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Abstract

1. Salt pollution of freshwater ecosystems represents a major threat to biodiversity, and
particularly to interactions between free-living species and their associated parasites.
Acanthocephalan parasites are able to alter their intermediate host’s phenotype to reach
final hosts, but this process could be affected by salt pollution, thereby compromising
survival of the parasite.

2. We experimentally assessed the impact of salt on the extended phenotype of the parasite
Pomphorhynchus laevis in their intermediate host, the amphipod Gammarus pulex, based
on three amphipod behaviours: distance covered in flowing water, phototaxis and geotaxis.
We hypothesised that: (1) salt pollution negatively affected the behaviour of uninfected
gammarids, and (2) that P. laevis could maintain their capacity to manipulate their host
despite this pollution.

3. All three amphipod behaviours were altered by P. laevis: infected G. pulex covered a
greater distance, were less photophobic and were more attracted to the water surface than
uninfected amphipods, in control or salt-polluted water. However, salinity reduced distance
covered in flowing water and increased attraction to the water surface of uninfected and
infected G. pulex. For the phototaxis behaviour, P. laevis enhanced this capacity of
manipulation in salt-polluted water compared to control water.

4. Pomphorhynchus laevis can still manipulate the behaviour of their intermediate host in salt-
polluted water. Acanthocephalan parasites have not been known to be able to manipulate
their intermediate host when under pollution stress. Trophic interactions, but not the
chances of parasite transmission to their definitive host, appear to be affected by salt
pollution.

5. Our study indicates that behavioural modifications induced by complex lifecycle parasites
should be more considered in the context of growing concentrations of chemical pollutants
in some freshwater ecosystems. Interspecific interactions, and particularly host-parasite
relationships, are a key component of ecosystems stability and their alteration could result
in major changes in energy flow.

Keywords: Salinisation, acanthocephala, amphipoda, host-parasite interactions, phenotypic
alterations

Introduction

Increased salinity constitutes one of the major stresses for freshwater organisms, affecting
their biology and their ecology (Canedo-Arguelles et al., 2013; Velasco et al., 2018). lonic
concentration can naturally vary in freshwater environments, due for example to seasonal cycles,
geological substrates or rainfalls (Herczeg, Doramaci, & Leaney, 2001). However, recent
pronounced secondary salinisation from anthropogenic sources is extending the salinity range in
some freshwater ecosystems, already considered among the most endangered and vulnerable
(Malmqgvist & Rundle, 2002). Road salt accumulation, water management and industrial
pollution have harmful effects on freshwater ecosystems (Marcogliese, 2008; Kaushal et al.,
2018). Continuous exposure to these multiple pressures, combined with factors like climate
change, are altering the productivity, composition and distribution of freshwater species and are
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affecting energy flows in freshwater ecosystems (Dunn & Hatcher, 1997; Herbert et al., 2015;
Piscart, Lecerf, Usseglio-Polatera, Moreteau, & Beisel, 2005). River salinity will, moreover,
probably continue to increase due to increasing water temperature, and thus water evaporation,
induced by climate change (Hengeveld, 1990; Arnell & Reynard, 1996; Sereda, Bogard, Hudson,
Helps, & Dessouki, 2011).

Despite evidence of numerous impacts of salt pollution in a wide range of ecological and
geographical contexts, how it affects interactions between free-living organisms and associated
parasites remains unclear (Piscart, Moreteau, & Beisel, 2005; Castillo et al., 2018). This applies
particularly to acanthocephalan complex lifecycle parasites (CLP), which generally rely on 2
hosts to complete their lifecycle: an arthropod intermediate host eating free parasite eggs that will
hatch and mature within it, and a final vertebrate host in which parasites will reproduce, laying
their eggs in the host’s intestine and thus ensuring their release. As parasite transmission
generally depends on the final host eating the intermediate host, acanthocephalan CLP are able to
alter the behaviour of their intermediate host to enhance this trophic link. These behavioural
changes are adaptive and induce greater vulnerability to a definitive host predator (Bakker,
Frommen, & Thunken, 2017).

Many behavioural alterations in gammarid intermediate hosts are known to be induced by
acanthocephalans (Cézilly, Grégoire, & Bertin, 2013). Predation by definitive hosts increases
because acanthocephalan-infected gammarids become more photophilous (Perrot-Minnot,
Maddaleno, Balourdet, & Cézilly, 2012; Kaldonski, Perrot-Minnot, & Cézilly, 2007), reverse
their geotaxis behaviour (Bauer, Haine, Perrot-Minnot, & Rigaud, 2005), increase their activity
(Maynard, Wellnitz, Zanini, Wright, & Dezfuli, 1998), and have a higher drift rate (Lagrue,
Kaldonski, Perrot-Minnot, Motreuil, & Bollache, 2007). Such effects mediated by
acanthocephalans shape and modify the structure of freshwater ecosystems (Lefévre et al., 2009;
Lafferty 1997; Hudson, Dobson, & Lafferty, 2006).

Gammarid species are very tolerant to harsh environmental conditions and have
osmoregulatory mechanisms that allow them to withstand hyperionic environments (Hoback &
Barnhart, 1996; Piscart, Webb, & Beisel, 2007; Wijnhoven, van Riel, & van der Velde, 2003;
Brooks & Mills, 2011). For example, the LCso of Gammarus pulex was reach for a salinity
concentration of 12.8g/L (Piscart, Kefford, & Beisel, 2011). Despite their tolerance, freshwater
gammarids are stenohaline species and are more sensitive to high salinity than estuarine species
or marine species (Sutcliffe, Carrick, & Willoughby, 1981). Under extreme salinity, another
freshwater gammarid, Gammarus fossarum, was reported to strongly defecate, to starve and to
show a sharp decline in survival rate (Dorgelo, 1974). Survival, ventilation, locomotion, and
hemolymph ionic concentrations in G. roeseli were also impaired by salinity stress (Sornom et
al., 2010). These deleterious physiological effects could undoubtably affect the gammarids
swimming or foraging behaviours, potentially including effects on their associated parasites
(Piscart, Webb, & Beisel, 2007, Xue et al., 2013). Piscart, Webb, & Beisel, (2007) showed that
acanthocephalan-infected gammarids were more tolerant to salinity, with a higher mean lethal
salt concentration for infected than for uninfected individuals. Other studies by Labaude et al.
(2017a) and Sanchez-Thirion et al. (2019) showed that Pomphorhynchus laevis still manipulate
Gammarus pulex despite temperature or food changes, suggesting that acanthocephalan
manipulation may occur even under environmental stress.

The aim of this study was to assess the effect of heavily salt-polluted water on three G. pulex
behavioural alterations induced by P. laevis infection. In a controlled laboratory experiment, we

3



Fanton, H. et.al. (2020). Pomphorhynchus laevis manipulates Gammarus pulex behaviour despite salt
pollution. Freshwater Biology. 2020; 65: 1718— 1725. https://doi.org/10.1111/fwb.13573

compared distance covered in flowing water, phototaxis and geotaxis of infected and uninfected
G. pulex to assess the potential for P. laevis behavioural manipulation in highly saline polluted
environments. Firstly, we hypothesised that the deleterious effect of salt pollution negatively
affected the behaviour of uninfected gammarids. Secondly, we hypothesised that P. laevis
maintain their capacity to manipulate their host even under the stress of salt pollution.

Methods

Sampling and maintenance

Behavioural experiments used naturally infected gammarids collected between April and
June 2017 in the Arc River (Bouches-du-Rhdne, Southern France, 43°28'18.2"N, 5°37'03.5"E /
43°28'47.5"N 5°25'22.0"E / 43°47°22.1”N, 5°617°42.6”E). Gammarus pulex were sampled with
a hand net in gravel, roots and aquatic vegetation along riverbanks regardless of their parasitic
status but excluding juveniles (< 4mm (Blockwell, Pascoe, & Taylor, 1996)). During the
sampling period, the water temperature of the Arc River ranged between 14.7°C and 19.3°C and
conductivity ranged between 869 and 977uS/cm.

Sampled G. pulex were placed in six 21L aquaria (60x35x10cm) equipped with oxygen
bubblers, with a water height of 6-8cm and 3mm of substrate (fine gravel previously washed) for
an acclimatisation period of 7 days. Laboratory temperature was controlled and maintained at
15°C. Tap water used for acclimatisation and experiments was aerated with oxygen, and
maintained at 15°C. This temperature was chosen in accordance with the natural temperature
regime of the Arc River during the sampling period and to avoid thermic stress. A neon light
recreated 95% of the quality of the natural light spectrum (5200°K, 400-600Lux) on a cycle of
12h/12h light and dark regimes.

Acclimatised G. pulex individuals were placed in one of two 96L aquaria (80x30x40cm)
for 2 days. The first 96L aquarium served as control and no treatment was added. In the second
96L aquarium, the effect of salt pollution was simulated by applying a salinity treatment: 6g/L of
Sodium Chloride (NaCl, AnalaR Normapur®, Radnor, Pennsylvania, U.S.A.) were dissolved in
water, which corresponded to a conductivity of 8 mS/cm. To anticipate behavioural experiments,
gammarids were visually sorted in each aquarium, as potentially infected or not (depending on
whether the acanthocephalan was visible through their translucid cuticle). During these two
acclimatisation periods, no more than 100 gammarid individuals were placed in each aquarium to
avoid competition, and individuals were fed ad libitum with leaves and shrimp food to avoid
cannibalism.

After this second acclimatisation phase in the 96L aquarium, gammarids were randomly
taken from the two 96L aquaria and the effects of parasite and salt on three different behaviours
were assessed: distance covered in flowing water, phototaxis and geotaxis. Gammarids
individuals were used for only one behavioural observation. Over the course of behavioural
experiments, 467 G. pulex were studied.
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Behavioural experiments

Distance covered in flowing water

Distance covered in flowing water was assessed in two artificial streams (Figure 1) of
either control or saline water. Each artificial stream consisted of a graduated PVC gutter
measuring 100x17x10cm with a slope of 0.9° and divided into seven sections of 10cm each. A
net (Imm mesh) used as a substrate for gammarids at the bottom of the artificial stream ran along
its whole length and allowed individuals to cling against the water flow. A water pump placed in
a 30L tank beside the artificial stream created a constant flow of water. Gammarids could thus
swim and cling in or against a continuous flow replicating a slow current (5cm/s). On each day of
experiments, one artificial stream was randomly selected for salinity treatment (6g/L of NaCl)
and the other as control (~ 0g/L NaCl), and both were carefully cleaned at the each day’s end. A
total of 115 observations of distance covered by G. pulex were integrated for statistical analysis
(Table 1).

influx efflux

1 metre

<+ »

4 >

Figure 1. Illustration of the artificial stream (100x17x10cm) used for distance covered experiments.
Gammarids were observed in a 7-sections device (sections length = 10cm, numbered 1 to 7). Blue arrows
indicate flow direction. A grid was used to isolate individuals in section “1” of the device for five minutes.
The artificial stream was supplied with fresh water via a pump placed in a 30L tank and creating a
constant flow (5cm/s).

For each observation, one G. pulex individual was randomly selected from the 96L
aquariums and acclimatised for 5min in section "1" of the artificial stream, using a removal grid.
Isolation in section "1" ensured that there was minimum disturbance to individuals: with only one
grid to manipulate, vibrations were limited. The grid was then removed, marking t0 of the
behavioural observations. The gammarid’s position in each section was continuously recorded for
5min. Distance covered was determined by the number of sections crossed. For example, if a G.
pulex individual was observed successively in sections 1-2-3-2-3-4-5-6 over 5min, it was
considered to have crossed seven sections in the device. This number was multiplied by ten
(section length = 10cm) to obtain the distance covered in centimetres (in the example above:
distance covered = 70cm).

Table 1. Number and status of gammarids studied for each behaviour (total) and for each level of
treatment.

Treatment Control water Saline water
Parasitic status Uninfected Infected Uninfected Infected Total
Distance covered 29 21 37 08 115
Phototaxis B2 33 61 2 s
Geotaxis 39 40 62 T
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Phototaxis

Phototaxis, the response (attraction or repulsion) to a light stimulus, was assessed using a
protocol adapted from Perrot-Minnot (2004). One acclimatised gammarid was placed in a small
plastic aquarium (35x9x8cm) filled with 1.2L of either control water or saline water, which
corresponds to a water depth of 4cm. Half of the plastic aquarium was covered with a black PVC
plate to achieve a fully «dark section» and the other half, or «light section», was illuminated
(5200°K, 400-600Lux). Every experimental day, five plastic aquaria were selected for salinity
treatment (6g/L of NaCl) and five plastic aquaria were used as control (= 0g/L NaCl). After 5min
of acclimatisation in the device, the position of the gammarid was recorded every 30sec for 5Smin.
Two positions were recorded and scored as 0 (gammarid in dark section) or 1 (gammarid in light
section). For each individual, summed phototaxis scores after observations ranged from 0 (always
in dark section) to 10 (always in light section). After each observation, the water was removed,
and the plastic aquaria were cleaned and refilled before observing the next individual. A total of
178 observations of G. pulex phototaxis behaviour were used for the statistical analyses (Table
1).

Geotaxis

Geotaxis, or the response of individuals to gravity, was estimated as the average vertical
position of individuals in the water column. To assess geotaxis, we used a method similar to
Cézilly et al. (2000), filling a 500mL graduated translucent column (diameter = 5cm) with either
control or saline water. Columns were virtually subdivided into 5 sections (1 section = 100mL of
water), from section “1” closest to the bottom to section “5” closest to the water surface. A small
strip of netting allowed gammarids to cling inside the device. Every experimental day, 5 columns
were selected for salinity treatment (6g/L of NaCl) and five columns were used as control (~ 0g/L
NaCl). One gammarid was randomly selected from the 96L aquaria and acclimatised in the
column for 5min. After these 5 minutes of acclimatisation, their geotaxis behaviour was observed
for 5min, with their position recorded every 30sec. and scored 1 to 5 according to section. For
each observed gammarid, summed geotaxis scores ranged from 10 (always at the bottom of the
column) to 50 (always at the top of the column). After each behavioural observation, the water
was removed and the device was cleaned and refilled for the next observation. A total of 174
observations of G. pulex geotaxis behaviour were incorporated in the statistical analyses (Table
1).

Dissection and parasite identification

After behavioural observations, gammarids were individually stored in ethanol (96%)
before dissection and parasite identification. Individuals were measured (length of the fourth
coxal plate, Bollache & Cézilly, 2000) and sexed (morphology of the second pair of gnathopods,
Hume et al., 2005) with a SMZ1500 Nikon stereomicroscope (Mitsubishi, Tokyo, Japan) coupled
with an R1 Nikon camera (Mitsubishi, Tokyo, Japan) connected to a computer with NIS-Br
software. Gammarus pulex individuals were dissected to attest acanthocephalan infection,
identify parasite species, and count the number of parasites. Phenotypic alteration induced by
acanthocephalans on their intermediate hosts depends on both species and developmental stage of
the parasite. Therefore, a posteriori exclusion-inclusion of gammarids was applied after
dissection, and only cystacanth stages (i.e. infective stage) of P. laevis were considered, while
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acanthella stages (i.e. non-infective stage) were not included in analyses. Developmental stages
and species of parasites were determined based on morphological identification following Perrot-
Minnot (2004).

Data analysis

Heterogeneity in the number of gammarids observed for each behaviour (Table 1) was
due to blindfold observations, leading to a posteriori exclusion-inclusion of individuals after
dissection. Gammarid body size did not differ significantly between uninfected and P. laevis-
infected gammarids used for behavioural observations (Mann-Whitney test: W =36109,
P =0.838). Sex did not affect gammarid behaviour in terms of distance covered (Mann-Whitney
test: W =1361.5, P =0.107), phototaxis (Mann-Whitney test: W =3578.5, P =0.386), or
geotaxis (Mann-Whitney test: W = 3385, P = 0.431). Gammarid size and sex were therefore not
considered further in the statistical analyses. Too few G. pulex were infected by more than one P.
laevis and this did not allow statistical analysis to compare the effect of different parasite load.

Two-way fixed factor ANOVAs were performed to determine the effects of P. laevis-
infection (two levels: with or without parasites), salinity (two levels: 0 and 6g/L) and their
interaction, on the three behavioural variables (distance covered, phototaxis and geotaxis). For
distance covered and geotaxis, residual diagnostics indicated that the normality assumption for
linear models was met, but the homogeneity of variances (heteroscedasticity) assumption was not
met. Generalised least squares (GLS) was thus used to extend the linear model by modelling the
heterogeneity with covariates (Zuur, leno, Walker, Saveliev, & Smith, 2009). The interaction
between P. laevis-infection and salinity was not significant (F-tests, all p-values > 0.05).
Therefore, we considered only the additive effects (without interaction) of salinity and P. laevis-
infection. Statistical analyses were conducted using R 3.5.0 software (A Language and
Environment for Statistical Computing), and the additional libraries “nlme” (Pinheiro, Bates,
Debroy, & Sarkar, 2019), “AlCmodavg” (Mazerolle, 2019), “ggplot2” (Wickham, 2016) and
“car” (Fox & Weisberg, 2018).

Results

Distance covered in flowing water

Pomphorhynchus laevis-infected gammarids covered a greater distance than uninfected
gammarids (Fy 110, =24.088, P < 0.001, Table S1), as revealed by their higher expected values
(Figure 2). Salt pollution significantly decreased distance covered by the gammarids regardless of
their infection status (F1 112 = 7.057, P < 0.01, Table S1), as no significant interaction was found
(Table S1). Pomphorhynchus laevis infection led to host manipulation and greater distance
covered regardless of salinity concentration.
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Figure 2. The expected values (dots) of the distance covered by gammarids under each treatment
(combination of infected status and salinity), and their confidence interval (95%, lines). (U) represent
uninfected G. pulex and (I) P. laevis-infected G. pulex at the salinity tested (Og/L and 6g/L). Effects of
infection, and salinity are given in Table S1.

Phototaxis

An interaction effect was found between infection status and saline treatment
(F1174=5.924, P <0.05, Table S1). Infected gammarids were always highly photophilous
whatever the salinity, while uninfected gammarids were less photophilous and their photophobia
even increased with salinity (Figure 3). This results in a greater deviation between uninfected and
infected gammarids along saline gradient (Figure 3).

10

Phototaxis score
th
1
—o—

0g/L 6g/L

Figure 3. The expected values (dots) of the phototaxis score of gammarids under each treatment
(combination of infected status and salinity), and their confidence interval (95%, lines). (U) represent
uninfected G. pulex and (I) P. laevis-infected G. pulex at the salinity tested (Og/L and 6g/L). Effects of
infection, salinity and their interaction are given in Table S1.
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Geotaxis

Infected gammarids were more attracted to the water surface than uninfected gammarids
(F1171 = 29.896, P <0.001, Table S1), displaying higher expected geotaxis score (Figure 4).
Salinity treatment significantly increased water surface attraction for gammarids regardless of
their infection status (F1 171 =5.222, P < 0.05, Table S1), as the interaction between salinity and
infection was not significant (Table S1). Regardless of this effect, P. laevis-infection still led to
host manipulation and increased water surface attraction.

Geotaxis score
~
[—]
1 1
—0—
—e—i

U I U I

Co0gL T
Figure 4. The expected values (dots) of the geotaxis score of gammarids under each treatment
(combination of infected status and salinity), and their confidence interval (95%, lines). (U) represent
uninfected G. pulex and (1) P. laevis-infected G. pulex at the salinity tested (Og/L and 6g¢/L). Effects of
infection, and salinity are given in Table S1.

Discussion

Pomphorhynchus laevis-infected G. pulex covered a greater distance in flowing water,
were more attracted to light, and were more attracted to the water surface than uninfected G.
pulex, thereby increasing their risk of predation by fish, which are the parasite’s definitive host.
Firstly, P. laevis induced their hosts to move more and to cover a greater distance in or against
the water flow in the artificial river. Secondly, P. laevis increased their host’s attraction to light
and to the water surface, behaviours that could reduce the time hosts spend hidden in a shelter.
All these behaviours make P. laevis-infected gammarids easy prey for freshwater predators. In
running waters, the definitive hosts of P. laevis, like chub (S. cephalus) or trout (Salmo trutta) are
visual predator in the water column feeding on drifting invertebrates. Enhanced geotaxis could
increase the time gammarids spent in the drift, increasing the risk of being preyed upon and
thereby also the chances of the parasite completing its lifecycle. These results agree with other
studies proving that acanthocephalan CLP induce greater drift (Lagrue, Kaldonski, Perrot-
Minnot, Motreuil, & Bollache, 2007; McCahon, Maund, & Poulton, 1991; Zganec, Gottsein, &
Hudina, 2013) and greater swimming activity (Dezfuli, Maynard, & Wellnitz, 2003), decrease
photophobia (Bauer, Trouve, Grégoire, Bollache, & Cézilly, 2000; Kaldonski, Perrot-Minnot,
Dodet, Martinaud, & Cézilly, 2009) and enhance geotaxis (Perrot-Minnot, Sanchez-Thirion, &
Cézilly, 2014; Médoc, Bollache, & Beisel, 2006) in their intermediate host. To enhance its own
transmission rate, P. laevis is able to completely modify G. pulex behaviours in flowing water.
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Salinity significantly reduced the distance covered in the stream and increased the geotaxis
score of both uninfected and P. laevis-infected gammarids. Moreover, uninfected gammarids
were more photophobic in saline water than in control water. The attraction towards the water
surface observed during the geotaxis experiment, could be due to hyperventilation and an
increased need for oxygen caused by osmotic stress. Thus, salt pollution affected not only the
physiology of G. pulex but also their overall behaviour in the stream.

Pomphorhynchus laevis retained its ability to manipulate the behaviour of G. pulex under salt
pollution, with an increased effect on their phototaxis behaviour. This may preserve the capacity
for parasite transmission between the intermediate and definitive host despite a heavily salt-
polluted environment. These results agree with the findings of Piscart et al. (2007), whose
experiments showed that infection by the acanthocephalan Polymorphus minutus increased the
salinity tolerance of G. roeseli. Polymorphus minutus-infected gammarids had a mean lethal salt
concentration for 50% mortality (LCso) of 17.3g/L, whereas the LCso of uninfected gammarids
was 9.7g/L (Piscart, Webb, & Beisel, 2007). Similarly, Labaude et al. (2017a) and Sanchez-
Thirion et al. (2019), showed that P. laevis still manipulated the behaviour of G. pulex despite
temperature stress or poor-quality food resources, respectively. Compared to their gammarid
intermediate hosts, acanthocephalans are able to accumulate very large concentrations of
chemical pollutants (Paller, Resurreccion, de la Cruz, & Bandal, 2016; Sures, Taraschewski, &
Jackwerth, 1994; Sures, Sidall, & Taraschewski, 1999). The capacity of parasites to accumulate
substantial pollutant concentrations has been shown to decrease concentrations in their host’s
body, allowing the host to escape critical damage (Brown & Pascoe, 1989; Paller, Resurreccion,
de la Cruz, & Bandal, 2016; Sanchez et al., 2016). Although salinity impacted the phototaxis
behaviour of uninfected gammarids, P. laevis-infected gammarids were not affected by the saline
treatment and showed the same phototaxis behaviour as those in control water.

According to Piscart et al. (2007), the heightened tolerance of infected gammarids could be
due to the capacity of acanthocephalan parasites to induce physiological changes in their host.
These include reduced O, consumption, increased hemocyanin concentration and changes in
hemocoel or hemolymph concentrations of solutes and proteins, which could improve the host’s
chances of survival in a hypersaline environment. In another study, at a salinity of 6g/L, the
presence of cystacanth in a G. pulex haemocoel reduced the volume available and decreased
sodium influx and efflux, thereby disturbing the gammarid’s sodium regulation (Brooks & Mills,
2011). Environmental stress has been shown to modulate the immune system of gammarids (Le
Moullac & Haffner, 2000; Labaude, Moret, Cézilly, Reuland, & Rigaud, 2017b). According to Le
Moullac & Haffner (2000), changes in environmental factors can lead to stress-induced
immunosuppression in crustacean species. Pomphorhynchus laevis may take advantage of
environmental shifts like pollution if gammarids increase the resources allocated to salt resistance
at the expense of parasite resistance. On the other hand, salinity may be deleterious to
acanthocephalan parasites, having as yet unknown effects on their physiology or different
lifecycle stages. Although acanthocephalan parasites are able to accumulate pollutants, the effect
of salinity on acanthocephalan eggs is unknown (Sures, Taraschewski, & Jackwerth, 1994).
Acanthor eggs are directly in contact with water, and chronic salt pollution may impact their
protective envelope. Another possible deleterious effect concerns transmission of acanthor eggs
to gammarids. A study on gammarid microsporidian parasites showed that the parasite burden
was significantly greater at control salinity than at high salinity (Dunn & Hatcher, 1997), with a
lower proportion of the young infected in broods from water of elevated salinity (Dunn &
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Hatcher, 1997). Moreover, heavy salt pollution drastically reduces gammarid feeding (Dorgelo,
1974), and this could lower the acanthocephalan egg infection rate due to ingestion.

Salt pollution of freshwater ecosystems will be accentuated by climate change and anthropic
pollution in many rivers (Williams, 2001; Canedo-Arguelles et al., 2013; Castillo et al., 2018;
Kaushal et al., 2018). This increases the risk of severe biodiversity losses and could compromise
trophic links in freshwater ecosystems (Castillo et al., 2018). One current challenge is to better
understand the influence of salinisation on freshwater host-parasite complexes and on entire
ecosystems (Williams, 2001; Herbert et al., 2015; Castillo et al., 2018; Kaushal et al., 2018).
Increased salinisation of freshwater environments will undeniably affect freshwater CLP and
their hosts by impacting their life cycles and transmission, but also indirectly through the biology
of their hosts (Marcogliese, 2008). In this study, both uninfected and infected gammarids were
affected by heavy saline pollution, which reduced their distance covered and increased their
attraction to the water surface. These behavioural alterations are bound to have consequences in
natura, leading to modifications of intra/interspecific interactions and shifts in ecosystem
composition. According to Herbert et al. (2015), existing interspecific interactions are very likely
to be disturbed by salt pollution. Here, in fact, uninfected gammarids showed sharply decreased
activity in flowing water and greater photophobia in the saline treatment. This would reduce their
capacity to prospect for food or partners, and their availability as a food resource for freshwater
predators.

Interestingly, our experimental observations showed that P. laevis is able to manipulate the
behaviour of its intermediate host even in a heavily polluted environment. This capacity for
transmission allows acanthocephalan parasites to reach their definitive fish hosts even in a salt-
polluted environment, thus maintaining interspecific interactions between intermediate and
definitive acanthocephalan hosts. Better understanding of how salinity alters free-living hosts and
their CLP composition and interaction represents a major challenge for predicting future changes
in freshwater biodiversity (Castillo et al., 2018). Further experimental studies should investigate
the negative impacts of salinisation on gammarid invertebrates. It would also be valuable to
further explore the extent to which acanthocephalan parasites can continue to achieve
transmission to definitive hosts despite growing concentrations of salt and other chemical
pollutants in freshwater ecosystems.
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Supplementary material

Table S1. Effects of the status (uninfected or P. laevis-infected G. pulex), salinity (control or saline water)
and their interactions for the three behaviours observed (one column per model). The observed F-statistic
values and their associated significance levels represented by stars (*** for P < 0.001, ** for P < 0.01, *
for P < 0.05, nothing if P > 0.05).

Factor Distance covered Phototaxis Geotaxis
Status 24.088 *** 69.367 *** 29.896 ***
Salinity 7.057 ** 10.835 ** 5.222 *
Status:Salinity - 5.924 * -
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