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Review
The vast number of species making up natural commu-
nities, and the myriad interactions among them, pose
great difficulties for the study of community structure,
dynamics and stability. Borrowed from other fields, net-
work analysis is making great inroads in community
ecology and is only now being applied to host–parasite
interactions. It allows a complex system to be examined
in its entirety, as opposed to one or a few components at
a time. This review explores what network analysis is
and how it can be used to investigate parasite ecology. It
also summarizes the first findings to emerge from net-
work analyses of host–parasite interactions and ident-
ifies promising future directions made possible by this
approach.

Parasites in a complex world
Referring to natural communities as complex systems has
become almost a cliché. Their complexity results both from
the large number of different species that exist within a
community and from the diverse nature and unequal
strengths of the interactions among them. Parasites are
an integral and important component of natural commu-
nities, not only because they represent a substantial por-
tion of the species diversity and biomass [1,2], but also
because they can directly or indirectly alter the structure of
the community by impacting the number of free-living
species or their relative abundance [3,4]. The traditional
approaches to study the impact of parasites on commu-
nities rely either on experiments or on mathematical mod-
elling; the former is logistically challenging in the field, the
latter rests on several simplifying assumptions, and both
can only address interactions among a few species at a
time. These are serious shortcomings that limit our un-
derstanding of how parasites influence the assembly, func-
tioning and stability of communities and ecosystems.
Determining why some ecosystems incur few secondary
species losses following an extinction (robustness), or
return quickly to their pre-extinction properties (resili-
ence), is a key priority in biodiversity research [5] that
can only be addressed with a whole-system approach.

Recently, network analysis has been used with increas-
ing frequency for the study of parasitism in natural sys-
tems. Network theory has been applied successfully to
explain and predict the spread of parasitic diseases
through host populations via social or sexual contacts
[6–9]. Here, it is its application to interactions among
species, not individuals, which is reviewed. By considering
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all species within a system as a network of interconnected
entities, network analysis is a more effective and holistic
form of analysis than its predecessors [10–12]. It can be
used to identify the structural attributes of particular host
species (such as their connectedness to the rest of the food
web) and determine their likely dynamic importance. Net-
work analysis can also serve to identify recurrent coevolu-
tionary units within a larger system, just as it can be used
to predict how a community will respond to perturbations
such as the addition of species via migration or invasion, or
their removal following local extinction. This review syn-
thesises recent findings from network analyses of host–
parasite interactions and of entire food webs, and high-
lights the advantages and disadvantages of this approach
for ecological parasitology.

Network analysis as a tool
Networks can be used to represent any type of relations
between discrete objects [13,14]. The relations can be
symmetric in that any object can act as both recipient
and donor of whatever passes between objects, or asym-
metric, when one-way relations exist between one subset of
objects and another. Although originally a branch of
applied mathematics derived from graph theory, network
analysis is now used in diverse disciplines as a means to
analyse phenomena consisting of relational data and to
construct predictive models of these phenomena. Social
scientists were quick to adopt network analysis as a
research tool, using it for anything from cross-cultural
comparisons of patterns of acquaintances and relation-
ships among people (which gave us the phrase ‘six degrees
of separation’), to studies of the growth of the World Wide
Web [15,16]. In addition to investigations of ecological
interactions [11,12], recent biological applications of net-
work analysis include studies of the structure of metabolic
pathways and gene regulatory networks [17].

Treating interactions between species as a network
provides not only a visual representation of complex eco-
logical systems (Box 1), but also a formal mechanism to
measure attributes of particular species and whole-system
properties, and how they change in space or time. Host and
parasite species meet the basic requirements to be con-
sidered as interacting objects, or nodes, within a network:
they are discrete, definable, and of scientific relevance
[18]. Flows of energy characterizing trophic relationships
among species, such as parasites and predators feeding on
hosts and prey, respectively, are measurable interactions,
or links, between network nodes. Together, nodes and links
form a network topology that captures the passage of
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Box 1. Networks for ecological parasitology

Networks are powerful tools to represent interactions among species

and highlight their interdependence. In an ecological network, species

are nodes, and the trophic connections between resources and

consumers are shown as directional links between nodes. The

network can be built from a species-by-species matrix of interactions,

with consumers as columns and resources as rows. Binary entries (i.e.

1 or 0) in each cell of the matrix indicate whether or not a trophic link

exists between two species. The most basic network property is its

connectance, or the proportion of links realised out of all possible

ones (in the matrix, the proportion of cells with a 1). Two types of

networks are relevant for ecological parasitology:

Bipartite interaction networks

Particular sets of hosts and parasites can be identified within a

community, corresponding to either taxonomic groups or ecologi-

cal guilds, such as all helminth species parasitic in all fish species

within a lake. A network can be used to illustrate host–parasite

interactions between species belonging to the two different sets

(Figure I), and to analyse the distribution of links among species of

either set (host specificity in parasites, parasite species richness in

hosts). Links between members of the same set, i.e. links between

two host species or between two parasite species, are not

permissible in a bipartite network. Bipartite networks then consist

of P parasite species (columns) and H host species (rows), and their

connectance is equal to L/PH, where L is the number of realised

links.

Full trophic networks, or food webs

Food webs are depictions of existing trophic interactions among

consumers, producers and non-living material. The topology of a food

web indicates which species feed on which other species; it identifies all

trophic links, including parasitism, and thus captures the paths along

which energy and matter flow from one component of the community

to another. The network considers all possible trophic interactions, and

thus all species are included as both rows and columns; a link (i.e. a 1 in

a matrix cell) indicates that the species in the column feeds on the

species in the row (Figure I). The number of rows and the number of

columns are therefore both equal to S, the number of species in the

community. Free-living species include basal species that feed on no

other species in the network (e.g. autotrophs such as algae) all the way

to top predators. As proposed by Lafferty et al. [67], the full food web

can be divided into four subwebs (Figure I). The first includes predator–

prey interactions, the second includes host–parasite interactions, the

third indicates which parasites act as prey for free-living species when,

for example, the infective stages of trematodes are consumed by filter-

feeders [76] or ectoparasites are eaten by cleaner organisms [77], and

the fourth includes cases of parasites feeding on other parasites, as

when the larval stages of certain trematodes consume those of other

trematodes within the same snail intermediate host [78]. The con-

nectance of the whole food web is equal to L/S2, although it can also be

computed for each subweb separately and should be calculated after

exclusion of links that cannot conceivably occur.[(Figure_I)TD$FIG]

Figure I. Two types of interaction networks involving parasites shown in both matrix format (above) and as visual images (below). Parasite species are indicated by the

letter P and shown in blue, and free-living species by the letter H and shown in yellow; an existing link is indicated by a 1 in the corresponding matrix cell, and by a

connecting line in the image. In bipartite networks, the network displays associations between parasites (columns) and hosts (rows). In trophic networks capturing the

whole food web, all species, whether free-living or parasitic, appear in both columns (consumers) and rows (resources), with realised links indicating which species are

fed upon by each consumer; basal species, which feed on no other species in the community, are primary producers. The whole food web can be divided (thick lines in

the matrix) into four categories of interactions: predator–prey interactions (top left), host–parasite interactions (top right), parasites serving as prey (bottom left), and

parasites feeding on parasites (bottom right).
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Figure 1. Exponential decrease in connectance, i.e. the proportion of realized links

within a network, as a function of increasing host species richness. Each point

represents a distinct local network of bipartite interactions between hosts and

parasites. Data are from networks involving helminths that are fish parasites in

seven Canadian bodies of freshwater (red, data from Ref. [31]), and networks

involving fleas ectoparasitic on small mammals in 33 distinct regions of the

Palaearctic and Nearctic (blue, data from Ref. [32]).
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energy through the system. However, network analysis
also requires that the set of nodes include all distinct
entities that are capable of interacting [18]; in other words,
an ecological network should include all species comprising
the community under study. This can be achieved for
communities with clear physical bounds, such as lake
communities, but is problematic for ‘open’ communities
in terrestrial or oceanic ecosystems. Inadequate sampling
can also result in the possible exclusion of rare parasite
species from many community data sets that would other-
wise be well-suited for network analysis [19,20]. Another
requirement of traditional network analysis has been that
interactions be treated as a binary variable: there either is
an interaction between two species, or there is not. This
dichotomy is stretched in nature, where often interactions
are seasonal (A feeds on B in summer, but not in winter)
[21], and existing interactions vary in strength (A feeds on
both B and C, but it feeds on Bmuchmore than on C). More
sophisticated network analysis approaches can now take
into account weighted links. Importantly, the temporal
dynamics of networks and the proper time scale on which
to study them must be taken into account to avoid mis-
leading results. Too often, ecological networks are based on
data collected over a relatively short time period, possibly
misrepresenting what is really a dynamic network struc-
ture. With these caveats in mind, we can now examine
what network analysis can tell us about the structure of
host–parasite interactions and the general impact of para-
sitism on food webs.

Host–parasite interaction networks
Depending on the type of interaction, one can construct
food webs, competitive or mutualistic networks, or even a
mixture of these [22]. To maintain the focus on parasitic
interactions, hosts and parasites in a community can be
viewed as a bipartite network where interactions exist
between species belonging to the two different sets, but
not between species of the same set (Box 1). This approach
has been extensively applied to mutually beneficial inter-
actions such as those between plants and their pollinators
or seed dispersers [23]. A look at any mutualistic network
assembled from field observations is sufficient to dispel the
misconception that coevolution leads toward specialized
one-on-one interactions. Recurrent, almost universal, pat-
terns emerge from studies of mutualistic networks. First,
the vast majority of species in a network are specialists
interacting with few other species, and a few species are
generalists involved in many more interactions than
expected from chance alone [23]. Second, mutualistic net-
works are nested, such that specialists interact with a
proper subset of the group of species withwhich generalists
interact [24–27]. Third, mutualist networks are often orga-
nized around a few modules, i.e. groups of species centred
around a highly-connected ‘hub’ species and having many
interactions among themselves but few with species in
other modules [28,29]. Despite these common structural
properties seen across various mutualistic networks, there
remains much variation in their detailed architecture,
explained in part by differences in patterns of relative
species abundances among networks [30]. Nevertheless,
network analysis has demonstrated that plant–animal
494
mutualistic interactions are not randomly organized,
and provides a tractable way of untangling their structural
properties and what influences them.

Network analysis is only beginning to be applied to
host–parasite interactions. Already general relationships
between network metrics are hinting at the way host–
parasite communities are assembled. For instance, net-
work connectance, which is the proportion of realized links
within a network, decreases rapidly as a function of
increasing network size, or the number of species in the
network (Figure 1). This applies to networks comprising
vastly different taxonomic groups of hosts or parasites
[31,32]. Because all parasites show some degree of host
specificity, not all possible links are realized, and this is
more pronounced for species-rich networks. This might
suggest that large networks can only accommodate new
species if they are either host-specific parasites or hosts
that are suitable to very few parasites. There is currently
much effort put into understanding how network proper-
ties might determine the number of coexisting species [33],
and network analysis can thus shed new light on how the
diversity of parasites and diseases is regulated in natural
ecosystems.

At a deeper structural level, other patterns emerge. Not
surprisingly, given that the properties of most types of
networks seem to transcend the nature of their com-
ponents [13], host–parasite networks have architectures
similar to mutualistic networks. Indeed, the uneven distri-
bution of links among nodes and the nested structure seen
in mutualistic networks are also evident in host–parasite
networks [34,35]. Nested patterns of host use by the para-
site species within a community have been well documen-
ted earlier by applying biogeographical methods to host–
parasite associations [36,37]. However, not only can net-
work analysis complemented by null models avoid the
pitfalls associated with earlier metrics of nestedness
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[38], it also provides a reciprocal view of asymmetric
specialization from both the host and parasite perspective.
If prevalence data are available, the strength of each link
in the network, that is, of each host–parasite interaction,
can be estimated assuming it is proportional to the fre-
quency of interactions between host A and parasite B
relative to all other interactions they have with other
species [39]. As a rule, abundance (total number of indi-
vidual of a species in the system) of interacting species
correlates well with asymmetry of interaction strength in
host–parasite networks; abundant species have many
interaction partners, and they have strong effects on them,
whereas rare species have few interaction partners and
weak effects [35]. The relationship between species abun-
dance and the number of interactions fits well with earlier
comparative studies of the influence of host density on
parasite species richness [1,40]. Abundance-driven asym-
metries in ecological effects may also have evolutionary
implications. The strength of reciprocal selection pressures
between hosts and parasites is probably reflected by the
strength of links in the network.

The signature of evolution should also be discernible in
the structure of host–parasite networks. In particular, one
would expect phylogenetic constraints to limit the number
of potential interaction partners of any host or parasite to
the subset with whom it shares a coevolutionary history.
For instance, certain families of trematodes are only
associated with certain families of fish [41]. In any host–
parasite interaction matrix (Box 1), the order of either
parasites (columns) or hosts (rows) can be rearranged
without altering most network properties. By an iterative
process, one can find the permutation of host species that
minimizes the number of gaps in host ranges, i.e. the one
that produces the most contiguous arrangements of host
species used by each parasite (Figure 2). The minimum
number of gaps corresponds to the intervality of a network,
a property known to be important for the structure of food
webs [42,43]. Among 40 interaction networks between

[(Figure_2)TD$FIG]

Figure 2. Bipartite network of interactions between metazoan parasites and their fish

Aishihik Lake, Yukon Territory, Canada. Red cells indicate observed host–parasite inte

irreducible gaps (pink cells) in host ranges, i.e. to generate the most contiguous arran

shown here, host species end up sorted into their respective families. Adapted from R
metazoan parasites and freshwater fish, or fleas and small
mammals, the observed minimum number of gaps did not
differ from that predicted by a null model in which realized
host–parasite links were constrained by allowing parasites
to infect only host species from the same family [44]. This
finding hints at a certain degree of determinism in the
structure of host–parasite networks; host and parasite
species come together in one locality in ecological time,
but ultimately their past coevolutionary history might
dictate which realized interactions are possible and which
are not [45]. The studies reviewed above indicate that
thinking of hosts and parasites in terms of interaction
networks can allow predictions of not only the number,
but also the identity of novel species that can successfully
establish in a community.

Parasites in food web networks
Bipartite interaction networks include only a small subset
of all species coexisting in a community, consisting of a
guild of parasites and their guild of hosts (e.g. fleas on
mammals). In contrast, food web networks are depictions
of existing trophic interactions among all consumers and
producers that capture the paths along which energy and
matter flow from one component of the community to
another (Box 1). Network analysis of food webs has indi-
cated the existence of general patterns in their topological
structure [46], and provides a framework for theoretical
work on community structure and stability and on ecosys-
tem functions [11,47].

Strong arguments for combining parasite and food web
data are relatively recent [48–51]. One obvious practical
benefit from the inclusion of parasitological data in food
web studies is the improved resolution of predator–prey
relationships. Trophically-acquired parasites survive in
their host’s gut for months or years, whereas the remains
of prey items can only be identified from gut contents for a
few hours or days following ingestion. Parasites thus pro-
vide a long-term signature of predator–prey relationships
hosts. The 29 parasite species (blue) and six fish host species (yellow) are from

ractions. The order of host species has been selected to minimize the number of

gements of host species used by each parasite species. In the ideal arrangement

ef. [44].
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that would otherwise be missed by researchers [48,52].
From the parasite’s perspective, food webs represent tem-
plates for transmission routes. Most helminths have com-
plex life cycles involving two ormore host species. As a rule,
transmission from the last intermediate host to the
vertebrate definitive host occurs via predation of the for-
mer by the latter. This transmission event corresponds to a
trophic link in the food web. The parallel routes followed by
energy and parasites within a system allow us to super-
impose parasite life cycles over a food web diagram. By
treating parasites as outside the web but piggybacking on
its internal dynamics to ensure their own transmission,
one can identify other potential transmission routes, i.e.
other energy flows that parasites could ride toward their
definitive host [45,50]. Natural selection might have
favoured parasites that exploit the strongest links, such
that routes along which the greatest amounts of matter
and energy flow through the web might also be the ones
used by most parasite species as transmission pathways.
Indeed, in a study of three intertidal food web networks,
the few free-living species used by many parasite species
tended to have a broad diet and occupy a central position in
the web close to many prey species [53]. Thus, species best
placed to accumulate resources and energy from lower
trophic levels havemany parasite species, too. Also, species
used as intermediate hosts by parasites with complex life
cycles tended to have more predators than those not used
as intermediate hosts [53]. The search for the determi-
nants of variation in parasite species richness among host
species has a long history in ecological parasitology
[1,54,55], and considering host species within a food web
Box 2. Future questions for network analyses

For bipartite host–parasite interaction networks:

� How general is the apparent relationship between the abundance

of a species and how many interaction partners it can have?

� Are modules of highly-connected species of hosts and parasites

from different networks, such as lakes from different geographical

areas, made up of taxonomically related species?

� Are the network properties of given species, such as the number

of interaction partners (i.e. number of links) they have or the

relative strengths of these interactions, consistent across their

geographical range?

� Similarly, are there biogeographical patterns, such as latitudinal

gradients, in the structure of networks, mirroring those in

biodiversity or niche breadth?

For food web networks with parasites:

� Are there more trophically-transmitted parasite species trans-

mitted along the strong (in terms of energy flow) trophic links

within a food web than the weaker ones, and are there more

parasites utilising nodes (hosts) characterized by either many/

strong incoming links?

� Is the accumulation of certain types of parasites, such as those

with complex life cycles and trophic transmission, in a community

influenced by the topology and stability of its food web?

� How do the number of parasite species in a food web, as well as

the number and relative strength of links in which they are

involved, influence a community’s resistance to invasive species?

� How does including parasites change the distribution of interac-

tion strengths, that is, the distribution of energy flow values

between nodes, within food webs, and how does that impact on

the webs’ resilience to extinction or to variation in abundance of

key species?
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network could open up new ways of thinking about this
aspect of parasite diversity.

The real challenge, and the greatest potential source of
new insights about the structure and function of natural
systems, comes from integrating parasites as actual nodes
within a food web network (Box 1). This is not as straight-
forward as it may sound [56]. For instance, should para-
sites of top predators be viewed as the highest trophic level
in the web? Isotope ratios, such as those between the
nitrogen isotopes 14N and 15N, can serve as indicators of
an organism’s trophic position. Predators are almost
always 15N-enriched compared to their prey. In contrast,
available data show that parasites are either 15N-enriched
or 15N-depleted compared to their hosts, or they have the
same isotope ratio [57–59]. Of course, some parasites feed
on intestinal contents rather than host tissue, making
their trophic position uncertain. In addition, the inclusion
of parasites in food webs does not always sit well with
existing theoretical frameworks. Two models, the cascade
model and the niche model [60,61], have been repeatedly
used to explain foodweb structure, even if they cannot fully
reproduce observed food web patterns [62]. Both models
rely on a feeding hierarchy underpinned by a body size
gradient from top predators to basal prey species. Because
their body sizes are typically orders of magnitude smaller
than those of their hosts, parasites are at odds with the
expectations of these food web models when placed in the
uppermost trophic level [48]. Another problem comes from
the different hosts used by parasites with complex life
cycles. For instance, the first developmental stages of
trematodes invariably exploit a mollusc. The next stage
(metacercariae) parasitizes a second intermediate host
that can be anything from an arthropod to a fish, and
the adult stage lives inside a vertebrate. Should each stage
of such a species be treated as a separate morphospecies,
such as a separate node in the web, or should the species be
treated as a single node characterized by a generalist diet
of disparate hosts? There is no easy answer, and certainly
no consensus regarding the best approach [56,63].

Regardless of these issues, integrating parasite species
as distinct nodes within food web networks has con-
sequences for network structure. Comparisons between
food webs with parasites included and those same webs
with parasites excluded indicate that some network prop-
erties are affected. For instance, connectance, average food
chain length (the average number of links across all paths
from basal species to the highest trophic level) or the
proportion of species that feed on more than one trophic
levels below theirs, can all be altered when parasites are
considered [64–69]. In general, however, inclusion of para-
sites does not cause food web structure to shift radically
from its parasite-free state. For instance, when parasites
are added, values for basic network properties such as
connectance remain within the range seen for parasite-
free food webs [67]. Nevertheless, recent analyses make it
very clear also that the topology and complexity of food
webs is hugely determined by parasites since they dom-
inate the linkswithin the networks. A single predator–prey
link can be used by several trophically-transmitted para-
sites, and thus for each predator–-prey link there can
be numerous host–parasite links. The many cases of
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free-living animals feeding on parasite infective stages, or
of parasites feeding on each other within a host, add up to
an impressive number of links within any food web. For
example, about 78% of the 2313 trophic links in a Califor-
nia salt marsh food web involved parasites [67]. In a
Norwegian subarctic lake food web, parasites accounted
for 54% of the 432 observed trophic links [69]. These
numbers provide strong arguments for the inclusion of
parasites into food web networks whatever their con-
sequences for network structure [56,63].

Network analysis of food webs can also reveal the role of
parasites in food web stability, i.e. how the food web
maintains its basic structure in the face of disturbances
such as extinctions. Parasites themselves are prone to
rapid secondary extinction following the local extinction
of key hosts in their life cycle [70], and thus the loss of host-
specific parasites ensuing the removal of free-living species
from a food web can have profound consequences for net-
work properties [71]. However, parasites might also be a
critical element in preventing competitive exclusion in food
webs. The dynamic role of parasites in population regula-
tion is likely to increase with density, providing a mech-
anism whereby superior competitors might have their
population size curtailed, allowing the persistence of
inferior competitors in communities. In addition, general-
ist parasites might be the glue that holds together the free-
living part of the food web. Indeed, theoretical network
models have indicated that a high proportion of weak
interactions and a high variance in interaction strength
among links in a web contribute to its stability [72–74].
From an energetic perspective, trophic links between para-
sites and their hosts probably correspond to weak inter-
actions, compared to predator–prey links. The cumulative
effect of both weak and strong links on whole-system
stability can only be appreciated with an analysis of the
entire network. This approach might be our best way to
elucidate how parasites affect community diversity, and
determine whether parasitism is one of the reasons why
natural systems are so stable.

Networks and parasites: the road ahead
Network analysis provides a set of well-developed tools for
studies of complex dynamical systems with several inter-
acting components. It provides a useful framework for the
detection and interpretation of patterns, and for prediction
of changes, within natural communities consisting of inter-
acting species such as parasites and their hosts. Indeed,
ecologists are now realising that understanding network
structure and its underlyingmechanismswill be crucial for
assessing community and ecosystem responses to global
change [75]. The few network analyses to date of either
host–parasite bipartite networks or whole food webs in-
cluding parasites have revealed recurrent structural prop-
erties across different networks, suggestive of fundamental
and general processes. Still, challenges remain if we are to
make full use of this approach and apply it to answer
important questions (Box 2). For instance, most studies
to date consider networks as static, providing only a snap-
shot of the topology of a network based on field data
collected over a limited time scale. The dynamic nature
of interactions within natural networks must now be con-
sidered using either simulation studies in which changes
are imposed on the original networks, or field studies
tracking temporal changes in specific network properties.
Also, the focus of existing studies has been on the topology
of the network, i.e. the patterns of links between nodes,
rather than on the relative strength of these links. Inter-
action strength can be approximated in bipartite networks
using data on prevalence and specificity [35,39], but for
food webs this will require data on energy flow among
nodes, a logisticallymore challenging proposition given the
variety of taxa and trophic modes involved [51]. Never-
theless, network analysis allows an entire community to be
analysed at once as opposed to the one host–one parasite
approach of many earlier studies, and its benefits far out-
weigh its disadvantages.
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