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The frequency and strength of biotic interactions are thought to be shaped by
environmental conditions. In this study, we reviewed and discussed the potential
effects of toxic chemicals in driving shifts along the parasite-mutualist continuum.
Some parasites have the astonishing capacity to accumulate trace metals and organic
pollutants from various taxa within freshwater, marine, and terrestrial ecosystems.
Recent studies have provided evidence of clear benefits for the host: when exposed to
contaminants, infected organisms exhibited reduced contamination levels, less severe
oxidative stress, and histological alterations, as well as higher body condition and
survival rate compared with their uninfected conspecifics. Such effects might arise
when the costs of parasitism are lower than their benefits in specific environmental
conditions. Assessing the potential outcomes for parasites exploiting contaminated
hosts is a crucial but neglected issue, since ecotoxicological effects on parasites
may alter interspecific relationships. We identified possible avenues for future research
using innovative tools and long-term experimental manipulations of both parasitism and
pollution to better understand how toxic chemicals can modulate the strength and
direction of host-parasite interactions.
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INTRODUCTION

Ecological relationships refer to interactions between organisms within their environment and are
classified according to the outcomes for each partner (positive, negative, or neutral effects). The
Red Queen hypothesis (Van Valen, 1973) stated that biotic interactions are key drivers of evolution
through adaptation and counteracting adaptations in interacting species. Selection favors hosts
that are able to avoid or resist infection (resistance) or attenuate the parasite-induced damages
(tolerance), whereas parasites evolve to impede the host’s strategies to detect, reject, or neutralize
them. Such strategies are costly (Rigby et al., 2002) and are selected as long as the reduction in
damages outweighs the cost of parasites’ resistance or tolerance (Sheldon and Verhulst, 1996).

Instead of a binary view of parasites and mutualists, interactions between hosts and symbionts
can be addressed as a continuum from mutualism to parasitism according to the outcomes for each
partner’s fitness (beneficial or harmful effects, Thomas et al., 2000; Leung and Poulin, 2008). In this
context, parasites may evolve to be less deleterious to their host because of direct advantages for
the transmission, reproduction, and survival of parasites. For instance, parasites may temporally
improve antipredator behavior (“bodyguard manipulation,” Maure et al., 2013), especially in the
intermediate host, to avoid non-host predators or postpone host mortality until parasites reach an
infective stage and survive predation by a definitive host (Médoc et al., 2009). Some parasites species
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may also endorse a protective role for the host against
lethal parasitoids (Sternberg et al., 2011) due to within-
host competition. Feather mites can play a commensalistic–
mutualistic role by feeding mainly on fungi including pathogenic
ones and thus by cleaning host feathers (Dona et al., 2019).
Finally, vertically transmitted parasites may enhance the short-
term reproductive output of the host (Haine et al., 2004).

In addition, indirect consequences, which are unrelated to
parasites’ fitness, may provide hosts with unexpected advantages
in specific environments. Fellous and Salvaudon (2009) have
proposed the term “conditionally helpful parasites” and have
postulated that adverse environmental conditions seem to drive
transitions along the parasite–mutualist continuum. For instance,
shell-degrading endoliths attenuate the mortality of mussels
during heat stress because of shell discoloration (Zardi et al.,
2016). Trypanosoma otospermophili confers advantages to young
of the year on Richardson’s ground squirrels (Spermophilus
richardsonii) in a pyridoxine-deficient environment through the
synthesis of vitamin B6 (i.e., pyridoxine, Munger and Holmes,
1988). This possible shift toward mutualism is more likely to
occur for mild parasites with low-intensity infection, causing few
damages (Fellous and Salvaudon, 2009).

Environmental pollution is a major and worldwide issue,
which is likely to affect both hosts and parasites. During recent
years, a couple of studies have yielded exciting results on the
potential benefits of helminth parasites for hosts exposed to
pollutants (Sánchez et al., 2016; Sures et al., 2017; Morrill
et al., 2019; Molbert et al., 2020, 2021). This review aims
to explore the potential effect of toxic chemicals in shifting
interspecific relationships from parasitic to mutualistic. We
review (i) the large body of studies showing that some parasites
can accumulate pollutants and we discuss possible mechanisms.
We then investigate the potential consequences of parasitism
on (ii) the pollutant burden of the host and (iii) the costs and
benefits for hosts in contaminated environments. In addition, we
explore (iv) costs and benefits for parasites. We construct (v) a
conceptual framework and we consider (vi) the consequences at
the population and community levels. Finally, (vii) we propose
future research directions.

ACCUMULATION OF POLLUTANTS IN
PARASITES

A Widespread Phenomenon
Some parasites have the remarkable ability to accumulate
pollutants from their host. This has been extensively studied
for lead, a non-essential trace metal. Lead can reach the levels
of 2,700 times higher in acanthocephalans (Pomphorhynchus
laevis) than in the muscle of its fish host, the European chub
(Squalius cephalus, Sures et al., 1994; Sures and Siddall, 1999).
This considerable bioaccumulation of lead in parasites is far from
unique. Additionally, sequestration has been described for other
trace metal elements (Schludermann et al., 2003; Thielen et al.,
2004), in a wide range of parasite species (acanthocephalans,
cestodes, nematodes, and digeneans, Sures et al., 2017), and

in hosts from marine, freshwater, and terrestrial habitats:
mollusks (Littorina littorea) (Evans et al., 2001), perches (Perca
fluviatilis), and eels (Anguilla anguilla) (Sures, 2001), sharks
(Carcharhinus dussumieri) (Malek et al., 2007), amphibians
(African common toads, Amietophrynus regularis, Akinsanya
et al., 2020), cormorants (Phalacrocorax carbo, Barus et al., 2001),
harbor porpoises (Phocoena, Szefer et al., 1998), rats (Scheef et al.,
2000), and red foxes (Jankovskaì et al., 2010; Borkovcova et al.,
2020). In situ observations, as well as experimental exposure
studies (Sures and Siddall, 2003; Sures et al., 2003) confirm this
ability of parasites to concentrate lead to such an extent that these
helminths have been proposed as indicators of environmental
quality (Sures, 2001).

Similar findings have been reported for organic pollutants
(mainly persistent ones), but studies remain scarce because of
analytical challenges in providing accurate methods to quantify
chemical analytes, such as their metabolites, from a limited
amount of biological samples. For instance, polychlorobiphenyls
(PCBs) levels were significantly higher in acanthocephalans
than in perch (Brázová et al., 2012), in intestinal cestodes,
Caryophyllaeus laticeps, than in their host (bream, Abramis
brama, Brázová et al., 2021), and in the intestinal nematode,
Anisakis sp., than in European hake (Mille et al., 2020). This
bioaccumulation was observed for organochlorine pesticides
(OCPs), polybrominated diphenyl ethers, phthalates, and
polycyclic aromatic hydrocarbons (PAHs) in acanthocephalans
compared with the muscle of their chub host but not for
pyrethroid insecticides (Molbert et al., 2020) or musk fragrances
(Mille et al., 2020). Hence, the levels of a wide variety of toxic
chemicals, with some exceptions, are higher in intestinal parasites
than in their host.

Possible Underlying Mechanisms
Understanding the mechanisms underlying the transfer of
pollutants in host-parasite systems has been virtually neglected in
ecotoxicological studies. Pollutant properties are known to play a
key role in bioaccumulation and bioamplification (Goutte et al.,
2020). A noteworthy point is that parasites, unlike predators,
do not necessarily occupy higher trophic levels compared with
their host (Lafferty et al., 2008; Robinson et al., 2010). Some
parasites, such as acanthocephalans, are absorptive feeders and
passively assimilate nutrients through the tegument, thus being
on a lower trophic level than their host, as highlighted by
the depletion of the heavier nitrogen isotope (Nachev et al.,
2017). Because of these passive mechanisms, parasites without
a gastrointestinal tract are supposed to absorb preferentially
small and water-soluble molecules (Persson et al., 2007; Le et al.,
2016). However, the few studies conducted on this issue did
not support an effect of molecular size and hydrophobicity
on the accumulation of pollutants in parasites relative to their
host (Persson et al., 2007; Brázová et al., 2012; Molbert et al.,
2020). Interestingly, metabolic transformation rate plays a key
role, with easily degradable pollutants, such as PAHs and
phthalates, being preferentially stored in parasites compared with
persistent organic pollutants (POPs, Molbert et al., 2020). This
finding could be explained by the lower ability of invertebrates
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to degrade and eliminate organic pollutants compared with
vertebrates (Livingstone, 1998). Moreover, acanthocephalans and
chub tissues had similar levels of PAH metabolites and of
phthalate metabolites, despite the high accumulation of parent
compounds in parasites (Molbert et al., 2020), corroborating the
hypothesis of a poor metabolization of pollutants in parasites
and an uptake of pollutant metabolites readily biotransformed
by their host. Individual characteristics, such as age and sex, are
also known to greatly influence bioaccumulation processes. POPs
bioaccumulate during growth (Vives et al., 2005) and can reach
very high levels in long-lived vertebrates (Rowe, 2008). With that
in mind, the observed bioaccumulation of pollutants in parasites
is considerable for these short-living organisms.

Concerning lead in the acanthocephalan-chub system, a
possible underlying mechanism has been proposed (Sures and
Siddall, 1999; Sures et al., 2003). This trace metal is mainly taken
up by the gills, transported to the liver through the bloodstream
and then excreted into the intestine via the bile. Lead ions form
organometallic complexes with steroids in bile, which are either
eliminated via the feces or reabsorbed in the small intestine. By
assimilating nutrients from the host intestine, acanthocephalans
are thought to take up these bile complexes, accumulate lead, and
reduce its availability to the host (Sures and Siddall, 1999; Sures
et al., 2003).

CONSEQUENCES OF PARASITES AS
CONTAMINANT SINKS ON THE
POLLUTANT BURDEN OF THE HOST

Differences in Pollutant Load Between
Infected and Uninfected Hosts
This enormous bioaccumulation in parasites may result in
reduced bioavailability of chemicals inside their host, as reviewed

for lead and other metals (Sures et al., 2017). Field studies as
well as experimental infection and chemical exposure evidenced
a lower level of contamination of infected individuals compared
with uninfected ones due to the uptake of element trace metals by
parasites (Sures and Siddall, 1999; Sures et al., 2003). Concerning
organic pollutants, PCB levels in the liver and muscle tissues of
acanthocephalan-infected perch were about 20 times and 3 times
lower compared with uninfected fish, respectively (Brázová et al.,
2012). These lower PCB levels in infected fish were also recently
observed in another host-parasite system (cestode-bream) but
only for some PCB congeners (Brázová et al., 2021). Dichloro-
dyphenyl-trichloroethane (DDT) concentrations were two times
higher for non-parasitized Mayan catfish, Ariopsis assimilis,
compared with congeners infected by the larval digenean
Mesostephanus appendiculatoides (Vidal-Martínez et al., 2003).
Dogs with heartworm disease (Dirofilaria immitis, a nematode
feeding directly on the host’s blood) also exhibited lower serum
levels of PCBs, OCPs, and PAH compared with non-infected dogs
(Henríquez-Hernández et al., 2016). Similar findings were found
for PCBs, but not for musk fragrances (Mille et al., 2020).

However, studies do not always converge toward a drastic
reduction of pollutant burden in infected individuals. In
European shags (Phalacrocorax aristotelis), parasite load
(intestinal nematode Contracaecum rudolphii) was negatively
linked with plasmatic concentrations of perfluorooctanesulfonic
acid (PFOS) but only in females (Carravieri et al., 2020).
Similarly, selenium-mercury molar ratios, which emphasize the
protectiveness of selenium on mercury toxicity, also decreased
with increasing parasite load in female shags (Carravieri
et al., 2020), thus complicating our understanding of parasite
infection on the host contamination. Moreover, methyl mercury
sequestration in nematodes was estimated to be negligible
compared with tissue burden in double-crested cormorants
(Phalacrocorax auritus, Robinson et al., 2010). Finally, no
differences in pollutant load were found between infected

FIGURE 1 | (A) Parasites can be helpful in polluted environments if toxic effects (α) are outweighed by the benefits of pollutant bioaccumulation by parasites (β). Net
effects for the host (γ) vary according to pollutant levels. (B) Outcomes for the host also depend on parasite load since they induce costs and may synergistically
interact with high environmental pollution. At low pollutant levels and parasite load, parasites may be helpful by buffering ecotoxicological effects. Slopes of all lines
are purely arbitrary.

Frontiers in Ecology and Evolution | www.frontiersin.org 3 April 2022 | Volume 10 | Article 847869

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-847869 April 23, 2022 Time: 14:26 # 4

Goutte and Molbert Helpful Parasites in Polluted Environments

and uninfected chubs (Molbert et al., 2020), although their
acanthocephalan parasites sequestered organic pollutants.
Similarly, experimental exposure to PAH did not elicit higher
PAH levels in uninfected chubs compared with infected ones
(Molbert et al., 2021). This could be explained by the high
metabolic transformation rate of phthalates and PAHs in the
vertebrates and thus a rapid elimination of pollutants in fish.
Moreover, the weak parasitic load encountered in chubs could
result in limited efflux compared with pollutant uptake (but see
Brázová et al., 2021).

Possible Confounding Factors
Parasitism induces a cascade of physiological and ecological
changes (metabolism, foraging ecology, and social interaction),
which may in turn influence pollutants’ exposure and
accumulation (Molbert et al., 2020). Moreover, naturally
infected individuals may share specific characteristics: larger fish
feed more on intermediate hosts (e.g., gammarid species), thus
being more prone to be infected by acanthocephalans (Molbert
et al., 2020) and being less likely contaminated because of the
growth and trophic dilution of several organic pollutants (Goutte
et al., 2020). Hence, the relationship between parasitism and
the pollutant burden of the host may be not causal. Similarly,
physiological ability to cope with stressors, behavioral traits, or
life-history traits could independently influence the probability
of infection and of exposure to pollutants. Finally, most of these
studies are transversal with individuals collected in situ at a
single point in time. The “selection hypothesis” could thus not
be excluded: phenotypes excessively sensitive to pollution or
parasitism may have progressively disappeared, and the sampled
individuals may be representative of the most robust fraction
of the population. Specifically, it has been shown that parasites
aggregate in a small proportion of individuals and that few
organisms may bear a very high pollutant burden (Morrill et al.,
2015). It is very likely that individuals experiencing both high
contamination and high-intensity infections are in very poor
health conditions and are not accessible during field sampling.

COSTS AND BENEFITS OF PARASITISM
FOR THE HOST IN THE POLLUTED
ENVIRONMENT

Several studies have reported additive and synergistic interactions
between parasitism and pollution (Bustnes et al., 2006;
Marcogliese and Pietrock, 2011), since some toxic chemicals may
induce oxidative stress, depress the immune system, or disrupt
endocrine functions, that may, in turn, favor parasitic infection
and exacerbate their pathogenicity (Jobling and Tyler, 2003;
Marcogliese, 2005; Morley et al., 2006; Sures, 2006). Joint effects
of parasitism and pollution on host fitness are highly complex
(Sures, 2008) and depend on the level of parasitism, as well as the
level and mode of action of the environmental pollutant.

Recent findings suggest that some parasites, through their
noteworthy ability to uptake pollutants, provide substantial
benefits to their host. The first evidence came from an
experimentally manipulated arsenic levels study under controlled

conditions: arsenic-induced damages were attenuated in Artemia
parthenogenetica infected by intestinal cestodes compared
with uninfected ones (Sánchez et al., 2016). Acute mortality
was reduced, the number of lipid droplets increased, and
anti-oxidative defense mechanisms (catalase and glutathione
reductase activity) were enhanced, without oxidative damage in
parasitized compared with unparasitized Brine shrimps (Sánchez
et al., 2016). Morrill et al. (2019) suggested that common eiders
Somateria mollissima may benefit from intestinal helminths
when exposed to lead: hens treated with an antihelminthic
were more prone to being resighted the following year, with
decreasing blood lead levels. Moreover, African common toads
infected by the intestinal nematodes Amplicaecum africanum
were not only less contaminated by trace metals (cadmium,
lead, copper, nickel, and chromium) but also had less severe
alterations of the intestinal mucosa and higher antioxidant
activities (glutathione peroxidase, superoxide dismutase, and
catalase) compared with uninfected conspecifics (Akinsanya
et al., 2020). When infected by intestinal cestodes (C. laticeps),
breams were in better body condition and less contaminated by
PCBs (Brázová et al., 2021). Chubs infected by acanthocephalans
exhibited lower oxidative damage than uninfected ones when
naturally exposed to organic micropollutants (Molbert et al.,
2020) and experimentally exposed to PAH (Molbert et al.,
2021). Although these descriptive and experimental studies are
still scarce, they support the hypothesis that some intestinal
helminths, at low-intensity infections, could be less detrimental
or even helpful for hosts exposed to trace metal elements or
organic pollutants.

COSTS AND BENEFITS FOR PARASITES
IN POLLUTED ENVIRONMENTS

Pollutant exposure can directly or indirectly induce a wide
array of costs and benefits for parasites (Marcogliese, 2005).
First, toxic chemicals affect species differently and can be
more deleterious for parasites compared with vertebrate hosts
(Blanar et al., 2010) because of (i) a weaker tolerance to
particular xenobiotics (e.g., fungicide, Hanlon and Parris,
2012) and (ii) the bioaccumulation rate and less efficient
metabolization and excretion processes (Livingstone, 1998). Free-
living stages and ectoparasites may also be particularly vulnerable
to environmental pollution (Pietrock and Marcogliese, 2003;
Blanar et al., 2009). As an example, abnormal attachment
clamps were observed more frequently in parasites (diplozoons)
from the gills of chubs and breams caught in the most
polluted sites (Šebelová et al., 2002), suggesting pollution-
induced morphological impairments. Harmful effects of the
pollutant burden on parasites can lead to a lower infestation
by parasites and/or higher mortality of adult forms in highly
contaminated hosts, which could be indirectly beneficial for the
host. In such a context, one may predict that parasites would
adapt faster than their host under this toxic selection pressure
because of the shorter generation time. However, such rapid
microevolution was not demonstrated by a multigenerational
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experimental exposure to a globally marketed and used pesticide
(Cuco et al., 2020).

On the other hand, pollution-tolerant parasites may benefit
from environmental pollution since toxic compounds can impair
the physiology and, particularly, the immune defenses of the
host (Jokinen et al., 1995), thus weakening resistance to parasites
(Valtonen et al., 1997). For instance, experimental exposure
at sublethal concentrations to carbaryl, a neurotoxic pesticide,
synergistically interacts with parasitism by enhancing parasite
virulence (Coors et al., 2008). The impacts of pollutants’
bioaccumulation on parasites appear to be complex and context-
dependent (Rohr et al., 2008). For instance, in a terrestrial host-
parasite system, the establishment of the tapeworm Hymenolepis
diminuta in beetles was either increased or reduced by the
exposure to an insecticide depending on the timing of the
contamination (Dhakal et al., 2020).

Finally, environmental pollution can positively or negatively
impact the presence, density, or resistance of intermediate and
final hosts (Valtonen et al., 1997), thus compromising parasite
life cycles. Evaluating potential ecotoxicological consequences
on parasites’ transmission, reproduction, or survival is thus a
complex issue (Khan and Thulin, 1991; Sures et al., 2017). It
is noteworthy that adverse impacts of pollutants on parasites
could have cascading effects on ecological processes, ecosystem
functioning, and services (Gómez and Nichols, 2013; Davis and
Prouty, 2019).

CONCEPTUAL FRAMEWORK

We propose a conceptual framework and we argue that parasites
can be helpful (positive outcome for the host’s fitness) when the
costs of parasitism (level of infestation and pathogenicity) are
negligible compared with the benefits of pollutant sequestration
(depending on the accumulation rate and toxicity for the host).
The interaction may drastically change depending on levels of
parasitism (or pathogenicity) and pollutant levels. When hosts
experience high aggregation of parasites, their pathogenicity
likely outweighs the potential benefits of pollutants sequestration
(Figure 1). When environmental contamination exceeds the
ability of parasites to sequester pollutants, ecotoxicological effects
may be exacerbated by parasitism (Figure 1). This simplified
model implies only one type of pollutant and one parasite
species (Figure 1). We summarize the main environmental and
ecological factors that can influence the host-parasite interaction
in polluted environments (Figure 2), including (i) the type of
pollutants’ mixture, their probabilities of occurrence, and their
chemical properties (accumulation, metabolization, differential
toxicity among species, etc.), (ii) the nature and intensity
of parasites, tolerance to pollutants, the ability to sequester
pollutants, life cycle (number of obligatory hosts), diversity of
parasites’ species, and dynamics of co-infection, and (iii) host
tolerance and resistance to parasites, tolerance to pollutants,
individual traits (sex, age, body length, trophic ecology, etc.),
and inter- and intra-specific relationships. All these biotic and
abiotic factors can interact and it may be difficult to establish
some predictions.

FIGURE 2 | The strength and the direction of host-parasite interaction can be
viewed as a balance between parasite-induced costs and benefits related to
pollutant sequestration. The net benefit of parasites is influenced by three
broad categories of factors (i) pollutant traits: type, mixture, levels, and
chemical properties; (ii) parasite traits: nature, intensity, and diversity of
parasites (such as, the risk of co-infection), sensitivity to pollutants, the ability
to sequester pollutants, and life cycles; and (iii) host traits: tolerance and
resistance to parasites, sensitivity to pollutants, individual traits, health, and
ecology. These biotic and abiotic factors can interact, resulting in transitions
along the parasite–mutualist continuum.

POPULATION AND COMMUNITY AND
LEVEL CONSEQUENCES

Could context-dependent outcomes in host-parasite interactions
have some impact on the dynamics and community structures
of the host and parasite populations? This has been discussed
for mutualistic interactions: costs, benefits, and thus net effects
greatly vary in space and time, affecting geographical disparities
in community structures as well as the rate of evolutionary
change (Bronstein, 1994; Hay et al., 2004).

The consequences of context-dependent helpful parasites on
host populations and communities have not been studied to the
best of our knowledge. One may predict that, in a population
facing environmental pollution, parasitism could be beneficial
at a low-intensity infection but becomes detrimental as the
parasite load increases.

In a quantitative meta-analysis, the effects of environmental
pollution on parasite populations and communities have been
explored (Blanar et al., 2009). Surprisingly, contaminants caused
more damage to (i) monoxenous (single obligatory host in
the life cycle) parasite taxa than to heteroxenous (at least
two hosts) taxa and (ii) directly exposed (ectoparasites) than
indirectly exposed (endo-) parasites (Blanar et al., 2009). These
findings conflict with the assumptions of (i) stronger effects
on parasites with complex life cycles due to potential altered
transmission in intermediate hosts and (ii) an amplifying effect
of pollutant bioaccumulation from the host gastrointestinal tract.
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While meta-analyses unveil the general pattern among functional
groups, some specific responses have been evidenced depending
on parasite ecology, pollutant levels, and direct and indirect
mechanisms (Sures et al., 2017). For instance, parasite diversity
and biomass of helminth species in fish, were much lower in a
historically contaminated site (Oros and Hanzelová, 2009) not
because of changes in fish communities or ecotoxicological effects
of pollutant sequestration but probably as a consequence of
pollution-related decline of intermediate hosts.

FUTURE DIRECTIONS

This review aimed to identify whether environmental
contamination can modulate the direction and strength of
host-parasite interactions. We argue that two conditions must
be met to elicit a transition from parasitism to mutualism:
(i) pollutant sequestration by parasites should provide greater
advantages for the host than the cost of infection (Figure 1) and
(ii) pollutant levels should not be deleterious for both partners
(and intermediate host) to avoid profound changes in host–
parasite interactions. Reciprocal and complex relationships are
expected among pollutants, parasites, and hosts (Figure 2). As
previously discussed, transversal studies could lead to biased
assessments because of confounding factors. Hence, longitudinal
studies must be favored to evaluate the long-term consequences
of pollution and parasitism on host health as well as the effect
of pollution on parasites’ establishment and development. In
addition, appropriate experimental approaches are required to
confirm the causal relationship: a simultaneous manipulation
of parasitism and chemical exposure would be an elegant
design. In addition, endoscopic procedures could be used to

conduct the long-term monitoring of intestinal parasites in
hosts experimentally exposed to contaminants. This method
has been recently developed for seabirds to monitor intestinal
parasitic infections without sacrificing hosts (Carravieri et al.,
2020). This approach would thus allow assessing impacts of
experimentally increased pollutant exposure on the infection rate
and the developmental rate of parasites, as well as on the joint
effect of parasitism (at different levels) and pollution (at different
levels) on host health.

At the population level, it would be crucial to compare the host
infection status according to environmental pollution without
sacrificing individuals. A non-lethal and non-invasive method is
the use of urine DNA (uDNA, Duval et al., 2021), but it requires
methodological developments to be extended to several parasite
species. This opens new avenues for research on parasitism in
host populations exposed to environmental contamination.
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