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Parasites are ubiquitous components of biological systems that have evolved in multiple independent lin-
eages during the history of life, resulting in a diversity of taxa greater than that of their free-living coun-
terparts. Extant host-parasite associations are the result of tight reciprocal adaptations that allow
parasites to exploit specific biological features of their hosts to ensure their transmission, survival, and
maintenance of viable populations. As a result, parasites may affect host physiology, morphology, repro-
duction or behaviour, and they are increasingly recognized as having significant impacts on host individ-
uals, populations, communities and even ecosystems. Although this is usually acknowledged by parasite
ecologists, fish ecologists often ignore parasitism in their studies, often acting as though their systems are
free of parasites. However, the effects of parasites on their hosts can alter variables routinely used in fish
ecology, ranging from the level of individual fish (e.g. condition factors) to populations (e.g. estimates of
mortality and reproductive success) or communities (e.g. measures of interspecific competition or the
structure and functioning of food webs). By affecting fish physiology, parasites can also interfere with
measurements of trophic levels by means of stable isotope composition, or have antagonistic or synergis-
tic effects with host parameters normally used as indicators of different sources of pollution. Changes in
host behaviour induced by parasites can also modify host distribution patterns, habitat selection, diet
composition, sexual behaviour, etc., with implications for the ecology of fish and of their predators and
prey. In this review, we summarise and illustrate the likely biases and erroneous conclusions that one
may expect from studies of fish ecology that ignore parasites, from the individual to the community level.
Given the impact of parasites across all levels of biological organisation, we show that their omission
from the design and analyses of ecological studies poses real risks of flawed interpretations for those pat-
terns and processes that ecologists seek to uncover.

� 2020 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Parasites represent one of the most successful modes of life in
nature (Poulin and Morand, 2000) that has arisen on multiple inde-
pendent occasions in many phyla (Poulin, 2011; Weinstein and
Kuris, 2016). They are ubiquitous components of biological sys-
tems, comprising a significant proportion of world biodiversity
(Dobson et al., 2008) and achieving substantial biomass, abun-
dance and productivity in some ecosystems (Kuris et al., 2008;
Hechinger et al., 2011). Extant host-parasite associations are the
result of antagonistic interactions whose coevolution has led to
tight reciprocal adaptations that allow parasites to exploit specific
biological features of their hosts to ensure their transmission, sur-
vival, and maintenance of viable populations. As a result, parasites
may affect the biology of their hosts in several ways and at differ-
ent levels. They impose energetic demands on individual hosts and
can affect their morphology, fecundity, reproduction, behaviour
and survival (Marcogliese, 2004). Their impact extends beyond
individual hosts to the levels of host populations, communities
and even ecosystems. Indeed, parasites are able to regulate host
populations (Anderson and May, 1979; May and Anderson, 1979;
Hudson et al., 1998), structure free-living communities
(Mouritsen and Poulin, 2002; Hudson et al., 2006; Lafferty et al.,
2006, 2008; Dunne et al., 2013) and alter ecosystem function
(Thomas, et al., 1999; Hatcher et al., 2012; Sato et al., 2012;
Preston et al., 2016; Frainer et al., 2018).

Whereas the relevance of parasitic organisms in nature and
their potential to provide important ecological information is
acknowledged by parasite ecologists, ecologists studying free-
living organisms often ignore parasitism in their studies, typically
acting as though their systems are free of parasites, or as if para-
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Fig. 1. Schematic illustration of the confounding effects of parasites on measurements of parameters at the individual (A), population (B) and community (C) level. In each
hypothetical exmaple, the gross measurement (including the effect of parasitism) is contrasted with the net measurement (with the effect of parasites excluded), to highlight
the estimate error obtained by ignoring parasites. (A) Overestimation of fish body mass when parasite mass (oval) is not deducted from the total (fish + parasites) mass, which
can cause biases in calculations of condition factors. (B) Overestimation of the intrinsic mortality rate of a fish population during a given time interval when parasites (ovals)
are ignored; infection by parasites raises the individual death rate, causing a greater proportion of fish to die than would have died in the absence of parasites. (C)
Overestimation of true predator preference for one prey species relative to another due to parasite-induced alterations of host behaviour and susceptibility to predation;
predation rates and the strength of trophic links and energy flow through a food web can be modified, in this example boosted (white arrow), by prevalent parasites of certain
fish species in ways that are only recognised if parasites are considered in fish ecology studies.

756 J.T. Timi, R. Poulin / International Journal for Parasitology 50 (2020) 755–761
sites exist in the system but do not matter (Minchella and Scott,
1991; Huxham et al., 1995; Lafferty et al., 2006; Wood and
Johnson, 2015). Fish biologists are no exception and parasites are
generally neglected in many studies, despite the fact they can alter
variables routinely used in fish ecology and fisheries, and can have
antagonistic or synergistic effects with host parameters normally
used as indicators of physiological or reproductive status. Changes
in host behaviour induced by parasites can also modify host distri-
bution patterns, habitat selection, diet composition, sexual beha-
viour, etc., with implications for the ecology of fish and of their
predators and prey. In this review, we summarise and illustrate
(Fig. 1) the likely biases and erroneous conclusions that one may
expect from studies of fish ecology that ignore parasites, and the
need to incorporate them in the design and analyses of ecological
studies based on natural systems or in experimental research using
wild fish, to avoid misleading interpretations of patterns and pro-
cesses from the individual to the community level.
2. Effect of parasites on fish condition

Parasites live in or on their hosts and, independent of any pos-
sible effect on host physiology and health, their mere presence
alters the host’s weight, sometimes substantially. Fish body mass,
together with some linear measure, is routinely taken to calculate
indices of ‘‘body condition” as snapshots of fish physiological state,
i.e. as an estimate of nutritional state or relative ‘‘fatness” or
‘‘health”. These serve as indirect indicators of past foraging success,
fighting ability, ability to cope with environmental pressures, etc.
(Jakob et al., 1996). In other words, they capture the general
well-being or fitness of the population under consideration, with
heavier fish of a given length considered to be in better condition
(Jones et al., 1999).

However, and even when body condition indices are used to
estimate the pathological effects of parasites on fishes, parasite
mass is almost always ignored in such calculations, except in sys-
tems where relatively large parasites infect small fish (Lagrue and
Poulin, 2015). For example, the larval tapeworm Schistocephalus
solidus can attain 40% of the weight of its host, the threespine stick-
leback Gasterosteus aculeatus, and up to 92% of the host’s mass in
multiple infections (Hopkins and Smyth, 1951). However, most
parasites are typically much smaller than their hosts (Lafferty
and Kuris, 2002), although fishes can be infected by many parasites
that contribute to a considerable total mass (Santoro et al., 2013).
Consequently, a considerable proportion of fish mass can consist of
parasite tissues, particularly for those hosts more heavily infected,
and any detrimental effect induced by the parasite, measurable
through host body condition indices, may be clouded by the effect
of parasite mass (Fig. 1A).

Indeed, Lagrue and Poulin (2015) found that the inclusion or
exclusion of parasite mass from fish body mass in calculation of
the Residual Index (Jakob et al., 1996) significantly influenced cor-
relation patterns between parasite load and fish body condition in
the common bully Gobiomorphus cotidianus. Their results showed
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that a positive correlation between parasite load and fish body
condition was observed when parasite mass was included, seem-
ingly indicating that fish in better condition supported higher par-
asite loads. In contrast, when parasite mass was excluded, there
was no detectable relationship between helminth parasite load
and fish condition, indicating that fish body condition tends to be
overestimated when parasite mass is not accounted for. Later,
based on the Scaled Mass Index and Fulton’s condition factor,
Maceda-Veiga et al. (2016) found correlative evidence that parasite
effects on the body condition of common bullies can range from
positive to negative as parasite burden increases, both in models
including or excluding total parasite biomass.

In the same way, other indices based on body mass are often
used to evaluate the well-being or fitness of fish, such as the hep-
atosomatic index (liver weight as a percentage of whole body
weight, Bolger and Connolly, 1989), or its reproductive condition,
such as the gonadosomatic index (gonadal weight as a percentage
of whole body weight, DeVlaming et al., 1982). Both indices are
not only affected by the mass of parasites or their pathological
effect on body mass, but also on the mass of individual organs.
Indeed, some parasites have marked or specific tissue tropism
and can also elicit tissular responses or pathologies that alter the
target organ. For example, larvae of anisakid nematodes show pref-
erences for the liver ofMerlangius merlangus, reaching high burdens
and provoking encapsulations and development of fibroses, altering
the liver mass (Elarifi, 1982). Similar outcomes are produced by the
coccidian Goussia clupearum, in the liver of Micromesistius poutas-
sou, contributing to poor body condition as shown by changes in
the hepatosomatic and body condition indices (Abollo et al.,
2001) or by the nematode Philometra floridiensis in the ovaries of
Sciaenops ocellatus (Bakenhaster et al., 2014).

Beyond a possible effect of parasite mass, different pathologies
can also alter fish condition indices. For example, migration of lar-
val parasites through fish tissues may cause a series of physical
traumas that induce non-specific stress responses characterized
by elevated oxygen consumption and increased metabolic rates
with concomitant decreases in total body lipid content (Lemly
and Esch, 1984). Furthermore, resource depletion by pathogens
can be enhanced by the metabolic cost of mounting an immune
response, given that the immune system competes for resources
with pathogens (Cressler et al., 2014). The outcome of these inter-
actions will depend on the host species, the parasite taxon, its level
of infection, size, life stage and site of infection (Lagrue and Poulin,
2015), and variability in pathological effects is to be expected. For
example, Santoro et al. (2013) found a strong negative correlation
between body condition factor and parasite burden for only one of
three antarctic fish species, which was the most heavily infected.
On the other hand, no relationship between host condition factor
was observed for a small freshwater fish in streams from Argen-
tina, harboring high abundance of larval trematodes, after exclud-
ing the parasite mass from calculations (Taglioretti et al., 2018),
which can account for between 4 and 20% of fish mass (personal
observations). Also, at the intraspecific level, the growth rate,
weight gain, food conversion efficiency and condition factor of
Atlantic cod, Gadus morhua, experimentally infected with the
hematophagous copepod Lernaeocera branchialis, varied with the
age of both fish (young versus adults) and parasites (young versus
post-mature) and the time post-infection (Khan and Lee, 1989).

Exposure to parasites, consequently, triggers cascades of meta-
bolic responses in hosts, altering physiological variables that are
also used as alternative biomarkers of an animal’s body condition,
such as white blood cell count, body water and glycogen content or
stress and reproductive hormones (Maceda-Veiga et al., 2016). For
example, infection by L. branchialis in Atlantic cod induces anorex-
ia, stress and blood loss, eventually causing anemia, lethargy,
emaciation and a decrease in metabolism (Khan et al., 1990). Par-
asite mass, therefore, should be excluded, or at least their effects
considered, in any estimation of body condition, either directly
when measuring fish mass or indirectly by considering physiolog-
ical biomarkers.
3. Effects of parasites on biomarkers

Parasites may affect host biology in several ways, not only phys-
iologically, but also reproductively, morphologically, or behaviou-
rally (Marcogliese, 2004, 2005), potentially interfering with the
interpretation of several variables of fish ecology. In that sense, it
has been demonstrated that parasites alter the host’s stable isotope
composition (Dubois et al., 2009; Sánchez et al., 2013; Pulkkinen
et al., 2016). Stable isotope analysis has become widely used in
ecological studies, notably in those focusing on trophic webs
(Post, 2002; Layman et al., 2011). Stable isotopes of carbon and
nitrogen (d13C and d15N) can be used as natural tracers of energy
transfers, providing medium- to long-term information on food
assimilated by organisms (Dubois et al., 2009). The isotopic com-
position of a consumer is enriched d13C and d15N with respect to
its food (Post, 2002), which is linked to the respiratory and excre-
tory metabolisms, respectively (Checkley and Entzeroth, 1985).
Differences in nutrient requirements create a potential imbalance
in homeostatic needs between consumers (parasites) and
resources (hosts) (Bernot and Poulin, 2018). Consequenty, as in
the case of fish condition factors, parasites may induce shifts in
stable isotope ratios between healthy and parasitized individuals
in two ways, either by disturbing the metabolism of hosts (a
‘pathologic’ shift), or when the stable isotopic signature of para-
sites is very different from that of the host and their mass relative
to host mass is large enough (a ‘‘mass-balance” shift) (Doi et al.,
2008; Dubois et al., 2009).

The relation between the isotopic composition of parasites and
hosts shows no general trend toward either depletion or enrich-
ment in isotope values (Pulkkinen et al., 2016). This has been
attributed to differences in life cycles, parasitised organ/tissue
and trophic modes of parasites (Deudero et al., 2002), and to
parasite-induced changes in habitat selection, feeding behaviour
and/or niche specialization of the host (Miura et al., 2006;
Sánchez et al., 2013; Pegg et al., 2017). Whether direct or indirect,
the effect of parasites on fish isotopic composition should not be
neglected.

In recent decades, parasites have been increasingly used as
bioindicators of environmental impact of anthropogenic changes
(Sures, 2003, 2004, 2006; Williams and MacKenzie, 2003;
Marcogliese, 2005; Vidal-Martínez et al., 2010). In general, envi-
ronmental parasitology includes the use of parasites as accumula-
tion indicators for pollutants and as effect indicators (Sures et al.,
2017). Several parasite taxa, especially cestodes and acanthocepha-
lans, have a high potential for accumulation, bioconcentration and
tolerance of chemicals, making them useful sentinels to monitor
the biological availability of chemical pollutants (Sures, 2004,
2008a,b; Nachev and Sures, 2016; Sures et al., 2017). On the other
hand, the use of parasites as effect indicators focuses on direct
effects of pollutants on free-living stages or on changes in popula-
tion and community structure (Sures et al., 2017). However, the
use of parasite abundance has not always been demonstrated con-
clusively as an indicator of environmental impact, because numer-
ical or physiological responses to pollutants vary depending on the
species (Sures, 2008b; Blanar et al., 2009; Vidal-Martínez et al.,
2010).

In nature, fish face both parasites and environmental pollution,
both of which can affect their physiological homeostasis, some-
times simultaneously. Consequently, physiological, behavioral or
molecular changes produced by pollutants or habitat disturbance,
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usually used as biological markers to indicate effects of pollution
(Sures et al., 2017), can be clouded by the presence of parasites.

A direct effect of certain parasites on the pollutant metabolism
of their host is mediated by the remarkable ability of certain
helminth taxa to accumulate pollutants (Sures and Siddall, 1999).
Several studies have reported lower heavy metal concentrations
in wild fish infected with acanthocephalans and cestodes relative
to uninfected counterparts, a phenomenon attributed to distur-
bance by parasites of the entero-hepatic cycling of metals by fishes
(Sures and Siddall, 1999; Sures et al., 2017). Since some parasites
act as pollutant sinks, resulting from contaminant uptake by para-
sites, pollutant concentration in fish can be underestimated if most
analyzed hosts harbour parasites and the differences between par-
asitized and unparasitized hosts are not accounted for (Sures et al.,
2017).

In ecotoxicological sciences, physiological responses of organ-
isms to pollutants are also used as biomarkers and measured at a
biochemical or molecular level to indicate the presence of contam-
inants and their possible detrimental effects on organisms (Forbes
et al., 2006). Among the usually used biomarkers, oxidative stress,
energy budgets, hormone regulation and genes and proteins
involved in pollutant metabolism and excretion are not specific
to pollutants, but might also be affected by parasitism, among
other stressors (Marcogliese and Pietrock, 2011; Sures et al,
2017). Furthermore, parasites may influence the metabolism of
pollutants, interact synergistically or antagonistically with them
and induce physiological reactions in hosts which can be wrongly
attributed just to pollution (Sures, 2006). Many studies on this
topic, including different pollutants, host and parasite species
(reviewed by Sures et al., 2017), have shown that the outcome of
parasite-pollution interactions can be to either reduce or increase
levels of biomarkers, underming the reliability of biomarkers as
diagnostic tools. Consequently, it seems that parasites are, at least
partially, the causative agents of many effects commonly attribu-
ted to environmental pollution, and that ecotoxicological research
carried out on parasitized fish can lead to contradictory results if
possible effects of parasites on biomarker responses are not
considered.
4. Effects of parasites on fish behaviour

By definition parasites exert deleterious effects to their hosts,
ranging from nutritional effects to more severe pathologies, altered
physiological homeostasis or general malaise, wich may have con-
sequences for almost every aspect of fish behaviour (Barber et al.,
2000), from slight shifts in the time spent performing a given activ-
ity to the appearance of drastically new and strange behaviours
(Poulin, 1995). Far from being merely side-effects of infection,
many altered host behaviours are acually the product of natural
selection acting on parasites to target particular neural pathways
in the host and manipulate its behaviour to their advantage. Host
manipulation by parasites has been reported in many host-
parasite associations spanning all major phyla of living organisms
(Moore, 2002; Poulin, 2010). Changes in foraging efficiency, time
budget, habitat selection, competitive ability, predator–prey rela-
tionships, shoaling behaviour, swimming performance and sexual
behaviour and mate choice have been related to parasitism; fish
also adopt strategies to reduce their exposure to parasite infection
(habitat avoidance, prey selectivity or avoidance of infected indi-
viduals) or to perform behaviours aimed at removing parasites
(substrate scraping, visitation of cleaning stations) (see Barber
et al., 2000 for a review).

Many parasites with complex, multi-host life cycles require
their current hosts to be eaten by specific predators to complete
their life cycle, and accordingly they modify their host’s behaviour
to increase its susceptibility to predation in different ways.
Infected host behave differentially, are eaten more readily and
are taken more frequently by predators than are unparasitized
hosts (Lafferty and Morris, 1996). On the other hand, differences
in diet composition and prey selection (i.e. prey size) between par-
asitized and unparasitized fish have also been observed (Barber
et al., 2000). Therefore, changes in host behaviour induced by par-
asites can have implications for the ecology of both fish predators
and fish prey. For example, the proportion of fish infected by larval
cestodes or trematodes eaten by ichthyophagous birds was
observed to be significantly higher than that of infected fish avail-
able in both natural and experimental studies (van Dobben, 1952;
Lafferty and Morris, 1996; Lafferty, 2008), indicating that parasites
determine not only how a fish behaves, but also what the birds eat.
The results of many studies on the behaviour of fish, their prey and
predators, may be largely influenced by parasitism; without
accounting for the effects of parasites, the behaviours measured
are not a true representation of fish behaviour.
5. Effects of parasitism beyond the individual host

Parasites impose energetic demands, affect the health, fre-
quently increase the death rate, decrease the birth rate, and may
alter the behaviour, nutritional status and growth of their individ-
ual hosts (Minchella and Scott, 1991). Thus, through direct or indi-
rect effects on death rates of individual hosts, parasites can
increase the mortality rate of fish populations above their intrinsic
mortality determined by genetics and other environmental factors
(Fig. 1B). These effects, which can be density-mediated (through
mortality) or trait-mediated (physiological, developmental and
behavioural), may be crucial to interspecific interactions and, via
indirect interactions with non-host species, may play key roles in
structuring communities (Hatcher et al., 2014). Consequently, par-
asites can substantially affect free-living communities, especially if
the host is abundant or ecologically influential (Mouritsen and
Poulin, 2005a,b; Wood et al., 2007). For example, parasites can
alter the outcome of species interactions such as predator–prey
relationships (Fig. 1C) and intraspecific and interspecific competi-
tion by weakening competitively dominant hosts (Hatcher and
Dunn, 2011; Hatcher et al., 2012). Hence, parasites may shape
the feeding ecology of predators (Fig. 1C), the population dynamics
of prey, and the abundance, distribution and diversity of organisms
in the environment (Minchella and Scott, 1991; Lafferty and
Morris, 1996). Parasitic organisms also represent a substantial pro-
portion of the biomass in some ecosystems (Kuris et al., 2008;
Lambden and Johnson, 2013) and can modify the strength of com-
petitive and trophic interactions among species (Fig. 1C), as well as
their abundance and distribution. Consequently, parasites impact
energy flow through the ecosystem (Hudson et al., 2006; Johnson
et al., 2010; Preston et al., 2013; Britton and Andreou, 2016;
Vannatta and Minchella, 2018), food web structure by increasing
its complexity (Lafferty et al., 2006, 2008; Dunne et al., 2013)
and the physical habitat available for other species (Thomas
et al., 1998; Mouritsen and Poulin, 2002, 2005a,b), acting as
ecosystem engineers (Hatcher et al., 2012).

In synthesis, parasites can play influential roles in ecosystem
functioning, structure and stability (Hudson et al., 2006; Lafferty
et al., 2008). They achieve this through their effect on biogeochem-
ical cycles of water, carbon, nutrients and trace elements, and by
affecting the fluxes of biomass and energy as well as temporal
ecosystem dynamics including disturbance, succession and stabil-
ity (Preston et al., 2016; Sures et al., 2017; Wood and Johnson,
2015). Therefore, the ecological importance of parasites for com-
munities of free-living organisms and ecosystems should not be
ignored for two main reasons. First, a complete picture of commu-
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nity and ecosystem structure and functioning cannot be achieved if
the influence of parasites is overlooked. Secondly, their exclusion
can lead to unrealistic interpretations of the metrics commonly
used in ecological studies.

Indeed, although we are still a long way from having complete
knowledge of the implications of parasitism (Sures et al., 2017),
due, at least in part, to the heterogeneity in host traits (Tompkins
et al., 2011) and to their interaction with parasite traits (Preston
et al., 2016), other sources of variability should be considered in
any study, ranging from the host population to the ecosystem level.
These sources are mainly related to three key aspects of the distri-
bution of parasitic organisms in natural host populations.

First, macroparasite infections are almost invariably over-
dispersed in host populations (Tinsley et al., 2020), a recurrent
and almost universal distributional pattern of parasite ecology, in
which the majority of host individuals harbour few or no parasites
while a minority carry many parasites (Shaw and Dobson, 1995;
Poulin, 2007). Consequently, the strength of any effect of para-
sitism on host traits, if density-dependent, will be naturally vari-
able among individuals even in an otherwise completely
homogeneous sample of hosts. For example, unexpected overdis-
persion can be obseved for given host traits affected by parasites.
Alternatively, departures from expected linear relationships
between host traits or host responses to other effectors can be
induced by the over-dispersed nature of parasitism. Since variation
in host characteristics related to sex, age, resistance or behaviour,
in turn contribute to generate parasite aggregation (Warburton
and Vonhof, 2018; Tinsley et al., 2020), the effect of parasite
overdispersion will be even larger in heterogeneous host samples.

Second, variability in host traits can also determine the extent
of parasitic infections, independent of their effect on parasite
aggregation. Indeed, sex differences in parasite infection preva-
lence or intensity are commonly observed in a wide range of taxa
(Duneau and Ebert, 2012). This effect has mainly been attributed to
ecological causes such as differential exposure rates due to sex-
specific behavior or morphology, and to physiological sex differ-
ences, usually hormonal in nature, and their interactions with
immune responses (Poulin, 1996; Zuk and McKean, 1996;
Duneau and Ebert, 2012). Therefore, sex differences in some host
traits can be enhanced by parasitism or even caused by parasites
through the effects of differential parasite loads.

Additionally, parasite burdens often increase with host age or
size, especially for fishes (Dogiel et al., 1958; Poulin, 2000), result-
ing in cumulative patterns of parasite abundance as fishes grow.
Nevertheless, decreasing levels of parasitic infection in the oldest
age clasess have been observed in both freswater (Dogiel et al.,
1958) and marine fishes (Brattey and Bishop, 1992), being attribu-
ted to the death of heavily infected individuals (Henricson, 1977;
Lester, 1984). Cumulative patterns are reflected in ontogenetic
changes in the structure of parasite assemblages in conspecific
hosts in terms of abundance and species richness (Poulin, 2000,
2004; Timi et al., 2010; Valtonen et al., 2010; Timi and
Lanfranchi, 2013). Larger hosts are able to accommodate more par-
asite species and sustain a greater absolute number of parasites
than small ones, display larger surface areas for parasite attach-
ment and can ingest larger quantities of food, resulting in a higher
exposure to infective stages (Guégan et al., 1992; Poulin, 2000;
Valtonen et al., 2010). Larger fish can also feed on larger prey items,
increasing the number and broadening the set of potential para-
sites acquired (Timi et al., 2010, 2011). Cumulative processes are
expected to be more pronounced for long-lived parasites such as
larval stages, which persist for long periods in their hosts, depend-
ing, therefore, not only on fish size, but also on fish age and long-
evity (Cantatore and Timi, 2015). However, the functional
relationship between fish length and age is not linear, as exempli-
fied by the widely used von Bertalanffy and other growth models
(Katsanevakis, 2006), with large increases in age not necessarily
accompanied by proportional changes in size, especially in older
fish. Thus, fish assigned to a given size class can belong to different
cohorts and a sample can be heterogeneous in terms of parasite
abundance, depending on the proportion of individual fish of dif-
ferent ages. Conversely, a sample of fish of homogeneous age, but
with different sizes, can harbour variable parasite loads; in other
words, for fish of similar age, larger ones are expected to harbour
more parasites, whereas for fish of similar size, older ones will be
more parasitized (Braicovich et al., 2016). Therefore, differences
in some host traits, attributable to fish size, age or their combina-
tion, can be largely clouded by the effect of differential parasite
burdens.

Third, fish are rarely infected by a single parasite species: sev-
eral parasite taxa often co-exist within or on the same individual
host (Cox, 2001; Wegner et al., 2003; Pedersen and Fenton 2007),
sometimes reaching high species richness. Every effect of parasites
on individual fish discussed in previous sections may be potentially
induced, either independently, synergistically or antagonistically,
by these many parasite species. By direct extrapolation, and
depending on the co-occurrence patterns of parasite species in host
populations, there will be a mosaic of possible multiple and com-
bined effects of parasites on host traits for each host population
under study.
6. Concluding remarks

Parasitism is one of the most common lifestyles on the earth
(Poulin and Morand, 2000; Marcogliese 2005); parasites can be
found on every free-living organism in every ecosystem, and fish
in particular harbour considerable diversity (Poulin and Morand,
2000). Given the impact of parasites across all levels of biological
organisation, their omission from the design and analyses of eco-
logical studies poses real risks of flawed interpretations for those
patterns and processes that ecologists traditionally seek to
uncover. However, parasitism has been largely ignored in fish pop-
ulation and community ecology, as well as in research on biodiver-
sity and ecosystem functioning, not only in their role as drivers of
ecological processes, but as sources of variability for several met-
rics widely utilized to describe these patterns. These oversights
should be amended by integrating parasitism into any research if
fish ecologists hope to achieve a complete understanding of all
aspects of fish biology. In this sense, researchers should either rou-
tinely conduct basic necropsies of their fish, or share all fish sam-
ples with parasitologists, in order to obtain parasite counts and
identification from all individual fish in a study, or a subsample
when relevant. This should be done prior to data analysis, to add
parasites as extra predictors or confounding variables, if necessary.
Alternatively, captive-free, laboratory-bred fish could be used in
experiments to ensure that biological parameters relating to fish
physiology or behaviour can be measured without the masking
influence of parasitic infections.
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