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Highlights
Parasitologists are extending and
integrating the use of network analysis
to study host–parasite communities.
With the increasing availability of data,
parasitology is rapidly moving from
mere description of interactions to un-
derstanding and predicting how these
interactions happen. As a result, parasi-
tology is turning into a computationally
demanding science.

Parasite traits might be more relevant
Biological interactions are key drivers of ecological and evolutionary processes.
The complexity of such interactions hinders our understanding of ecological
systems and our ability to make effective predictions in changing environments.
However, network analysis allows us to better tackle the complexity of ecosystems
because it extracts the properties of an ecological system according to the number
and distribution of links among interacting entities. The number of studies using
network analysis to solve ecological and evolutionary questions in parasitology
has increased over the past decade. Here, we synthesise the contribution of
network analysis toward disentangling host–parasite processes. Furthermore, we
identify current trends in mainstream ecology and novel applications of network
analysis that present opportunities for research on host–parasite interactions.
than their taxonomic affiliation to deter-
mine their performance within a commu-
nity. Host phylogeny and phenotypic
attributes affect their interactions within
a parasite community.

Parasite species composition and para-
site interaction patterns within a com-
munity might not display congruent
variation under changing scenarios.
Consequently, both of these compo-
nents of diversity should be considered
in community ecology studies to im-
prove our understanding of ecosystem
processes.
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Hosts, Parasites, and Their Interactions
Organisms in ecological communities interact with others in many ways that determine their
fitness. This basic fact promotes a wide range of interactions among organisms from the same
or different guild within a community, such as feeding, pollination, phoresis, or protection [1]. At
the same time, interactions between organisms ensure the natural functioning of ecosystems
[2]. For instance, networks of trophic interactions, or food webs, determine the flux of energy
within a community [3]. Consequently, the disruption of biotic interactions might have disastrous
outcomes for ecological and evolutionary processes. For example, climate change can accelerate
the loss of species from a community due to secondary extinctions, that is, the extinction of a
species may well cause the disappearance of its cointeractors [4].

Due to the vast number of interactions that must be considered to better understand ecosystem
processes, studying ecological communities can be challenging. As such, network analysis
represents a solid and versatile tool by accounting for all interactors (e.g., hosts or parasites) within
a community. By doing so, network analysis overcomes limitations of traditional approaches, such
as experiments or mathematical models that rest on oversimplified assumptions [5,6]. Specifically,
network analysis extracts and predicts the properties of ecological communities according to
the distribution of edges (or links) between interacting pairs of organisms (or any other entity,
e.g., taxon or guild) [5]. In the context of parasite ecology, Poulin’s review [5] was a pivotal study
as it synthesised the use of network analysis within a parasite community framework. In addition,
the author [5] posed several research questions for future studies to address and, thus, improve
our understanding of host–parasite interactions as drivers of ecosystem processes. Since then,
the study of host–parasite communities using a network analysis perspective has expanded,
although it still lags behind compared with other ecological communities (e.g., plant-pollinators
networks, see Figure S1 in the supplemental information online). For example, network analysis
found support for enemy release (i.e., loss of parasites and other enemies) in an invasive host
species, which would give an ecological advantage to invasive over native hosts [7]; and it served
to disentangle the evolutionary immune response of hosts to parasitic infections [8]. As a result,
network analysis has allowed parasitologists to move from traditional descriptive studies to
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Glossary
Bipartite networks: systems of
interactions between nodes
(e.g., species or individuals) of two
distinct sets, such as host and parasites.
In bipartite networks, edges connect
nodes of different sets according to their
interactions (i.e., infections) in a
community. Nodes of the same set are
not allowed to interact in bipartite
network analysis.
Concomitant predation: when
parasites are ingested alongside a prey
host by a predator that is not a definitive
host, hence parasites provide a nutritional
supplement to the predator [85].
Connectance: the proportion of
realised pairwise host–parasite
interactions among all the potential ones.
Functional trait: a feature measurable
at the host or parasite individual level,
without reference to the environment or
any other level of organisation, and which
impacts the fitness of individuals and
reflects their performance in ecosystems.
Infracommunity: the assemblage of all
individuals of all parasite species in a
single host individual.
Modularity: a measure of the
compartmentalisation of a host–parasite
network. Modular networks are
composed of subsets (i.e., modules) of
hosts and parasites that tend to interact
more frequently among themselves than
with other members of the community.
Nestedness: a description of the extent
to which a group of specialist parasites
use a subset of the hosts used by
generalist parasites. In other words,
specialist parasites interact with hosts
with high parasite diversity, while
generalist parasites exploit hosts with
both rich and poor parasite communities.
Phylogenetic signal: the tendency for
related species to be more similar (with
respect to their role or position within a
network, or to any other trait) to each
other than to other species.
Rewiring: a change in the linking
pattern among cointeractors.
Role: the contribution of an organism
(or any other entity, e.g., taxon or guild)
to the network topology (e.g., modular,
nested). It is defined by the number and
strength of edges the organism has with
others in the community.
Social networks: these are a specific
case of unipartite networks. Contrary to
bipartite networks, unipartite networks
depict interactions between nodes of the
same set. Social networks usually
assess contacts between organisms
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quantitatively assess and predict the contribution of parasites to ecological and evolutionary
processes [9].

The aim of this review is threefold. Using Poulin’s synthesis [5] as our main reference point, and
due to the increasing number of studies in recent years (Figure S1), we focus on studies analysing
bipartite networks (see Glossary) (Figure 1A, Key Figure) composed of metazoan parasites and
their animal hosts. First, we present a synthesis of the main research areas in which network
analysis has been useful to disentangle host–parasite processes and dynamics over the past
decade. Second, we identify which questions out of those asked in [5] have already been
answered (Box 1). Finally, we identify knowledge gaps in host–parasite evolutionary ecology
that could be addressed with network analysis. In addition, we highlight current trends in main-
stream research on ecological networks. These might help parasite ecologists to complete
their picture of the contribution of parasites to ecosystem processes.

What Is Happening in Real Host–Parasite Communities?
Roles of Parasites in Their Interaction Networks
The way a particular individual interacts with other members in a community is key in determining
their role in the community. Amongst the determining factors, the number of individuals with
which they interact and the strength with which they interact with one another are fundamental
[10]. Moreover, this role is related to the interactor’s functional traits [11].

Parasites are considered as playing peripheral roles (i.e., low number of interactions) within their
communities (e.g., [12,13]). Such a role reflects a trade-off between the benefit of having alterna-
tive hosts (i.e., establishing new edges with several host species) and the cost of developing
adaptations to these host species. This trade-off has resulted in many parasite species evolving
to become highly host specific [14]. Therefore, host specificity of parasites favours network struc-
tures with highmodularity (i.e., partitioning of interactions within a network; but see [15]) and low
nestedness (i.e., hierarchy in the edge distribution within a network; but see [16]). In particular,
these patterns seem to be more pronounced for ectoparasite than for endoparasite communities
[17], and also among obligate rather than facultative parasite communities [18]. Moreover, in the
case of nestedness, the degree of nestedness in any antagonistic (i.e., host–parasite) network
can result from coevolution leading to weak (i.e., high nestedness) or strong (i.e., low nestedness)
trade-offs in parasite transmission [19].

However, the observed roles of parasites can change if parasite species are disaggregated into
life stages for network analysis. In other words, parasites of the same species but at different
developmental stages may be considered as different interactors [20]. Indeed, helminths not
only undergo drastic morphological changes as they pass from one life stage to the next, but
they also interact with completely different subsets of host taxa within the community. For
example, some parasite species at the larval stage (e.g., Contracaecum sp. or Anisakis sp.)
can play an important role in network connectance because they follow a generalist life strategy
[14]. These results suggest that the parasite’s ecology, and therefore its trait-mediated perfor-
mance, might be more relevant than its taxonomic affiliation to predict its role within the commu-
nity [14,17,18,21] (Box 1). However, contrary to these results, Poulin et al. [22] found that the role
of a parasite species as a connector within its network is constrained by its phylogeny, at least for
trophically transmitted helminths with complex life cycles. In addition, these authors found that
food webs were still modular after removing parasites from the analyses, indicating that parasites
do not generate a modular topology by themselves. However, when considered, parasites were
important for the cohesion and integrity of the web, since parasites appeared in all modules iden-
tified and almost half of them were classified as connectors. In this regard, Cirtwill and Stouffer
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that, for example, represent pathways
for parasite spreading. These are usually
analysed as intraspecific networks;
hence, analysis is performed at the host
individual level. Note that most of what is
discussed in this article involves
interactions between different species
(i.e., interspecific and species-level).

Key Figure

Using Network Approaches to Understand Interactions in Host–Parasite
Networks
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Box 1. Questions for Bipartite Host–Parasite Networks

Poulin’s review [5] identified four research questions for bipartite host–parasite networks that should be addressed to
improve our understanding of host–parasite diversity from a network analysis perspective. Here we discuss whether those
questions have now been answered.

Question 1. How general is the apparent relationship between the abundance of a species and the number of interaction
partners it can have?

In the case of the number of interacting partners, host species with dense populations – or that are more widespread –

tend to share a greater number of parasites with a greater number of other host species, and hence, to occupy more
central positions in parasite-sharing networks [27]. Regarding interaction strength, neutral theory of interactions predicts
that the interaction strength between a host and a parasite species is proportional to their relative abundances. Con-
versely, niche theory acknowledges that biological traits constrain the interaction strength and define niche dimensions.
Hence, interaction strength should be independent of abundance [86]. Canard et al. [86] found that both neutral
events (abundance-based) and niche constraints (trait-based) drive the interaction strength in host–parasite net-
works. Neutrality was a good predictor of interaction strength at a large scale. However, it was not such a robust
predictor when analyses were downscaled. In this case, abundances and trait information should be combined to
accurately predict host–parasite interactions.

Question 2. 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?

The process of infection seems to be context-dependent, indicating that different networks may be affected by different
processes even when having a similar taxonomic composition. Therefore, a host species whichmay be central for parasite
transmission in one network may be less important in a different community, depending on the local ecological context
[25]. However, network structure and properties seem to be preserved across equivalent communities, regardless of
the taxonomic affiliation of interactors [37,44,45]. This fact suggests that different taxonomic entities of hosts and/or
parasites assume redundant roles across ecological networks [45].

Question 3. 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?

In a biological invasion context, hosts and parasites cointroduced from a native area to an invaded area were found to
display patterns of interactions that did not differ significantly across their geographical range. This result was explained
by evolution being a strong determinant of host–parasite interactions [7]. However, the spatial stability of any given host
or parasite species’ network properties remains to be examined outside a biological invasion context, for instance within
species with a naturally broad geographical range.

Question 4. Similarly, are there biogeographical patterns, such as latitudinal gradients, in the structure of networks,
mirroring those in biodiversity or niche breadth?

Biogeographical patterns in the distributions of free-living and parasite species have been extensively reported (e.g., [81,87]).
However, studies assessing biogeographical patterns in the structure of host–parasite networks are scarce (e.g., [88]) and
only few compare the structure of the interactions with other structural patterns [44,45]. In one study, although the number
of host–parasite associations did not significantly vary with latitude, host diversity decreased [44]. Furthermore, host–parasite
network structure seems to be preserved across geographic distance, contrary to species compositional turnover [45].
Studies comparing the structure of host–parasite networks with other structural patterns, such as species composition or
niche breadth, at a global scale are needed to elucidate macroecological patterns of host–parasite diversity [89].

Trends in Parasitology
[23] pointed toward concomitant predation on parasites by non-host predators as the key
process allowing parasites to connect several hosts and/or predators in their communities.
These findings [22,23] support the earlier proposal of Lafferty et al. [24] that parasites might
play a role in promoting network stability since they connect several trophic levels.
Figure 1. (A) Bipartite network showing interactions (edges) between host species and parasite species – respectively
represented by a set of nodes – in a community. (B) A unipartite projection showing interactions between host individuals
within a community (left); the same network can also be represented as a bipartite network to show interactions between
parasite species and the different host individuals (right). (C) A multilayer representation showing how a host–parasite
bipartite network may vary over time. Unbroken lines represent intralayer edges. Broken lines represent interlayer edges.
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Parasitism exerts selective pressure on hosts, and it can eventually drive host evolution [8,25].
Network analysis is a convenient tool for exploring the evolutionary outcomes of pressures
from multiple parasites on the genetic diversity of multiple host species. For instance, host–
parasite interaction matrices (ecological network) and the host-MHC allele supertype network
(immunogenetic network) have been shown to correlate positively [8]. This result provided strong
evidence for the interplay between host–parasite network structure and the diversity of MHC
supertypes in different hosts. Moreover, associations between parasites and MHC supertypes
were tight and significantly different from randomness within-modules. This indicated that the
modular structure of indirect associations (i.e., parasite supertype) reflects actual coevolutionary
interactions between hosts and parasites [8].

Host Characteristics Affect Host–Parasite Interactions
Studies have also shown that host characteristics affect host use by parasites, thereby impacting
the topology of host–parasite networks (e.g., [25–27]). In this context, studies considering host
characteristics at species level, such as host phylogeny [28], have helped to unveil network orga-
nisation (Figure 1A). However, some revealing studies have considered host characteristics at
intraspecies level [i.e., at the level of individual hosts, each node in the network representing
an individual host rather than a host species (Figure 1B)], for example, host behaviour [29].
Nonetheless, other attributes might be meaningful for parasites at both scales, for example,
host body size [30]. In this section, we synthesise the contribution of three host characteristics
to host–parasite network structure, namely: host phylogeny, host body size, and host behaviour;
and we also discuss the possible impact of parasite manipulation of host behaviour.

Host phylogeny can dictate the topology of host–parasite networks and the role a host plays in
parasite transmission [12,25,27,28,31–34]. For instance, host phylogenetic signal, but not
parasite phylogenetic signal, was found in the module composition of a mammal–flea network
[28]. These results suggest that nonphylogenetically related parasites converge in their traits to
exploit phylogenetically close hosts, and these hosts and parasites form subsets of interactors
within a community [28]. This finding, if broadly applicable to other communities, could have
several implications. For instance, current global change is causing a greatly uneven loss of
species across host lineages (e.g., [35]). Therefore, the loss of a host lineage that may be
species-poor but is key to the network structure can result in a rapid decline in parasite diversity
and a profound disruption of network structure [33]. Furthermore, the phylogenetic position of an
introduced animal species might allow one to predict where it will fit within the invaded host–
parasite network if module affiliation is determined by phylogeny.

Besides phylogeny, host phenotypic attributes can affect the overall structure of the host–
parasite network. Host body size in particular might affect network dynamics [36]. For example,
individual host body size explained heterogeneity in interaction strength among conspecific hosts
in host individual-parasite species networks across habitats [37]. In addition, host body size is
usually correlated with other host attributes. Therefore, characterising the host body size distribu-
tion within a network can capture much of the biologically meaningful variation in a relatively
straightforward manner [30]. For example, the contribution of host ontogenetic dietary shifts to
network topology should be easier to assess by measuring host body size rather than host age.

The idiosyncratic nature of animal behaviour generates heterogeneities among host individuals
in their exposure to parasites and, hence, in their role for parasite transmission. Many parasites
rely on either direct or indirect contact between hosts to transmit. Hence, when studying host
behaviour, it can be particularly informative to perform network analysis as social networks of
interacting hosts. Social networks connect host individuals in an epidemiological context which
Trends in Parasitology, May 2021, Vol. 37, No. 5 449
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allows us to account for heterogeneity within key host individual characteristics for parasite trans-
mission [25,38] (Figure 1B). Different scenarios arise in this regard. One can think that a host
individual having a high parasite load is more likely to have a central role in parasite transmission.
That said, one can imagine another scenario where a host individual having a low parasite load
but a close contact with other host individuals could equally play an important role in parasite
transmission [39]. Furthermore, both parasite load and contact parameters in combination
could determine the host’s role in parasite transmission. For example, MacIntosh et al. [29]
found that macaque hosts with a dominant position (i.e., high number of grooming partners) in
their social networks are more likely to have higher levels of parasite infection than low-ranked
hosts, indicating that social position is important for an individual’s role in parasite transmission
[29]. In addition, behavioural differences between males and females might make individuals of
a sex more prone to parasite acquisition than individuals of the other sex. For example, male
tuatara hosts have a more central position in their social network and have higher parasite
loads than females. This finding suggests that behavioural differences between sexes generate
heterogeneities in parasite loads and transmission [40].

Moreover, parasites can manipulate host behaviour [41]. Consequently, parasites can modify the
role their host plays into a more convenient position within the social network (i.e., more or less
connected to other hosts or centrally positioned) in order to enhance their transmission. In addition,
the modified position of infected hosts can reorganise the interaction structure of other members
(e.g., interaction strength) and/or of the whole community (e.g., increasing modularity) [42].

Environmental Influences on Host–Parasite Interactions
Ecological communities vary spatially in their species richness, composition, and abundance
because species are replaced by others along environmental gradients (e.g., [43]). However,
despite the compositional turnover in natural host–parasite communities, network structure
and properties tend to be preserved across equivalent communities (e.g., [37,44,45]). This fact
suggests that different taxonomic entities of hosts and/or parasites assume the same roles
across ecological networks. In addition, it supports the idea that host and/or parasite traits
could be redundant across communities and that few traits may be pivotal to determine host–
parasite communities [45].

Host–parasite communities experience great temporal variability, not only in species diversity but
also in interaction patterns [46]. Therefore, although persistent host–parasite interactions tend to
be at the core of community dynamics, temporal rewiring can change the position a species
occupies in a community. Rewiring is particularly relevant in antagonistic networks because it
might dictate disease outbreaks [46,47].

Host–parasite networks might be affected if ecological conditions vary. For example, following an
environmental perturbation, although host–parasite communities might suffer little variation in
their species richness, the analysis of host–parasite interactions can reveal changes in the struc-
ture of these communities [48]. These results highlight that conventional species-composition
descriptors can fail to discriminate adequately among habitats, and that, when the interactive
structure of communities is overlooked, important effects of habitat modifications by humans
can remain hidden. For instance, networks can become less connected and more modular
even if their species richness is unchanged, which might complicate parasite sharing among
host species as habitat disturbance increases [48].

The current rate of species introductions is accelerating the number of both non-native host and
parasite introductions, which might disrupt the functioning of the recipient ecosystems [49].
450 Trends in Parasitology, May 2021, Vol. 37, No. 5
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Invasive hosts and parasites can alter the structure of the community they are introduced into
because of the establishment of new interactions and the loss of those that existed previously
[50,51]. However, although it seems appropriate to fully integrate network analysis into invasion
ecology to accentuate the potential roles of new host–parasite interactions in an invaded network,
only few studies have used network analysis to measure the actual extent of the impact of host
and/or parasite invasions [7,31,50,52]. Specifically, trophically transmitted invasive parasites with
complex life cycles might cause the most substantial shifts in network structure [53,54]. For exam-
ple, the establishment of both arctic charr and three-spined stickleback in a subarctic lake enabled
several additional parasite and predator species to enter the pelagic network. This invasion not only
caused large changes in the species richness of the community but also resulted in a large increase
in the number of interactions, and dramatically altered the overall topology of the original network.
Consequently, the transmission rate and abundance of trophically transmitted parasites increased
because of the key positions of the invasive hosts within the interaction network [52]. These newly
created interactions open scenarios that can disrupt native host–parasite dynamics [7,52,55].

Contribution of Host–Parasite Studies to Mainstream Ecology and Network
Analysis
In order to get an accurate understanding of the mechanisms governing and shaping interac-
tions within host–parasite networks, information such as interaction strengths at the level of
infracommunities and host density, as well as the abundance of parasites within different
hosts, must be collected [56]. The use of such information to build host–parasite networks
could provide an opportunity to answer fundamental questions in community ecology. For
instance, since most parasites and pathogens infect multiple hosts [57,58], such data can
improve our understanding of community assembly rules (i.e., elucidating the underlying
mechanisms of species coexistence), species turnover [34,59], or even disease transmission
[39,60], which could also help us to uncover the determinants of biological invasion [61].
Therefore, consideration of host–parasite systems by mainstream ecologists could replace
the use of oversimplified biological models or the need for substantial field data collection to
resolve the mechanisms governing biotic interactions [62,63].

One way in which host–parasite studies have contributed to ecological research is by developing
an approach to account for missing links (i.e., unseen interactions) in bipartite networks.
Distinguishing between whether a given pairwise interaction (or edge) is actually absent or whether
falsely identified as absent is crucial when predicting interactions in networks [64]. Various sources
of error, such as sampling bias, detection error either due to cryptic species and therefore to
identifiability issues, or observer bias have been identified [65,66]. Not accounting for such
bias can often lead to erroneous predictions and hence erroneous generalisation of patterns
of interactions in a given network. Dallas et al. [26] developed a modelling framework specifi-
cally designed to predict the likelihood of interactions in an incomplete bipartite network
using traits of both hosts and parasites. By doing so, they showed that they could predict
the likelihood of interactions accurately. In most cases in ecology, sampling of a complete
network is almost impossible and such missing data can be a limitation. Though link
prediction is a known problem in network science, this method, initially developed for host–
parasite systems, showcases how one could go about predicting interactions with missing
data specifically for any type of ecological network.

Current Trends in Mainstream Ecology and Novel Applications
In the following section we discuss various aspects of research into ecological networks that have
been considered outside of parasitology, and which present both challenges and opportunities
for research on host–parasite interactions.
Trends in Parasitology, May 2021, Vol. 37, No. 5 451
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Consider Individual Variation
Most previous studies of host–parasite interactions have been carried out at species level
(Figure 1A). However, interactions occur among individuals, and resolving interactions below the
host species level can be relevant to understanding population dynamics [67]. As host individuals
of the same species can have limited niche overlap, they can play very different roles for their
parasite communities (Figure 1B). For example, host individuals of the same species can play
very different roles simply because they vary in their diet preferences. Hence, such intraspecies
heterogeneity, which is essential for parasite persistence and spread, might be overlooked if
host individuals of the same species are pooled together in a species-level network analysis
(i.e., species–species network analysis) [7,25] (Figure 1B).

Combine Network and Diversity Metrics
Over the past decade, the use of network analysis to improve our understanding of ecological
interactions hasmoved frombeing descriptive (i.e., characterising networks based on their topology)
to aiming at predicting patterns of biotic interactions in large-scale networks [68]. Despite such
advances, most studies still focus on using network metrics that describe only the topology of
networks as opposed to the underlying mechanisms governing the interactions within the network
(however, refer to [69] for an extensive review on the meaning of different network metrics). In addi-
tion, commonly, research on variation among communities (β diversity, i.e., differences in diversity
between sampling units, e.g., differences in parasite community composition between host species)
has mostly focused on the turnover of taxonomic composition (i.e., identity and abundance of
species in a community). Research of this kind usually neglects other facets of diversity, such as
the phylogenetic (i.e., richness and abundance of genetically different entities in a community) and
functional (i.e., richness and abundance of functional traits in a community) compositions [70].
Comparisons across different networks also generally ignore the variation in the way interactors
associate with each other, despite accumulating empirical evidence that this is a major source of
diversity [59]. Thus, although parasite communities can experience large spatiotemporal variations
in their taxonomic composition, attention should be paid to the turnover in edge occurrences
between taxonomic, functional, or phylogenetic entities to achieve a deeper mechanistic
understanding of the relationship between diversity and ecosystem functioning [71]. For example,
if the turnover in interactions among networks is not so significant in terms of functional and/or
phylogenetic associations, this may indicate that communities tend to maintain an invariable struc-
ture by harbouring redundant entities (e.g., [45]).

Combine Network and Molecular Approaches
The integration of ecological network andmolecular approaches provides opportunities to examine
ecological interactions in new ways and with greater resolution [72]. From a technical point of
view, DNA sequences can be used to confirm taxon identification or identify cryptic species, and
then, their actual interactions. For example, metabarcoding can be used to quickly and precisely
disentangle host–parasite associations via host faeces analysis [73]. From an applied perspective,
molecular phylogenies can be useful to, for instance, disentangle the coevolutionary history of
interacting pairs of lineages (e.g., [74]) or to provide valuable information about parasite transmis-
sion dynamics in host social networks (e.g., [72]). For instance, just as in microbial science, parasite
genetic markers could be used to build host social networks because parasite transmission
networks (i.e., based on hosts sharing parasites with the same genetic markers) are more likely
to become established between host individuals that are strongly linked in social networks [75].

Consider Several Networks: The Multilayer Network Approach
Host–parasite networks have been studied as disconnected from other networks (i.e., as mono-
layer networks), characterised at a single point in space and time, and/or aggregated over multiple
spatial locations and times. However, ecological processes affecting interactions in a target
452 Trends in Parasitology, May 2021, Vol. 37, No. 5



Outstanding Questions
Can network analysis help to predict
coevolutionary dynamics of hosts and
parasites?

What characteristics make host
individuals of different species play the
same roles for parasite communities?

How does a host–parasite network
relate to other sets of interactors
(i.e., layers) within the same commu-
nity? How does the disruption of a
natural host–parasite network affect
the natural functioning of the entire
community?

How does global change and the
extinctions predicted to ensue affect
the loss of host–parasite interactions?
What are their consequences for eco-
system functioning?

Can network analysis help practitioners
to minimise transmission of undesired
pathogens from cultured species to
wildlife communities?

Can network analysis reveal the
threshold of infection of biological
systems which causes the collapse
of an ecosystem or the extinction of
a species?
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community (e.g., hosts–parasites) can also affect other sets of interactors within the community
(e.g., hosts–mutualists) or have consequences over communities at different points in space and
time. Therefore, a particular network can be dependent on, and connected to, other networks of
interactors. Such complex systems can be analysed as networks of networks, that is, multilayer
networks [63,76] (Figure 1C). In this framework, interlayer edges connect counterpart interactors
from different networks, hence interactors that appear in both layers have two instances
corresponding to different state nodes, which can have different properties within the multilayer
network. In other words, for example, state nodes can belong to different modules, but this
will depend on the relative weights of interlayer and intralayer edges. Following this example, in
ecological terms, module composition can be explained by the extent to which processes in one
layer affect those in other layers [76]. Hence, the multilayer framework represents an increasingly
realistic approach to study host–parasite interactions, although the amounts of data required
can be challenging [63].

Control Disease Transmission in Human-Disrupted Habitats
Human-mediated disruptions to natural host–parasite networksmay result from the encroachment
of suburbs, agriculture, and aquaculture on natural environments (e.g., [77,78]). The unnaturally
high densities of cultured species (e.g., grazing livestock, salmon in sea cages) may predispose
them to become interactors within local wild host–parasite networks and/or vector borne-
parasite networks. Determining the impact of habitat alteration on network structure could serve
to better assess changes to disease dynamics, including zoonoses, and thus the risks for conser-
vation and public health [79]. For instance, Samsing et al. [80] analysed salmon farms as nodes that
were connected by biophysical parameters and, thus, they built a unipartite salmon-farm network
for lice dispersal along the Norwegian coastline. According to their connectivity results, these
authors presented a management plan consisting of a topological arrangement of salmon farms
aimed at 'disconnecting' lice populations and reducing lice spread. More studies like this one
can be useful to develop effective disease contingency plans, and improve the sustainability of
the aquaculture or cattle industry, as well as our understanding of global anthropogenic change.

Furthermore, the increased close contact between human and wildlife because of environmental
degradation has increased the probability of parasite spillover into humans [81]. Identifying host
species that are key for the emergence of zoonotic diseases, as well as the development of
computational tools to forecast infectious disease outbreaks, will help to address fundamental
challenges in public health [82,83]. Network analysis can be a useful tool to map areas of high
risk of zoonotic diseases for humans based on host geographic distribution, phylogenetic affinity,
and/or social behavioural data [39,81]. For example, resolving the topology of bipartite and
unipartite networks has proven useful to quantify and predict the importance of rodent host
species in the transmission of pathogens to humans [82].

Concluding Remarks
Parasite ecologists and evolutionary ecologists are extending and integrating the use of network
analysis to study host–parasite communities. This implementation has made it possible to reveal
ecological and evolutionary processes that would otherwise have been neglected. Therefore,
network analysis opens up the path to move parasitology from a descriptive to a predictive
science and allows it to uncover the mechanisms that underlie interactions. In addition, network
analysis has shown that, although parasites tend to play a peripheral role within a community,
they are key to maintaining the structure of the network of interactions, and hence ecological
and evolutionary processes of communities. Moving forward, it would be vital to establish a public
online database of host–parasite network datasets similar to that of Sah et al. [84] for social
networks to ensure reproducibility of the studies. This common database, encompassing both
Trends in Parasitology, May 2021, Vol. 37, No. 5 453
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field and experimental data collected on host–parasite networks, would simultaneously ensure
availability of data to the wider scientific community. In addition, more studies taking advantage
of the latest methodologies developed in mainstream ecological research on interaction networks
(see Box S1 in the supplemental information online for a list of available tools) are needed to gain
a deeper understanding and to improve our predicting ability to prevent the emergence of
pathogens. These studies will allow us, for example, to account for more complex andmultilayered
interactions, delve deeper into the processes underpinning biological invasions, the repercussions
of habitat perturbations, and minimise the transmission of undesired pathogens (see Outstanding
Questions).
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