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Abstract

Specialized interactions tend to be more common in systems that require strong reciprocal adaptation between species,
such as those observed between parasites and hosts. Parasites exhibit a high diversity of species and life history strategies,
presenting host specificity which increases the complexity of these antagonistic systems. However, most studies are limited
to the description of interactions between a few parasite and host species, which restricts our understanding of these
systems as a whole. We investigated the effect of the developmental stage of the parasite on the structure of 30 metazoan
fish-parasite networks, with an emphasis on the specificity of the interactions, connectance and modularity. We assessed the
functional role of each species in modular networks and its interactions within and among the modules according to the
developmental stage (larval and adult) and taxonomic group of the parasites. We observed that most parasite and host
species perform a few interactions but that parasites at the larval stage tended to be generalists, increasing the network
connectivity within and among modules. The parasite groups did not differ among each other in the number of interactions
within and among the modules when considering only species at the larval stage. However, the same groups of adult
individuals differed from each other in their interaction patterns, which were related to variations in the degree of host
specificity at this stage. Our results show that the interaction pattern of fishes with parasites, such as acanthocephalans,
cestodes, digeneans and nematodes, is more closely associated with their developmental stage than their phylogenetic
history. This finding corroborates the hypothesis that the life history of parasites results in adaptations that cross
phylogenetic boundaries.
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Introduction

The application of network theory to the study of ecological

interactions has significantly improved our understanding of the

mechanisms generating community structure [1–3]. Indeed, the

study of host-parasite interactions has been particularly favored by

this theoretical and conceptual framework [4–8]. However, despite

some recent advances in the elucidation of host-parasite networks,

most studies have focused on the description of a few parasite and

host species of ecological or commercial interest, which has

resulted in the limited understanding of these systems as a whole.

Host-parasite systems are very complex and include parasites with

distinct life history strategies. For example, some fish parasites

require intermediate hosts (i.e., parasites with a complex life cycle),

whereas others need only a single host (i.e., parasites with a simple

life cycle) [9,10]. Furthermore, some fish may be parasitized by

both larval and adult stages and hence be exposed to a wide

variety of parasite species [9,10].

Many patterns observed in ecological networks are related to

the number of interactions (i.e., the degree) of each species and

how these interactions are distributed throughout the network

[11]. Specialized interactions tend to be more common in

networks formed by ecological relationships that require a high

degree of reciprocal adaptation between species [12–15], as is the

case for most host-parasite networks in which the host selection

varies widely among parasite taxa and between their larval and

adult stages. These networks may reflect the strategies that

parasites employ to reach the definitive hosts [3,8,16,17].

Specialized host-parasite networks tend to be characterized by a

low connectance (i.e., the number of interactions observed relative

to the potential number of interactions in the network [18]); thus,

these networks are expected to present a more modular structure

than networks dominated by generalists [5,6,8]. A modular

structure is characterized by groups of species that interact more

with one another than with other species in the same network,
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thereby forming modules or compartments. There is evidence that

the processes that create interaction patterns in ecological

networks (e.g., phylogeny, coevolution, functional diversity and

habitat structure) tend to be stronger within modules [6–8,19,20],

and each species in a network has its own interaction pattern. In

modular networks, these patterns characterize the functional role

of species, i.e., how its interactions are distributed within the

module to which it belongs and with respect to other modules [20–

22]. These metrics may also be used to compare the interaction

patterns between hosts and parasites and to compare develop-

mental stages and taxonomic groups of parasites. This approach

allows the identification of which species or groups are most

important to the structure of the entire network, for example, by

connecting different modules to each other.

The main objective of the present study was to assess the effect

of the developmental stage of parasites on the structure of the

interactions in fish-metazoan parasite networks. First, we evalu-

ated the proportion of parasites and hosts in the networks,

verifying both the host susceptibility and parasite specificity.

Second, we analyzed the relationship between connectance and

species richness in the studied networks and the proportions of

parasites at the larval and adult stages. Third, we assessed the

interaction patterns within and among the modules of modular

networks with regard to different developmental stages and

taxonomic groups of parasites. We expected (a) a predominance

of specialized interactions in the host-parasite networks, resulting

in a low connectance, a pattern that should occur mainly in

species-rich networks because, with an increase in richness, more

hosts tend to enter into the network with their specific parasites.

However, a greater proportion of larval stage parasites in the

network should exhibit an increase in connectance because, in

general, larval stages tend to interact with more species of fish

hosts than adult parasites. We also expected (b) differences in the

distribution of interactions within and among the modules of

parasites at the larval and adult stages, independent of the

phylogenetic group, because their requirements involve different

ecological resources (e.g., host species, infection sites and

nutrients). Therefore, a low co-occurrence between parasites at

the larval and adult stages of the same species is expected in

modules composed of species with both developmental stages.

Materials and Methods

Database
We analyzed data on 30 fish-parasite networks compiled from

the literature (see Dataset S1). We organized the data as binary

matrices with parasites in the rows and hosts in the columns.

When both the larval and adult stages of a parasite were found in

the same network, we regarded them as functionally different

species [4]. In this analysis, we included only networks with

metazoan parasites due to the scarcity of information regarding

other groups (i.e., bacteria, fungi and protozoa).

Network Descriptors
For each network, we calculated its connectance and the

proportion of parasites at the larval and adult stages in relation to

the total number of species in the network. To test the existence of

modules in the host-parasite networks, we used a simulated

annealing algorithm in NETCARTO [21,22]. We then calculated

a modularity index (M) for each network using the following

formula [21,22]:

M~
XNm

S~1

LS

Ln

{
kS

2Ln

� �2
" #

where Nm is the number of modules in the network, LS is the

number of interactions among all species within the module s, Ln is

the number of interactions in the network, and kS is the sum of the

degree (i.e., total number of interactions) of all species in the

module s. A value of M = 0 indicates interactions with random

distribution, whereas a value close to M = 1 indicates a strongly

modular network [23].

The randomized matrices that are generated directly by the

software NETCARTO consider the network as unipartite, and the

software does not provide the recommended null model (CE null

model) [21,22]. Therefore, considering the bipartite structure of

the networks, we used a function developed by Nadson RS da

Silva for R [24] to generate 1,000 randomized bipartite matrices

with the CE null model for each network analyzed to estimate the

significance of M. This null model is more conservative than those

that simply relocate the interactions randomly for all cells of the

matrix [1,25], and it tends to conserve most of the heterogeneity in

the distribution pattern of the interactions among species. In

addition, this model reduces the type I error in the detection of

patterns in networks with low connectance [26], as in the case of

host-parasite networks. We calculated M for each of the 1,000

matrices in NETCARTO using a Fortran code that automates the

calculation and compilation of the M values (provided by Flávia

MD Marquitti; [27]). We estimated the significance of M (p value)

for each matrix by counting the number of random matrices that

showed an M value equal to or higher than the M value of the real

matrix and dividing it by the total number of random matrices.

We defined p,0.001 when no random matrix showed an M value

higher than that of the real matrix [27].

Functional Roles
For modular networks, the functional role of a species i is

defined by its z value (i.e., the standardized number of interactions

of species i within its module s).

z~
kiS{kS

� �
SDkS

and c value (i.e., the connectivity of species i among modules; also

known as the participation coefficient P [21,22]):

c~1{
XNm

t~1

kit

ki

� �2

where kis is the number of interactions of species i with other

species within its module s; ks and SDks are the average and

standard deviation of k within the module, considering all the

species in s, respectively; Nm is the number of modules in the

network; kit is the number of interactions of species i with the other

species of module t (including species i’s own module); and ki is the

total number of interactions of species i in the network [20–22].

We calculated the values of z considering the bipartite structure

of the networks, assessing the average and standard deviation of

the interactions for hosts and parasites separately. For species from

modules with SDks = 0, we assumed z = 0 because the species did

not have a connectivity within the module that was higher or lower

than the average value of the module [8]. We obtained the values
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of species connectivity among the modules in NETCARTO

because they do not differ between unipartite and bipartite

networks [8]. If all the interactions of a species occur within its

module, then c = 0; however, if all the interactions are uniformly

distributed among the modules, the c value will tend toward 1 [20].

Based on the z and c values calculated from each matrix, we

classified the species as follows: peripheral (z #2.5 and c #0.62,

i.e., with a few interactions with other species); connector (z #2.5

and c.0.62, i.e., connects several modules to each other); module

hub (z.2.5 and c #0.62, i.e., has several interactions within its

module); or network hub (z.2.5 and c.0.62, i.e., the species is a

connector and has several interactions in the module) [20].

Data Analysis
We calculated the susceptibility of a host species based on the

proportion of parasite species present in its network and the

specificity of parasites based on the proportion of host species with

which each parasite interacted. We tested for relationships

between the connectance and species richness and between the

connectance and proportion of parasite species at the larval and

adult stages using a Pearson correlation. Whenever necessary, the

data were log-transformed to meet the assumption of normality.

We tested for differences between the z and c values of the host

and parasite species and of the larval and adult parasites,

considering all the hosts and only those parasites identified to a

specific level (genus and specific epithet). Only parasites with a

defined species were used in the analyses to allow comparisons of

species among the networks and to evaluate the possible variations

regarding the functional roles of these species. In addition, we

tested for differences in the z values of the host and parasite species

considered less or more interactive (negative and positive z values,

respectively [8]). Lastly, to control for the effect of the high

number of parasites with c = 0, we compared the connectivity of

the hosts and parasites among the modules considering only values

of c.0. We evaluated the differences in the z and c values between

the parasites at the larval and adult stages, first considering all the

groups of parasites studied and then evaluating only those groups

with both stages in the networks. We analyzed the developmental

stage distributions among the modules in the network formed by

those species with both stages and differences between their z and c

values. We performed the Wilcoxon test for paired samples to

compare the z and c values using the mean values observed for

each network. All these statistical analyses were conducted in

Statistica 7.0 [28].

We also assessed the z and c values among taxonomic groups

with parasites at the larval and adult stages, considering each stage

separately. For these analyses, we used PERMANOVA [29]

available in the vegan package for R [26], applying Euclidean

distance to construct the dissimilarity matrix and controlling the

relationships among the groups based on their phylogenetic

histories (Phylum level). We performed 1,000 randomizations for

the significance test.

Results

The descriptors of each network are presented in Table S1. The

general structure of the networks analyzed revealed a tendency of

a few hosts to have a high susceptibility to parasitism (Fig. 1A);

similarly, a low number of parasites was found in several hosts

(Fig. 1B). As expected due to the low host susceptibility and high

parasite specificity, the values of connectance (%) observed in the

networks were relatively low (average = 13.81; SD = 10.71). This

parameter was negatively correlated with the total number of

species (r = 20.87; p,0.001; Fig. 2A) and positively correlated

with the proportion of parasite species at the larval stage in the

networks (r = 0.46, p = 0.01; Fig. 2B). Connectance was not

correlated with the proportion of adults in the networks, though

a non-significant negative tendency was observed (r = 20.27,

p = 0.15).

Twenty networks were significantly modular (average M = 0.59;

SD = 0.12). Considering only parasites with a defined species, most

taxa in these modular networks were classified as peripheral (765

hosts and 1,881 parasites), followed by connectors (59 hosts and 94

parasites), module hubs (four hosts and 39 parasites), and network

hubs (20 parasites) (Fig. 3). For species recorded in more than one

network (see Dataset S1), we found that they showed the same

functional role in different networks in 82.20% of the cases. All

species that showed changes among the networks had a functional

role that was peripheral in at least one of the networks. A separate

evaluation according to the stage of development revealed changes

in the functional role of 34.78% and 14.82% of species at the

larval and adult stages, respectively. The hosts and parasites did

not differ with regard to their z values (T Wilcoxon = 93; p = 0.65).

However, when the z values were compared separately between

less interactive (z negative values; 405 hosts and 1,190 parasites)

Figure 1. Interspecific interactions in 30 fish-parasite networks.
When we assessed (a) the susceptibility of the hosts in relation to the
proportion of parasite species in networks and (b) the specificity of the
parasites in relation to the proportion of host species in networks, we
observed that most parasites interact with a few fish species and that
the hosts typically have a poor parasitic fauna.
doi:10.1371/journal.pone.0075710.g001

Figure 2. Correlations between the parameters calculated for
30 fish-parasite networks. The relationship (a) between species
richness and connectance, showing that species-rich networks have a
low connectance, and (b) between the proportion of parasite species at
the larval stage and connectance, evidencing the contribution of this
stage to an increase in connectance.
doi:10.1371/journal.pone.0075710.g002

Fish-Parasite Networks
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and more interactive species (z positive values; 286 hosts and 574

parasites), we observed that, in both cases, the parasites showed a

higher number of interactions within their modules than the hosts

(z of less interactive species: T Wilcoxon = 30, p = 0.005; z of more

interactive species: T Wilcoxon = 31, p = 0.005). In contrast, the

hosts showed higher c values (T Wilcoxon = 7; p,0.001) than the

parasites. Considering only those hosts and parasites with c

values.0, the results (T Wilcoxon = 39; p = 0.013) corroborated

the tendency observed in Fig. 3, demonstrating the contribution of

the parasites to the connectivity among modules.

Considering only parasites with a defined species, 219 larvae

and 1,662 adults were classified as peripherals, 32 larvae and 62

adults as connectors, nine larvae and 30 adults as module hubs,

and eight larvae and 12 adults as network hubs. Considering all

the taxonomic groups of the parasites studied, the larvae presented

higher values of z (T Wilcoxon = 24, p = 0.002; Fig. 4A) and c (T

Wilcoxon = 17; p = 0.001; Fig. 4B) than the adults in the networks.

The larval stages also presented higher values of z (T

Wilcoxon = 41, p = 0.016) and c (T Wilcoxon = 21; p = 0.004)

when possible differences in the adult stages were tested,

evaluating only taxa with species in both stages in the network

(i.e., Digenea and Cestoda both Platyhelminthes, Acanthocephala

and Nematoda). However, when we evaluated the values of z and c

for parasite species with larval and adult stages present in the same

network, which do not co-occur in the same module in 72% of the

cases, we observed higher values of z for the adult parasites (T

Wilcoxon = 1181; p = 0.016) and no significant differences in the c

values (T Wilcoxon = 794; p = 0.371) between these two stages.

In Table 1, we show the mean values of z and c for the

taxonomic groups of the studied parasites, considering these

groups separately according to the stage of development. The

taxonomic groups of parasites with larval and adult stages in the

networks did not differ in their distribution of interactions within

and among the modules, when considering parasites at the larval

stage (z: F = 1.52, p = 0.22; c: F = 0.63, p = 0.62). However, when

considering only adult parasites, significant differences were

observed in their distribution of interactions within (z: F = 14.99,

p,0.001) and among modules (c: F = 40.15, p,0.001).

Discussion

The level of reciprocal adaptation between species in an

ecological network determines the basis of its architecture and its

patterns of interspecific connectivity [30]. In host-parasite

networks, the host body provides a microhabitat for parasite

species of different lineages and with different life history strategies

(e.g., endoparasites or ectoparasites and parasites with simple or

complex life cycles). Therefore, due to the different ways that

parasites may exploit a resource, we could expect a high number

of parasites to be associated with each host species. However, these

microhabitats are limited environments, and even organisms that

are highly susceptible to parasitism do not harbor all the parasites

found in a network. In addition, the host exhibits biological (e.g.,

body size and immune system) and ecological (e.g., feeding habit

and exposure to infecting forms resulting from behavioral

activities) constraints that prevent interactions with a large number

of parasite species. These constraints contribute to the strong

negative relationship between richness and connectance observed

Figure 3. Functional roles of different species in 20 fish-
parasite networks with a modular structure. According to the z
and c values, we observed a large number of peripheral species and the
role of parasites as connectors within and among the modules.
doi:10.1371/journal.pone.0075710.g003

Figure 4. Distribution of interactions within and among
modules of larval and adult parasites in 20 fish-parasite
networks with a modular structure. The differences between the
z (a) and c (b) values of the parasite larvae and adults show a tendency
toward generalism in the interactions performed by parasites at the
larval stage within and among modules.
doi:10.1371/journal.pone.0075710.g004

Table 1. Values of z and c of 13 groups of metazoan parasites
at larval and adult stages in 20 fish-parasite networks with a
modular structure.

Larval Adult

Group z c

Acanthocephala 0.350 0.198 0.560 0.296

Aspidobothrea 20.180 0.208

Branchiura 0.032 0.176

Cestoda 0.128 0.249 20.074 0.068

Copepoda 0.276 0.138

Digenea 0.475 0.272 20.007 0.069

Hirudinea 20.051 0.146

Isopoda 20.180 0

Monogenea 20.258 0.012

Myxosporea 20.335 0.021

Nematoda 0.237 0.226 0.137 0.131

Mollusca 20.155 0.166

Pentastomida 0 0

doi:10.1371/journal.pone.0075710.t001
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in the present study, as these limitations reduced the number of

parasite species per host. Other studies have also shown this

negative relationship between species richness and connectance in

host-parasite networks (see [31,32]), indicating that this is a typical

pattern for this type of antagonistic interaction network.

In addition to the host characteristics, the high level of parasite

specialization, resulting from the evolutionary history of each

species, contributes strongly to the formation of modular structures

in host-parasite networks. Hence, the low number of interactions

performed by most parasites most likely reflects a trade-off between

the benefit of having alternative hosts and the cost of developing

adaptations that allow the parasites to remain in the hosts for long

periods. Thus, parasites obtain a balanced diet and avoid enemies,

maximizing the use of the host species that provide them with the

best conditions for the development of a stable interaction [12,33].

Considering the interaction patterns within and among the

modules in a network, most species was peripheral. A few species

that occurred in more than one network showed variations in their

functional role, with the highest variation observed among species

at the larval stage. The high host specificity among parasites

explains the high frequency of peripheral parasites and thus the

low variation in the functional roles of species in different

networks. However, the variation in the functional roles of a

species among networks is a reflection of the complexity of the

interactions, which are partly under the influence of the structure

and dynamics of each environment [19,34]. The major change

among the functional roles of species at the larval stage may be a

reflection of processes aimed at optimizing the access to the

definitive host according to the characteristics of the environment.

In this context, variations in the population sizes of fish or

invertebrates that act as the first intermediate host in several

cycles, for example, may benefit from a broader or more restricted

distribution among the possible species of hosts for parasites at the

larval stage. However, some hosts and parasites showed an

important role in network connectivity, mainly the parasites at the

larval stage, because larvae are usually more generalistic than

adults [35], which tend to increase network connectivity. In the

present study, only the parasite species that showed several

interactions within and among the modules and were considered

network hubs.

Our study reveals the trend of parasite species at the larval stage

being more generalist than species at the adult stage in fish-parasite

networks. In fish, adult parasites include species with life cycles that

are simple or complex and can be endo- or ectoparasites. In

particular, a high host specificity is known in the case of monogenean

ectoparasites and may reflect the type of infection strategy of those

parasites with a simple cycle [36], which contributes to the parasite

species at the adult stage being more specific than at the larval stage.

However, the influence of ectoparasites in differentiating between

larvae and adults is discounted when evaluating only groups of

parasites with both stages in the networks.

Accessibility to the definitive hosts may be related to the

evolutionary strategies of parasites, with species at the larval stage

being less sensitive than adults to the morpho-physiological

variations observed among host species of a particular fish habitat;

additionally, some species at the adult stage are actually more

dependent on the particular characteristics of their host species.

However, exceptions to the general pattern with many interactions

for species at the larval stage may be observed in these networks.

For adults that co-occur with the larval stage of their own species

in the networks, the trend of having a higher number of

interactions may be an indication that the distribution of the

larvae of these species is guided by adaptations to certain species of

fish as intermediate hosts that commonly serve as more accessible

prey to several species of fish that are the definitive host.

The low co-occurrence within the modules of the larval and adult

stages in those species of parasites with both developmental stages in

the networks reinforces the evidence that these stages have distinct

functions in the networks, as previously been proposed [4,6,7]. The

organization of host-parasite networks in modules reflects the

similarity of the resources provided by some hosts [6,8]. Hence,

when the parasite co-occurrence pattern is assessed within each

module, it tends to not differ from what would be expected by

chance [6]. Phylogenetically close hosts tend to belong to the same

modules, whereas parasites of several lineages may converge and

interact with hosts of different modules [6–8]. Parasite species that

are phylogenetically distant may occur in the same modules, but this

functional convergence does not indicate that they have similar

interaction patterns in a network. The phylogeny of parasites has

been indicated to be an important characteristic that establishes the

role that the species perform in the networks [19]. For example, in

the present study, monogeneans showed low z and c values

compared to other groups (Table 1), corroborating the hypothesis of

the high host specificity reported for this group [17,37].

In some cases, similarity in the interaction patterns may be

observed in different taxonomic groups, but only at particular

developmental stages of the parasite. The z and c values of the

taxonomic groups did not differ from each other when the parasite

species were at the larval stage, but the same taxonomic groups

showed different interaction patterns at the adult stage. This

finding reinforces that parasite specificity, as reflected here in the

interaction patterns of some groups (e.g., acanthocephalans,

cestodes, digeneans and nematodes), within and among modules

is more closely related to the life stage than to the taxonomic

group. Indeed, parasite life histories produce adaptations that cross

phylogenetic boundaries and may promote both convergent and

divergent evolution [12,38].

Host-parasite interactions depend on mechanisms that provide

the parasites with a better chance to complete their life cycle [17].

These adaptations, mainly those observed in generalistic parasites,

are not necessarily related to particular co-evolutionary processes

[39] and may be exemplified by the low specificity of some parasites

to an intermediate host that is prey to the definitive host. In this

system of trophic transmission, the parasite may have a higher

chance to reach the definitive host if it is widely distributed among

the prey of this host [40]. These intermediate hosts may have very

distinct parasite faunas and be distributed in different modules,

which may be connected to each other by generalistic parasites.

Therefore, for some species of parasites, occurring in an

intermediate host that is often preyed on by the definitive host, as

previously mentioned, is more advantageous according to the size

and abundance of these prey in the environment and the co-

occurrence between predator and prey habitats [7,41,42]. This

may be a pattern for autochthonous parasites (i.e., parasites that

reach maturity in hosts in the same environment as their larvae;

the aquatic environment in the case of fish-parasite interactions) in

which a smaller number of interactions with fish intermediate

hosts than with definitive hosts was observed for the parasites with

both developmental stages in the networks. The variation in the

number of trophic interactions between different types of definitive

hosts (i.e., fish and birds) suggests some effect on the connectivity

pattern of parasites [19]. However, more studies are necessary to

clarify the possible patterns that distinguish the generality of the

interactions between the larvae of autochthonous and allochtho-

nous parasites (i.e., parasites with larval and adult stages in

different environments, e.g., in terrestrial and aquatic environ-

ments). After demonstrating the importance of different parasite

Fish-Parasite Networks
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developmental stages in fish-parasite networks characterized by a

high interaction specificity, further studies may assess which factors

are responsible for increases or decreases in the number of

parasites at the larval stage in these networks.

Supporting Information

Table S1 Descriptors measured for 30 fish-parasite
networks.
(DOC)

Dataset S1 Matrices of 30 fish-parasite networks and
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(XLS)
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