cleaveland, Katie Hampson, Magai Kaare,
Tiziana Lembo, Eblate Ernest and Erik Volz for discussions about carnivore
disease in the Serengeti. M.E.C. was supported by NSF grants (DEB-0225453,
DEB-0343960, BE-0308486, EF-0225453, DEB-0710070) with additional
funding from Lincoln Park Zoo Field Conservation Funds, the University of
Minnesota’s Graduate School, Department of Ecology, Evolution and Behavior,
and the Office of International Programs.

References

Alexander, K., Kat, P, Wayne, R. & Fuller, T. (1994) Serologic survey of
selected canine pathogens among free-ranging jackals in Kenya. Journal of
Wildlife Diseases, 30, 486-491.

© 2008 The Authors. Journal compilation © 2008 British Ecological Society, Journal of Animal Ecology, 77, 1257-1264



1264 M.E. Craft et al.

Anderson, R.M. (1991) Populations and infectious diseases: ecology or epide-
miology? Journal of Animal Ecology, 60, 1-50.

Anderson, R.M. & May, R.M. (1985) Age-related changes in the rate of disease
transmission: implications for the design of vaccination programmes.
Journal of Hygiene, 94, 365-436.

Anderson, R.M. & May, R.M. (1991) Infectious Diseases of Humans: Dynamics
and Control. Oxford University Press, Oxford, UK.

Appel, M. (1987) Canine distemper virus. Virus Infections of Carnivores (ed.
M.J.G. Appel), pp. 132-159. Elsevier Science, New York.

Begon, M. & Bowers, R.G. (1994) Host-host—pathogen models and microbial
pest control: the effect of host self regulation. Journal of Theoretical Biology,
169, 275-287.

Bjornstad, O.N. & Falck, W. (2001) Nonparametric spatial covariance
functions: estimation and testing. Environmental and Ecological Statistics, 8,
53-70.

Campbell, K.L.I. & Borner, M. (1986) Census of Predators on the Serengeti
Plains May 1986. Serengeti Ecological Monitoring Programme, Arusha,
Tanzania.

Carpenter, M.A., Appel, M.J.G., Roelke-Parker, M.E. et al. (1998) Genetic
characterization of canine distemper virus in Serengeti carnivores. Veterinary
Immunology and Immunopathology, 65, 259-266.

Cleaveland, S., Appel, M.G.J., Chalmers, W.S.K., Chillingworth, C., Kaare, M.
& Dye, C. (2000) Serological and demographic evidence for domestic dogs as
asource of canine distemper virus infection for Serengeti wildlife. Veterinary
Microbiology, 72, 217-2217.

Cleaveland, S., Packer, C., Hampson, K. ef al. (2008) The multiple roles of
infectious diseases in the Serengeti ecosystem. Serengeti I1I: Human Impacts
on Ecosystem Dynamics (eds A.R.E. Sinclair, C. Packer, S. Mduma & J.
Fryxell). Chicago University Press, Chicago, IL, USA (in press).

Dobson, A. (2004) Population dynamics of pathogens with multiple host
species. American Naturalist, 164, S64-S68.

Fenton, A. & Pedersen, A.B. (2005) Community epidemiology framework
for classifying disease threats. Emerging Infectious Diseases, 11, 1815—
1821.

Funk, S.M., Fiorella, C.V., Cleaveland, S. & Gompper, M.E. (2001) The role
of disease in carnivore ecology and conservation. In: Carnivore Conservation
(eds J.L. Giffleman, S.M. Funk, D.W. Macdonald & R.K. Wagne), pp. 433—
466. Cambridge University Press, Cambridge.

Grenfell, B.T. & Bolker, B.M. (1998) Cities and villages: infection hierarchies in
a measles metapopulation. Ecology Letters, 1, 63-70.

Grenfell, B.T., Bjornstad, O.N. & Kappey, J. (2001) Travelling waves and spatial
hierarchies in measles epidemics. Nature, 414, 716-723.

Gusset, M., Ryan, S.J., Hofmeyr, M. et al. (2008) Efforts going to the dogs?
Evaluating attempts to re-introduce endangered wild dogs in South Africa.
Journal of Applied Ecology, 45, 100-108.

Haas, L., Hofer, H., East, M., Wohlsein, P, Leiss, B. & Barrett, T. (1996)
Canine distemper virus infection in Serengeti spotted hyaenas. Veterinary
Microbiology, 49, 147-152.

Hofer, H. & East, M.L. (1993a) The commuting system of Serengeti spotted
hyaenas: how a predator copes with migratory prey. I. Social organization.
Animal Behaviour, 46, 547-557.

Hofer, H. & East, M.L. (1993b) The commuting system of Serengeti spotted
hyaenas: how a predator copes with migratory prey. II. Intrusion pressure
and commuters’ space use. Animal Behaviour, 46, 559-574.

Hofer, H. & East, M. (1995) Population dynamics, population size, and the
commuting system of Serengeti spotted hyenas. Serengeti II: Dynamics,
Management, and Conservation of an Ecosystem (eds Sinclair, A.R.E. &
Arcese, P.), pp. 332-363. University of Chicago Press, Chicago, IL, USA.

Holt, R.D. & Pickering, J. (1985) Infectious disease and species coexistence: a
model of Lotka—Volterra form. American Naturalist, 126, 196-211.

Keesing, F., Holt, R.D. & Ostfeld, R.S. (2006) Effects of species diversity on
disease risk. Ecology Letters, 9, 485-498.

Kock, R., Chalmers, W.S., Mwanzia, J. et al. (1998) Canine distemper antibodies
in lions of the Masai Mara. Veterinary Records, 142, 662-665.

May, R.M. & Anderson, R.M. (1984) Spatial heterogeneity and the design of
immunization programs. Mathematical Biosciences, 72, 83-111.

May, R.M. & Anderson, R.M. (1987) Transmission dynamics of HIV
infection. Nature, 326, 137-142.

McCallum, H. & Dobson, A. (1995) Detecting disease and parasite threats to
endangered species and ecosystems. Trends in Ecology and Evolution, 10,
190-194.

McCallum, H. & Dobson, A. (2002) Disease, habitat fragmentation and con-
servation. Proceedings of the Royal Society of London Series B — Biological
Sciences, 269, 2041-2049.

McCallum, H. & Dobson, A. (2006) Disease and connectivity. Connectivity
Conservation (eds K. Crooks & M. Sanjayan), pp. 479-501. Cambridge
University Press, Cambridge, UK.

Moehlman, P. (1983) Socioecology of silver-backed and golden jackals.
Advances in the Study of Mammalian Behavior (eds J. Eisenberg & D. Klein-
man), pp. 423-453. American Society of Mammologists, New York.

Mosser, A. (2008) Group territoriality of the African lion: behavioral adaptation
in a heterogeneous landscape. PhD thesis, University of Minnestota,
Minnesota, MN, USA.

Ostfeld, R.S. & Keesing, F. (2000) Biodiversity and disease risk: the case of
Lyme disease. Conservation Biology, 14, 722-728.

Packer, C., Altizer, S., Appel, M. et al. (1999) Viruses of the Serengeti: patterns
of infection and mortality in African lions. Journal of Animal Ecology, 68,
1161-1178.

Packer, C., Hilborn, R., Mosser, A. et al. (2005) Ecological change, group terri-
toriality, and population dynamics in Serengeti lions. Science, 307, 390-393.

Park, A.W., Gubbins, S. & Gilligan, C.A. (2002) Extinction times for closed
epidemics: the effects of host spatial structure. Ecology Letters, 5, 747-755.

Roelke-Parker, M.E., Munson, L., Packer, C. ez al. (1996) A canine distemper
virus epidemic in Serengeti lions (Panthera leo). Nature, 379, 441-445.

Schaller, G.B. (1972) The Serengeti Lion;, A Study of Predator—Prey Relations
University of Chicago Press, Chicago, IL, USA.

Swinton, J., Harwood, J., Grenfell, B.T. & Gilligan, C.A. (1998) Persistence
thresholds for phocine distemper virus infection in harbour seal Phoca vit-
ulina metapopulations. Journal of Animal Ecology, 67, 54-68.

Swinton, J., Woolhouse, M.E.J., Begon, M.E. et al. (2001) Microparasite
transmission and persistence. The Ecology of Wildlife Diseases (eds P.J.
Hudson, A. Rizzoli, B.T. Grenfell, H. Heesterbeck & A.P. Dobson), pp. 83—
101. Oxford University Press, Oxford, UK.

Viboud, C., Bjornstad, O.N., Smith, D.L., Simonsen, L., Miller, M.A. &
Grenfell, B.T. (2006) Synchrony, waves, and spatial hierarchies in the spread
of influenza. Science, 312, 447-451.

Williams, E.S. (2001) Canine distemper. Infectious Diseases of Wild Mammals
(eds E.S. Williams & 1.K. Barker), pp. 50-63. Iowa State University Press,
Ames, 1A, USA.

Woolhouse, M.E.J., Taylor, L.H. & Haydon, D.T. (2001) Population biology of
multihost pathogens. Science, 292, 1109.

Supplementary material

The following supplementary material is available for this
article online:

Table S1. Pairwise comparison between means for 95% Cls.

This material is available as part of the online article from:
http://www.blackwell-synergy.com/doi/full/10.1111/j.1365-
2656.2008.1410.x

(This link will take you to the article abstract.)

Please note: Blackwell Publishing is not responsible for the
content or functionality of any supplementary material
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author for
the article.

© 2008 The Authors. Journal compilation © 2008 British Ecological Society, Journal of Animal Ecology, 77, 12571264



