PROCEEDINGS
THE ROYAL
SOCIETY

rsph.royalsocietypublishing.org

®

REV | ew CrossMark

click for updates

Cite this article: Selakovic S, de Ruiter PC,
Heesterbeek H. 2014 Infectious disease agents
mediate interaction in food webs and ecosystems.
Proc. R. Soc. B 281: 20132709.
http://dx.doi.org/10.1098/rspb.2013.2709

Received: 17 October 2013
Accepted: 27 November 2013

Subject Areas:
ecology, health and disease and epidemiology

Keywords:

infectious agents, infection dynamics,
interaction strengths, food webs,
energy flow, ecosystem

Author for correspondence:
Sanja Selakovic
e-mail: s.selakovic@uu.nl

%’Royal Society Publishing

Infectious disease agents mediate
interaction in food webs and ecosystems

Sanja Selakovic!, Peter C. de Ruiter” and Hans Heesterbeek!

"Faculty of Veterinary Medicine, University of Utrecht, Yalelaan 7, Utrecht 3584, The Netherlands
ZBiometris, Wageningen University, PO Box 100, Wageningen 6700, The Netherlands

Infectious agents are part of food webs and ecosystems via the relationship
with their host species that, in turn, interact with both hosts and non-hosts.
Through these interactions, infectious agents influence food webs in terms of
structure, functioning and stability. The present literature shows a broad
range of impacts of infectious agents on food webs, and by cataloguing
that range, we worked towards defining the various mechanisms and
their specific effects. To explore the impact, a direct approach is to study
changes in food-web properties with infectious agents as separate species
in the web, acting as additional nodes, with links to their host species. An
indirect approach concentrates not on adding new nodes and links, but on
the ways that infectious agents affect the existing links across host and
non-host nodes, by influencing the ‘quality’ of consumer—resource inter-
action as it depends on the epidemiological state host involved. Both
approaches are natural from an ecological point of view, but the indirect
approach may connect more straightforwardly to commonly used tools in
infectious disease dynamics.

1. Introduction

The concept of a food web in community ecology provides a conceptual frame-
work to study and understand relationships between species [1-9]. Species that
infect other species have received relatively little attention in these studies, but
in recent years this has been changing (promoted notably by Lafferty et al.
[10-12]). Here, we discuss approaches for studying infectious agents as part
of the food-web framework.

Food webs can typically be thought of in three different ways (figure 1),
with increasing detail in data required [12-15]. First, in the form of diagrams
or networks, where organisms (species or functional groups of species) are rep-
resented in the form of nodes, and where feeding relationships between
consumers and resources are represented as links (topological webs). Second,
as flows of energy and matter (bioenergetics webs). Third, in terms of inter-
action strengths across the species links (interaction webs)—that is, combining
biomass estimates, usually at some (assumed) steady state, and empirical
data on key physiological traits of the species (such as lifespan, energy-conver-
sion efficiencies and diet preferences). Many food-web studies have shown that
interaction strengths are strongly patterned [8,15-17], and that both distri-
bution of interaction strengths and the topological structure of the web are
important for stability in ecosystems [15,18].

The initial papers highlighting the need to incorporate infectious agents
into food-web analysis are largely concentrated on empirical work on parasites
in aquatic systems. Papers have mostly either provided empirical data
[12,19-22] or highlighted the need to consider parasites in our efforts to
understand food webs and ecosystems [10-12,23-27]. As parasites in
aquatic systems have, as a rule, a life cycle with one or more obligatory
free-living stages (either different sequential manifestations of the same
parasite individual or offspring of an individual, produced inside a host),
the parasite as a species is (at least partly) free living and quantifiable (e.g. in
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Figure 1. lllustrations of topological, bioenergetic and interaction food webs (for an imaginary system). (a) Interaction matrix for the imaginary web (with species
ordered from left to right in each trophic level) and its four subwebs (e.g. [10]). (b—d) These subwebs are included in different way into different types of food
webs: in black, a pathogen (1) and a parasite (Il). (b) Infectious agents can be directly included in the food web (here illustrated for the topological food web only)
through new nodes (black filled, infectious agent; black open, host species; grey open, non-host species) and links (grey, predator—prey; black, infectious agent—
host); in this case, we would use a binary form for the interaction matrix. (¢,d) The bioenergetic and interaction food webs here illustrate the indirect inclusion only.
The black part of a circle represents the infected proportion of the population of that host species, and black arrows are examples of energy flow/interaction strength
affected; the dashed line highlights that the free-living stages and the within-host stages of a parasite represent the same biological species, with separate book-

keeping for the different stages.

terms of biomass). Consequently, it is natural to take a direct
approach and incorporate an infectious species as a (special
type of consumer) node in the web, with links to the host species
it uses as resource, with possible free-living stages ingested as
‘prey’ (figure 1b). Infectious agents potentially change
the topological properties of the host and non-host species’ net-
work, thus generating insight into their effects on the food web.

One could also incorporate infectious agents indirectly
by thinking of them as living inside their hosts and influ-
encing the energy flow and interaction strengths of the
existing consumer—resource links in the host/non-host
network (figure 1c,d).

The main part of this review (§2) is devoted to a systema-
tic classification of mutual influences of infectious agents on
energy flow and interaction strength in food webs, covering
a range of parasites and pathogens, in a broad range of
host species. Such classifications may well reveal unexpected
differences between apparently closely related infectious
agents, and notably also show similarities between (appar-
ently) unrelated infectious agents that become clear only
at the ecosystem level. Such a focus improves on the
pairwise ‘one agent—one host’ interactions in many epide-
miological studies, also in those related to wildlife, which
may so far have ‘hidden’ these aspects. In §3, we briefly
return to the various ways in which to extend the theoretical
food-web framework to address effects of infectious agents,
for future understanding of the many examples that have
been documented.

2. Infectious agents and interaction strengths:

a catalogue of examples

We systematically group (mostly empirical) papers studying
effects of infectious agents in ecosystems and on food-web
interaction. Other reviews of such studies have been pub-
lished, focusing mainly on parasites [28]. As a classification
principle, interaction between infectious agents and the
ecosystem is represented at various levels of biological inte-
gration. The studies we review have specifically highlighted
these interactions, but in fact, because of their ubiquitous
nature, infectious agents possibly impact on life-history
traits, behaviour, feeding or other individual-level aspects,
and thus influence, to some extent, all ecological quantifi-
cation. It would be rare, if not impossible, to obtain field
data from an infection-free system.

(a) Infectious agents and energy (flow and biomass)
Infectious agents can lead to increased or decreased energy flow
through food webs by affecting feeding rates, growth, mortality,
fecundity, behaviour and other properties of individuals.
Most infectious agents force a host to redirect parts of its
energy, assimilated for biomass production and maintenance,
towards investment in immune response [10,29]. Parasitoids
and parasitic castrators use their host’s energy directly for
their own maintenance and production. Infectious agents
also affect growth rates at the host level by changing food
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consumption, or by affecting the assimilation and production
efficiency of the consumed food [30]. One possible effect is
altering feeding behaviour (e.g. infected hosts eat less/more
or change the size or species of prey). An example of the
former is the herbivorous snail Littorina littorea, which is fre-
quently parasitized by the trematode Cryptocotyle lingua;
uninfected snails consumed 40% more ephemeral macroalgal
biomass than infected snails in the laboratory, possibly
because the digestive system of infected snails is compro-
mised by C. lingua infection [31]. Another example is the
tapeworm, which causes infected sticklebacks, Gasterosteuis
aculeatus, to eat smaller prey [32]. Similar examples exist in
hosts from terrestrial ecosystems. Avian malaria causes
Hawaiian honeycreepers (Drepanidinae) to consume less
food and consequently to lose body weight [33]. Gastrointes-
tinal parasites and many other infectious disease agents can
reduce the ability of a host to absorb nutrients, altering
digestive efficiency and compromising the host’s nutritional
status [34].

Infectious agents may also change consumption in the
opposite way, causing infected individuals to eat more. One
example is the parasitic castrator trematode Cercaria batillariae
in mud snails, Batillaria cumingi, which increases the food
consumption of its hosts for its own energy needs and
induces gigantism [35,36]. Similarly, air-breathing fresh-
water snails Physa acuta infected with the parasitic castrator
trematode Posthodiplostomum minimum grazed more rapidly
than uninfected snails [37]. This is even more interesting
when we consider that biomass of a parasitically castra-
ted host population can exceed the biomass of the
uninfected host population [21].

Infectious agents can affect biomass of the host population
through lower fecundity and castration. Some infectious agents
can increase survival and growth rate, but reduce fecundity. An
example is the fungus Atkinsonella hypoxylon, which infects
ramets of the grass Danthonia spicata [38]. An example of
castration is the previously described trematode C. batillariae,
which castrates its host so that after infection snails can only
produce larval trematodes [36].

In any interaction between two trophic levels, a change in
energy flow due to the presence of an infectious agent at one
level may influence the other level. Examples include infec-
tions in prey resulting in additional predation driven by
unusual behaviour in infected individuals [39-42]. Changes
in grouse behaviour can result from intestinal helminth para-
sites, which may contribute to higher mortality through
increased predation by mammalian predators [43]. The be-
haviour-changing effects of the pathogen Toxoplasma gondii
have been well documented: infected rodents behave in
ways that make them more vulnerable to predation, thus
increasing the odds for the pathogen to reach cats, to com-
plete its life cycle [44]. Infection in prey that induces
mortality may also increase energy available to consumers.
This was observed in 1994 in Serengeti National Park,
when severe drought in 1993 and a Babesia sp. infection in
Cape buffalo led to increased numbers of buffalo carcasses
available to be consumed by lions. The lions, partly
immune-compromised by an outbreak of canine distemper
virus (CDV), became additionally infected with Babesia sp.,
through ixodid ticks with a broad host range, possibly caus-
ing substantial mortality by this combination of factors [45].
A similar combination, involving plague in prairie dogs
and CDV in black-footed ferrets, possibly led to the decline

in the wild of the black-footed ferret [46], where plague in
prairie dogs currently appears to frustrate re-introduction
programmes [47].

Parasites may also be consumed directly as an energy
resource without infecting their predator. Such predation on
parasites is a natural process that happens in many commu-
nities and ecosystems, and can occur in at least three ways: as
concomitant predation of parasites with prey; predation on
living stages; and grooming [48]. An example of this is that
16-408 ticks per bird were found in the stomach contents
of captured oxpeckers [49-51]. We discuss another grooming
example related to ticks and opossums below. A different
mechanism is the mistletoe, a parasite that has fruits available
year round, flowers with abundant nectar and foliage rich in
nutrients [52]. This parasite is an important food source for
many species of birds and mammals [53]. Furthermore, cer-
cariae (larval forms of trematodes) that do not find suitable
hosts within a certain time, and thus die, contribute to the
detrital pools in aquatic ecosystems [37] or become food for
non-host species of fish [54].

Between ecosystems, infectious agents may also con-
tribute indirectly to changes in energy flow. For example,
the Dutch elm disease fungus increases energy flow between
the terrestrial and aquatic ecosystems through increased mor-
tality of hosts, which contributes to coarse woody debris in
streams [55]. Similarly, nematomorph parasitoids change
the behaviour of crickets, which then enter streams and
become prey for trout [56].

The importance of the functional role of the host in the
ecosystem can be seen, for example, with detrivores. Hel-
minth parasites may alter behaviour post-infection of this
functional group and decrease consumption of detritus,
which further enhances energy flow through communities
and ecosystems [57].

Pathogens are abundant in aquatic environments. The
oceans contain an estimated 10%° virus particles, with 10%
infections occurring each second [58]. Influences of viruses
in such ecosystems are still underexplored, but several
examples exist that show these influences to be varied and
complex. For example, viruses infecting primary producers
(phytoplankton) in marine ecosystems can have a substantial
negative effect on productivity [59]. In this respect, a fascinat-
ing system is the use of resource chloroplasts to gain energy
from photosynthesis within the consumer’s cells by the
solar-powered sea slug, Elysia chlorotica. The synchronized
sudden death of slugs appears to be connected to a release of
viral particles from the chloroplasts, suggesting that these para-
sitoid viruses play a role in regulating the life history of these
consumers through infection of the resource [60,61].

(b) Infectious agents and species (biodiversity)
At the species level, the term biodiversity is frequently used
to account for species richness, described as the number of
species of a particular taxon or life form that characterizes
a particular biological community, habitat or ecosystem [7].
Biodiversity of food web/ecosystem is influenced by infec-
tious agents directly through their own diversity, as well as
through their influence on host and non-host diversity. Diver-
sity of infectious agents is difficult to assess, and complicated
further by the discovery of cryptic species [62].

Infectious agents can have great influence if they are intro-
duced to a new ecosystem. Examples include spill-over from
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terrestrial to marine ecosystems, such as toxoplasmosis of sea
otters, aspergillosis of sea fans and many others [63,64].
Usually, introductions of agents are connected with introduc-
tions of infected hosts. Apart from transmission among the
newly imported hosts, sometimes the infectious agent is
also transmitted to a native species that may be even more
susceptible. One of the most well-studied examples is the
replacement of red squirrel with grey squirrel, possibly
mediated by parapoxvirus, which causes higher mortality
in red squirrel [65].

Although infectious agents are considered to be one of the
main factors directing species extinctions in natural ecosys-
tems, research has shown that of 833 known species
extinctions in the last 500 years [66] only 31 were known to
be partly owing to infectious disease agents. It is very rare
for an infectious disease to be listed as the single factor that
contributed to extinction of a particular species [66]. For
example, the chytrid fungus Batrachochytrium dendrobatidis
in combination with environmental factors has led to the
extinction of dozens of frog species in tropical regions in
recent decades [67,68].

() Infectious agents and community (interactions)
Infectious agents in communities interact with their hosts, but
also mediate negative and positive interactions between host
and non-host species. Within hosts, parasites and pathogens
form interaction networks, and may modify each other’s
dynamics [45,69,70]. More fieldwork is needed to elucidate
such interactions between infectious agents, but effects may
be difficult to disentangle. For example, Maas et al. [71]
looked at more than 600 lions in Kruger Park, searching for
possible synergistic effects between bovine tuberculosis and
feline immunodeficiency virus, potentially mimicking the
influence of tuberculosis and HIV established in humans,
but found no evidence for a similar relation in lions.
Community-level changes are frequently forced by decline in
a community’s keystone population and affect predator—prey,
competitive, mutualistic and other community interactions.
As examples of other parasite-mediated interactions are well
reviewed elsewhere [72-74], we restricted our interest to
infectious agents that mediate predator—prey interactions.
Results of predator—prey interaction mediated by infec-
tion depend on the trophic position of the infected species.
First, infection may occur at a low trophic level and influence
consumers at upper trophic levels. Second, infection may
influence species at mid-trophic level, possibly leading to
changes in species populations of the same functional
group, or propagate up and down trophic levels and produce
trophic cascades. Effects may include prey switches by preda-
tors, when one prey species is reduced in abundance because
of an infectious disease, leading to decreased interaction with
that particular prey. Examples of infection-mediated preda-
tor—prey interactions are widespread in various ecosystems.
In an aquatic ecosystem, an outbreak of unidentified infec-
tious (possibly bacterial) agent in a keystone herbivore, the
sea urchin (Diadema antilarum), induces high mortality.
Because of its controlling effects of algal abundance [75],
the loss of Diadema from coral reef systems where they had
previously been abundant encouraged growth of their main
resource, benthic algae; this was characterized as a main
ecological phase shift from a coral-dominated system to
an algal-dominated system [76]. Similarly, in a terrestrial

system, anthrax, during the wet season, fatally infects n

zebras, springboks, wildebeest and oryx, as well as, during
the dry season, elephants. As a consequence, infected
carcasses are available for vultures, hyenas, lions and black-
backed jackals year round. Decline in populations of major
herbivore species such as zebras and elephants force cascad-
ing effects in the ecosystem [27,77]. These types of change are
moreover affected by outbreaks in the top predator popu-
lation. An example is canine parvovirus (CPV) in wolves,
which induced a shift from top-down to bottom-up control
of moose population dynamics: as CPV decimated the wolf
population, moose growth rate is regulated by bottom-up
effects and climate [78].

Infectious agents may also indirectly influence predator—
prey interaction and drive community composition, altering
behaviour of the host. As already stated, nematomorph para-
sitoids affect the behaviour of crickets, causing them to enter
streams to become available as prey for trout. This indirectly
influences trout, causing them to eat fewer benthic invert-
ebrates, thus inducing an increase of benthic algae and a
decrease in the rate of leaf breakdown [56].

(d) Infectious agents and ecosystem (physical
characteristics, ecosystem engineering)

Infectious agents sometimes influence physical characteristics
of the ecosystem to which they belong, and the term ‘ecosys-
tem engineering’ has been used as a metaphor to describe
these effects. This phenomenon was first defined by Jones
et al. [79,80] to represent direct or indirect control of resource
availability mediated by an organism’s ability to cause phys-
ical state changes in abiotic or biotic materials. This definition
includes space among the resources an organism can use for
growth, maintenance and (re)production. Diverse examples
of infectious agents as ecosystem engineers, with either
direct or indirect influence, have been described [81,82].

Among the infectious agents that are themselves ecosys-
tem engineers would be parasitic plants such as mistletoes.
They change physical characteristics of an ecosystem (e.g.
by providing nests for many animals). In southwest
Oregon, mistletoe (Arceuthobium douglasii) brooms provide
nests for the northern spotted owl [83]. Likewise, the Dutch
elm disease fungus affects forest structure by changing the
amount of standing material and creating canopy gaps that
alter microclimate; tree defoliation increases the amount of
light reaching the bottom and promotes herb and scrub
growth; dead trees contribute to coarse woody debris in
streams and decreased availability of nest sites [55,84]. In
the same way, the fungus Phytophthora cinnamomi converted
large areas of eucalyptus forest to monocot-dominated
open savannah, eliminating nest sites and food for many
animals [85].

Infections may also have indirect impacts on the ecosys-
tem. For instance, rinderpest outbreaks in the 1960s caused a
decline of ungulates in Maasai Mara National Park. The lack
of herbivores facilitated an increase in dry-grass fires, which
led to a significant decrease in acacia trees, an important
part of the ecosystem [86]. These trees provide shade for ungu-
lates, as well as nest sites for raptors, owls, vultures and a
variety of other bird species [87]. Holdo ef al. [88] found the
opposite effect in Serengeti National Park, after rinderpest
was eradicated there as a strong regulator of wildebeest.
Similarly, rabbits, after being introduced to Great Britain in

60L2€107 “18T § 705 'y D0l BioBuiysiigndizaposeforgds:



the eleventh century as a domestic animal, were by the
1950s sufficiently abundant in the wild that they were
preventing regeneration of woody plants in many habitats.
This led to a habitat transition from a forest-dominated to a
grassland-dominated ecosystem. Introduction of the myxoma
virus led to decline of the rabbit population and the
re-establishment of forest after 20 years [89].

One can also find these examples in aquatic ecosystems.
Larval trematodes that encyst the foot of the cockle Austrovenus
stutchburyi reduce the burrowing ability of cockle, making
them easier prey for host birds, and the shells of stranded
cockles create habitat for a rich and distinctive epibiont com-
munity [90,91]. The impact of cockles on the benthic
community is governed by reduced sediment disturbance,
increased surface structural complexity and availability of
larval trematodes as an additional food resource. The shells
of dead cockles are so abundant that they offer important
new habitat in the mudflat ecology.

(e) Effects of different levels of biological integration on
infectious agents

Infectious agents are also influenced by energy flow, biodi-
versity, community structure and abiotic characteristics of
an ecosystem.

With regard to biomass and energy, for example, hanta-
virus prevalence in small rodent host species increases as a
result of boosts in primary food production in mast years
[92,93], and a similar effect is observed for plague prevalence
in small rodent host species when climate (notably rainfall)
induces boosts of primary producers, leading to host popu-
lation growth [94], and subsequent plague outbreaks [95].
Susceptibility to Metschnikowia bicuspidata infection, its evol-
ution and the sizes of outbreaks among host individuals of
Daphnia dentifera (an interaction to be discussed in more
detail below) is influenced by the level of ecosystem pro-
ductivity in lakes and the quality of the algal resource for
the Daphnia [96,97].

Perhaps the most hotly debated effect concerns the
influence of community biodiversity on the infectious
agent. Biodiversity and the ratio of suitable (competent)
and unsuitable (incompetent) hosts direct the survival of
infectious disease agents in food webs [98]. This diversity
involves vectors and (other) hosts of infectious agents, as
well as non-hosts.

Vector diversity, as the research on transmission
of vector-borne diseases shows, is relevant because the poten-
tial for infectious agents to persist increases in multi-species
host populations. For example, for fleas transmitting the
plague bacterium among rodents, the presence of multiple
vector species able to infest multiple susceptible host spe-
cies creates a more connected host network [99]. In West
Nile virus transmission, there might be season-dependent
shifts in feeding behaviour of the mosquito vector species,
shifting from (virus-competent) birds to (less competent)
mammals [100].

Whether individual species are suitable/unsuitable as
hosts will determine the ability of the infectious agent
to become established in a community [101]. For example,
certain plant pathogens showed reduced prevalence but
also reduced diversity in host species that are threatened,
compared with non-threatened host species [102].

Indirect influences on infectious agents can result from “

increased diversity of predator species, which may change
the behaviour of prey. For instance, the deer mouse spends
more time in shelters as the number of predators increases,
thus decreasing infection spread [103].

Transmission of an agent may significantly increase after
loss of non-host species: prevalence of Sin Nombre virus rose
2-14% with decline of diversity [103]. Lyme disease is trans-
mitted by blacklegged ticks, but Virginia opossums can
predate on 83-96% of the ticks that attach to them and
engorge, and loss of this weakly competent host species has
led to increased Lyme prevalence in ticks that switch to feed-
ing on mice, which are both strongly competent and weakly
grooming [104].

Although the influence of biodiversity on prevalence in
specific host species is no longer questioned, there is con-
siderable debate concerning the generality of the effect,
what factors determine whether the relationship is positive
or negative, and what the mechanisms and causes are
[105,106]. With respect to the latter, mechanisms often
referred to are either transmission- and/or contact-related.
But increased bird biodiversity did not reduce transmission
or reduce encounters between mosquitoes infected with
West Nile virus and competent hosts, for instance, even
though a negative relationship was found between bird
diversity and human incidence [107].

One known large influence of community diversity on the
infectious agents is through extinction or decline of key
species for highly host-specific agents. If their population
sizes are under threshold, the agents cannot persist [108].
For example, extinction of five North American carni-
vore species is predicted to lead to extinction of 56 parasite
species [109].

Community structure affects infectious agents also
through the behavioural and social characteristics of hosts.
This is seen in the behaviour that some species of host
develop to avoid infectious agents (e.g. mammals smelling
infected faeces and avoiding contaminated areas [110]).
Various social behaviours like mating strategies, social
avoidance, group size and group isolation have different con-
sequences for transmission [111]. For instance, mating
behaviour may increase host susceptibility: male field crickets
Gryllus lineaticeps produce chirped songs to attract mates, and
the parasitoid fly Ormia ochracea uses this song to locate them
[112]. Furthermore, species that live in high-density popu-
lations facilitate transmission because of the frequency of
contacts between individuals [113]. Increased frequency of
contacts can be induced not only in social groups of the
same species but also between different species that share a
place of foraging, water or shelter [114]. Thus, for example,
different rodent species may become infected with the
plague bacterium by indirect contact because they frequent
the same burrows [115].

A particularly interesting interaction between Daphnia
dentifera, one of its invertebrate predators (Chaoborus midge
larvae) and a yeast parasitoid (Metschnikowia bicuspidata)
[116] is an example of association of community and ecosystem
influence. Here, the predator produces a chemical compound
that has two effects. The direct effect is that it induces
growth of the Daphnia prey individuals. Owing to this
growth in size, these individuals become more susceptible to
the fungus, in the sense that bigger individuals filter a larger
volume of water, and therefore ingest larger numbers of
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Table 1. Selected examples from the review.
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spores. A second indirect effect of this is that, once infected,
larger individuals increase transmission rates, as they produce
more spores than would infect Daphnia of a normal size.

3. Consequences for thinking about infectious

agents in food webs

The examples above illustrate both the breadth and depth of
various types of interaction between infectious agents and
food webs/ecosystems. This motivates the need for a theor-
etical framework, as an additional tool to generate robust
insight into the mechanisms behind, and consequences of,
this interaction, and to explore possible generic principles.

Many of the examples (table 1) involve effects on energy
flow and interaction strength, and it is possible that studying
infectious agents indirectly (i.e. via the way they influence
interaction strength) is an effective approach to such insight.
This is especially relevant for pathogens.

Conceptual research on effects of infectious disease agents
in food webs has so far been mainly directed at a direct
topological approach by explicitly incorporating the agents,
notably parasites, as species in the web of host and non-
host interaction. Lafferty et al. [10] distinguish various
sorts of links, such as parasite—parasite, parasite—host and
predator—prey, also making a useful distinction between
‘possible” and ‘realized’ links. They show that doing a careful
accounting of such different links clarifies the large influence

that parasites can have when included as species in the
topological web.

Many pathogens hardly have individual biomass
(although the total biomass of pathogens as species is under-
explored and may be substantial) and generally have no
free-living stage, and their transmission is not explicitly
considered, but is assumed to occur inside populations of a
host species that is presented by one node. Here, an approach
where the agent is incorporated indirectly, through its
effect on hosts, may be fruitful. Consider, as an example, a
system with a consumer species and a resource species,
with a pathogen that can infect the consumer in an immuniz-
ing infection. Instead of treating all consumer individuals the
same, as one would do when studying this interaction in the
absence of the pathogen, we now differentiate the consumer
individuals by epidemiological state, differentiating suscep-
tible, infectious and recovered/immune consumers of this
species in the most basic case. The interaction strength quan-
tifying the link between a particular class of consumers and
the resource will now depend on the epidemiological state
of those consumers. Similar reasoning also applies to the
inclusion of parasites, using parasite load as epidemiological
state [117], or parasitoids.

Which approach is most feasible will depend on the food
web and infectious agent studied, the type of question one
wants to address, and the level of detail available in data. The
direct approach allows one to explore infectious agents as bio-
logical species—for example, exploring the ecological influence
of a new species of infectious agent, as did Dunne et al. [118],
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the influence of parasite mortality on biomass redistribution in
the web, the distribution of infectious species over trophic
levels and the role of infectious species in maintaining biodi-
versity. The resulting changes in topological structure and
ecosystem stability deserve substantial future attention.
If one is interested in questions that require quantification of
within- and between-host species spread of infection, the
indirect approach may be a more natural point of departure.
Examples are questions on the evolution of virulence, jumps
to/emergence in new host species, the ability to invade a
given ecosystem, persistence, effects of control strategies and
changes in prevalence over various host species in the web.
Viewing interactions between hosts and non-hosts as being
mediated by the (dynamic) epidemiological status of the indi-
viduals involved is close to the established methodology in
epidemic theory of infectious diseases, thus suggesting a feas-
ible theoretical framework combining community ecology and
epidemiology [119].

Extending and combining epidemiological and ecological
theoretical frameworks of analysis would allow us to under-
stand the observed types of behaviour at the ecosystem level
and to explain them in terms of lower (e.g. one consumer-—
one resource, species or even individual) level interactions,
mechanisms and processes. Both fields have considerably
increased their methodology in recent decades and are able
to address very complex phenomena with low-dimensional
models—for example, in the case of population dynamics of
structured populations, emerging behaviour from complexity
in ecosystems or infectious agents in highly heterogeneous
structured populations of hosts, including heterogeneity in
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