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Abstract 12 

Wild organisms are increasingly exposed to multiple anthropogenic and natural stressors that 13 

can interact in complex ways and lead to unexpected effects. In aquatic ecosystems, 14 

contamination by trace metals has deleterious effects on fish health and commonly co-occurs 15 

with pathogens, which affect similar physiological and behavioral traits. However, the 16 

combined effects of metal contamination and parasitism are still poorly known. In addition, 17 

the sensitivity to multiple stressors could be highly variable among different fish populations 18 

depending on their evolutionary history, but this intraspecific variability is rarely taken into 19 

account in existing ecotoxicological studies. Here, we investigated i) the interactive effects of 20 

metal contamination (i.e., realistic mixture of Cd, Cu and Zn) and immune challenge 21 

mimicking a parasite attack on fish health across biological levels. In addition, we compared 22 

ii) the physiological and behavioral responses among five populations of gudgeon fish (Gobio 23 

occitaniae) having evolved along a gradient of metal contamination. Results show that single 24 

stressors exposure resulted in an increase of immune defenses and oxidative stress at the 25 

expense of body mass (contamination) or fish swimming activity (immune challenge). 26 

Multiple stressors had fewer interactive effects than expected, especially on physiological 27 

traits, but mainly resulted in antagonistic effects on fish swimming activity. Indeed, the 28 

immune challenge modified or inhibited the effects of contamination on fish behavior in most 29 

populations, suggesting that multiple stressors could reduce behavioral plasticity. 30 

Interestingly, the effects of stressors were highly variable among populations, with lower 31 

deleterious effects of metal contamination in populations from highly contaminated 32 

environments, although the underlying evolutionary mechanisms remain to be investigated. 33 

This study highlights the importance of considering multiple stressors effects and intraspecific 34 

variability of sensitivity to refine our ability to predict the effects of environmental 35 

contaminants on aquatic wildlife. 36 
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 37 

Main findings: Fish responded to single stressors by inducing physiological and behavioral 38 

changes, while multiple stressors inhibited behavioral responses, but responses were highly 39 

variable among populations. 40 

 41 
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Introduction 45 

 46 

Aquatic vertebrates such as freshwater fish are increasingly impacted by human activities 47 

(Harrison et al., 2018; WWF, 2018). Recent studies suggest that this could be related to the 48 

co-occurrence of multiple stressors in human-altered ecosystems (Reid et al., 2019), such as 49 

contaminants and nutrients inputs, temperature increase and emerging pathogens (Birk 50 

et al., 2020; Nõges et al., 2016; Schäfer et al., 2016; Schinegger et al., 2016). Indeed, multiple 51 

stressors can have complex interactive effects on individuals and ecosystems and result in 52 

more severe or mitigated consequences than single stressors, leading to unexpected effects 53 

(Christensen et al., 2006; Lange et al., 2018; Schinegger et al., 2016). For instance, 54 

concomitant exposure to organic contaminants and parasites may synergistically 55 

decrease fish survival (Kelly et al., 2010). On the contrary, the negative effect of organic 56 

contaminants on amphibians' metamorphosis may be inhibited by nutrient enrichment 57 

resulting in antagonistic effects (Boone and Bridges-Britton, 2006).  58 

Among the most frequent stressors identified in aquatic systems, contamination by 59 

organic and inorganic compounds is recognized as a major threat to wild fish populations 60 

(Hamilton et al., 2017). More particularly, trace metal elements such as Cadmium (Cd), 61 

Copper (Cu) and Zinc (Zn) used for industrial purposes and pest management are 62 

continuously released into the environment. Metal contamination of water and sediments has 63 

deleterious effects on fish physiology (e.g., immune response, oxidative stress, energy 64 

use) (Guardiola et al., 2013; Lushchak, 2011; Pretto et al., 2014; Xu et al., 2018), body 65 

condition (Hopkins et al., 2004), behavior (Jacquin et al., 2020; Scott and Sloman, 2004) 66 

and ultimately survival (Wood et al., 2012, 2011). In addition, global changes (e.g., 67 

climate change, invasive species, contamination) can also affect the occurrence and 68 
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severity of infection by emerging and re-emerging pathogens in aquatic environments 69 

(Mennerat et al., 2010; Peeler and Feist, 2011). For instance, temperature increase due to 70 

climate change and the introduction of new disease agents due to invasive species might 71 

increasingly expose fish to pathogens (Marcogliese, 2001; Peeler and Feist, 2011) and 72 

hence to costly immune challenges (Lochmiller and Deerenberg, 2000; Sheldon and 73 

Verhulst, 1996). Although the effects of parasites and their associated immune challenges 74 

have been extensively studied in fish (Magnadottir, 2010), their combined effects with 75 

contamination are still overlooked (but see Defo et al., 2019; Marcogliese et al., 2005; Renick 76 

et al., 2016; H. Zhao et al., 2020), thereby hindering our ability to reliably predict the impact 77 

of multiple stressors in the wild.  78 

Because contaminants and parasitism may affect the same physiological and behavioral 79 

traits, they are expected to have complex interactive effects (Petitjean, 2019). For instance, 80 

metal contamination can either stimulate (Khangarot et al., 1999; Le Guernic et al., 2016; 81 

Prabakaran et al., 2006) or depress fish immune response (Aliko et al., 2018; Dautremepuits 82 

et al., 2004; Jolly et al., 2014), while parasitism generally has an immunostimulatory effect 83 

associated with a costly inflammatory response (Bonneaud et al., 2003; Magnadóttir, 2006; 84 

Sheldon and Verhulst, 1996). More globally, physiological defenses against both metal 85 

contamination and immune challenges induce oxidative stress and are energetically 86 

demanding (Lushchak, 2011; Marcogliese and Pietrock, 2011). The combination of 87 

contamination and immune challenge might thus result in complex interactive effects and 88 

induce synergistic (i.e., amplifying), or antagonistic (i.e., inhibiting) changes in immunity, 89 

oxidative stress and energy reserves, with ultimate consequences for fish survival and fitness.  90 

Fish behavior is also expected to be very sensitive to multiple stressors (Scott and Sloman, 91 

2004; Wong and Candolin, 2015). Indeed, contamination can alter fish swimming activity and 92 

sociability (Martin et al., 2017; Tomkins et al., 2018; Zhou and Weis, 1998) due to 93 
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neurotoxic, endocrine-disrupting effects and energy reallocations (Clotfelter et al., 2004; 94 

Jacquin et al., 2020; J. Zhao et al., 2020). Likewise, immune challenges generally trigger a 95 

"sickness behavior" (Adelman and Martin, 2009; Dantzer, 2004; Johnson, 2002), resulting in 96 

a reduction of investment in routine behaviors such as swimming activity, foraging, and 97 

sociability, which could save energy for costly immune responses (Kirsten et al., 2018; 98 

Volkoff and Peter, 2004). The combination of contamination and immune challenges is thus 99 

likely to result in complex interactive effects on behavior, depending on stress levels, 100 

individuals' energy state, and past exposure to stressors (Barber and Wright, 2005; Montiglio 101 

and Royauté, 2014).  102 

However, the type of interaction (e.g., synergistic, antagonistic) and the expected 103 

outcomes of multiple stressors for fish survival and fitness remain challenging to predict. 104 

Over the last decade, a conceptual framework has been proposed to characterize the effects of 105 

moderate or single vs. acute or multiple stressors on fish based on metabolism and energy 106 

management (McEwen and Wingfield, 2010; Petitjean et al., 2019b; Sokolova, 2013). First, 107 

under moderate or single stress, a "compensation strategy" could be set up resulting in energy 108 

reallocation towards physiological defenses (e.g., immunity and antioxidants) at the expense 109 

of energy reserves and routine behaviors (Bonneaud et al., 2003; King and Swanson, 2013; Pi 110 

et al., 2016). Although potentially costly, mounting efficient physiological defenses is 111 

expected to maintain homeostasis and limit the adverse effects of stressors on fish survival 112 

and fitness (Petitjean et al., 2019b; Sokolova, 2013). 113 

In contrast, under acute or multiple stressors, the energetic demand for physiological 114 

defenses could exceed the organism's aerobic capacity, resulting in metabolic depression 115 

(Guppy and Withers, 1999; Petitjean et al., 2019b; Sokolova, 2013). This "conservation 116 

strategy" is characterized by an inhibition of physiological defenses, a reduction in metabolic 117 

activity, and limited depletion of energy reserves, with potentially detrimental consequences 118 
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on cell damage and fish survival on a longer time scale (Petitjean et al., 2019b; Sokolova et 119 

al., 2012; Sokolova, 2013). However, few empirical studies experimentally tested these 120 

predictions, especially in a multistress framework (but see Gandar et al., 2017, 2016). 121 

 Besides, this theoretical framework does not take into account the intraspecific 122 

variability of stress responses among wild populations, especially when they have evolved in 123 

environments with contrasted contamination levels. For instance, Atlantic killifish (Fundulus 124 

heteroclitus) populations having evolved under various environmental conditions display 125 

different sensitivity to inorganic (Klerks and Weis, 1987) and organic contamination 126 

(Whitehead et al., 2017), temperature, salinity and pH (Schulte, 2014). These differences in 127 

sensitivity can be due to the selection of particular genotypes (Reid et al., 2016) and/or to 128 

different phenotypic plasticity, which can sometimes result in local adaptation to 129 

contamination (Mulvey et al., 2003; Nacci et al., 1999). However, intraspecific variability in 130 

stress responses is still rarely considered, and its consequences for adaptation to multiple 131 

stressors are largely unknown. 132 

In this study, we investigated the interactive effects of a realistic metal contamination 133 

(i.e., mixture of Cd, Cu, Zn found in a contaminated river) and immune challenge (i.e., 134 

antigen mixture mimicking a parasite attack) on several key physiological (i.e., metal 135 

bioaccumulation, immunity, oxidative stress, energy reserves) and behavioral traits (i.e., 136 

swimming activity, sociability, foraging), as well as their consequences for fish survival using 137 

an experimental approach. We also tested the intraspecific variability of responses to these 138 

multiple stressors by comparing the responses of five gudgeon (Gobio occitaniae) populations 139 

having evolved along a gradient of metal contamination. Following the "metabolic strategy" 140 

framework, we expected single stressors to trigger a "compensation strategy", i.e., increased 141 

investment in physiological defenses at the expense of energy reserves or behavior. We also 142 

expected multiple stressors to trigger a "conservation strategy", i.e., inhibition of 143 
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physiological and/or behavioral adjustments, with deleterious effects on fish survival. 144 

Besides, we expected fish from the most contaminated sites to be less sensitive to 145 

experimental contamination. 146 

 147 
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Material and Methods 148 

Model species and sampling sites 149 

The gudgeon (Gobio occitaniae) is a widely distributed fish species in the Garonne watershed 150 

(South-West France). Within this area, gudgeons populations are exposed to various 151 

levels of contaminants (mostly trace metal elements and, to a lesser extent, pesticides) 152 

(Petitjean et al., 2020; Shinn et al., 2015) and parasitism (mostly monogenean 153 

ectoparasites such as gyrodactylids and to a lesser extent copepods and nematodes) (Loot 154 

et al., 2007), which can contribute to phenotypic variability (Knapen et al., 2004; Shinn et al., 155 

2015). We used the database from Adour-Garonne Water Agency (SIE, 2016) to calculate a 156 

Toxic Unit based on metals concentrations measured between 2012 and 2016 in a set of 157 

16 sampling sites previously characterized (Petitjean, 2019; Petitjean et al., 2020 and 158 

supporting material 1 and 2). Among them, we selected four sampling sites (ARIMAS, 159 

CELCAB, AUSCOR and RIOU) that differed in terms of metal contamination, mostly due to 160 

different levels of Cd, Cu and Zn contamination (Table 1 and supporting material 2). We also 161 

added a reference population originating from a fish farm where metal concentrations are 162 

low (Les Viviez de Haute Correze, VHC, Le Bourg, 19340 Courteix, France, named FARM) 163 

(Table 1). 164 
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Table 1. Characteristics of the sampling site and sample sizes in each population and experimental treatment. Mean water 165 

Cd, Cu and Zn water concentrations over 4 years (corresponding to the life duration of gudgeon) were obtained from the 166 

Water Agency (SIE database, 2016). The Toxic Unit (TU) was calculated as the logarithm of the sum of all-metal 167 

concentrations (Al, As, Cd, Cu, Co, Cr, Ni, Pb, Zn) on 4 years divided by the LC50 ratio for a model fish species (Pimephales 168 

promelas) and was used as a proxy of metal toxicity risk for fish (Petitjean, 2019).  169 

 170 

171 

Sampling 
sites 

Lat. Long. 

Trace metal concentration (µg.L-1) ± SD  Experimental treatment and sample sizes 

Cd Cu Zn TU 
Control 
(NC-
PBS) 

Contaminatio
n alone  
(C-PBS) 

Immune 
challenge 

alone 
(NC-AMIX) 

Multiple 
stressors  
(C-AMIX) 

FARM 2°20'9.1255" E 45°38'50.0269" N 0.007 ± 0.002 2.05 ± 0.96 5.95 ± 2.83 -0.9 20 20 20 20 

ARIMAS 1°22'26.1494" E 43°5'2.4677" N 0.05 ± 0.06 1.49 ± 1.31 4.54 ± 2.35 -0.9 15 20 20 20 

CELCAB 1°39'27.8050" E 44°30'27.5836" N 0.05 ± 0.02 0.99 ± 0.92 5.73 ± 5.27 -0.8 10 15 10 15 

AUSCOR 1°19'38.2922" E 43°39'11.3598" N 0.05 ± 0.03 6.47 ± 12.7 25.6 ± 27.5 -0.3 30 30 35 45 

RIOU 2°12'41.3680" E 44°33'55.4580" N 13.2 ± 8.87 2.57 ± 1.84 629 ± 521 1.3 15 15 20 15 

Contamination treatment corresponds to a metal mixture of Cd, Cu and Zn with adjusted concentrations reaching the highest concentrations recorded at contaminated sites (RIOU and 
AUSCOR): 14 µg. L-1, 10 µg. L-1 and 600 µg. L-1, respectively 

Immune challenge corresponds to a mixture of two antigens (90µg of LPS and 90µg of PHA in 10µL) injected at the caudal peduncle of fish 
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Experimental design 172 

A total of 516 gudgeons were caught and brought to the laboratory in early spring 2018. 173 

Among them, 169, 88, 94, and 68 gudgeons were caught by electrofishing using an 174 

EFKO-FEG 1500 in AUSCOR, ARIMAS, RIOU, and CELCAB, respectively, and 97 175 

fish were collected in a fish farm (FARM). Fish were then acclimated for 30 days and 176 

treated using Praziquantel (Vetofish, France, purity: 1000 mg.g-1; concentration: 3 mg.L-1) to 177 

eliminate most commonly detected parasites (i.e., monogenean) and standardize their immune 178 

status. After acclimation (30 days), 106 fish were not involved in the experiment because 179 

they were too small (< 6cm) or died during acclimation or tagging. Hence, 410 remaining 180 

fish between 6 and 14 cm of length were involved in the experiment (140, 75, 65, 50, and 181 

80 fish from AUSCOR, ARIMAS, RIOU, CELCAB, and FARM, respectively). During 182 

the experimental procedure, fish were held by groups of five individuals in experimental tanks 183 

(50x30x30 cm) at a constant temperature (17-18°C) under a day: night cycle photoperiod of 184 

12:12h. Fish were fed daily (about 1% of biomass per tank) (Flammarion et al., 1998; 185 

Kestemont et al., 1991) with commercial fish food (JBL Propond Sterlet S pellets). Fish were 186 

randomly exposed to four different treatments (Table 1): The control group without stressor 187 

(NC-PBS: n = 90) was not exposed to contamination (NC) and was injected with a neutral 188 

Phosphate Buffered Saline solution (PBS); the contamination alone group (C-PBS: n = 100, 189 

see below for details); the immune challenge alone group, was challenged with a mixture of 190 

antigens (see below for details) (NC-AMIX: n = 105); and the multiple stressors group 191 

exposed to both contamination and immune challenge (C-AMIX: n = 115). There was no 192 

difference in fish sex ratio (χ² = 2.53, p = 0.47), mass (8.64 ± 4.77 g; Anova: F = 0.21, p = 193 

0.89) nor size (9.4 ± 1.7 cm; Anova: F = 0.57, p = 0.63) among treatments.  194 

For the contamination treatment, we used a mixture of the three trace metal elements 195 

that contributed the most to the Toxic Unit in a set of 16 sampling sites previously studied 196 
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(Petitjean, 2019; Petitjean et al., 2020 and supporting material 1 and 2). The metal mixture 197 

was composed of Cd, Cu and Zn chloride (CdCl2, CuCl2 and ZnCl2, Thermo fisher scientific, 198 

purity: 99.99%) and concentrations were adjusted to approximately reach the highest 199 

concentrations recorded at contaminated sites (RIOU and AUSCOR): 14 µg. L-1, 10 µg. L-200 

1 and 600 µg. L-1, respectively (Table 1). Half of the water was renewed every two days to 201 

ensure constant contamination levels under static exposure. The experimental contamination's 202 

reliability was checked by measuring exposure concentrations in random water samples for 203 

both non-contaminated (n = 29) and contaminated (n = 47) tanks. In non-contaminated tanks, 204 

Cd, Cu and Zn average concentrations reached 0.007 ± 0.005 µg.L-1, 0.62 ± 0.15 µg.L-1 and 205 

4.06 ± 0.79 µg.L-1 respectively. In contaminated tanks, contamination levels reached 13.5 ± 206 

1.31 µg.L-1, 9.96 ± 1.50 µg.L-1 and 551 ± 45.2 µg.L-1 respectively.  207 

Seven days after the exposure to metal contamination, half of the fish were exposed to 208 

an immune challenge using 10 µL of a mixture of antigens (AMIX) injected in the caudal 209 

peduncle to mimic parasite attack. These fish were injected with an antigen mixture (AMIX) 210 

of phytohaemagglutinin (PHA, Phaseolus vulgaris phytohaemagglutinin-L, L8754 Sigma-211 

Aldrich - 90 µg.10 µL-1) and lipopolysaccharide (LPS, Escherichia coli, serotype: O111: B4, 212 

L2830 Sigma-Aldrich - 90 µg.10 µL-1) following previous studies in vertebrates, including 213 

fish (Ardia and Clotfelter, 2006; Otálora-Ardila et al., 2016; Toomey et al., 2010). Seven days 214 

later, fish were euthanized using an anesthetic overdose (benzocaïne, 150 mg.L-1) and blood 215 

and organs were collected for further analyses (see supporting material 3 for details about 216 

sample collection). In total, 10 to 45 fish per treatment and population were measured (Table 217 

1). However, due to differential survival rates among treatments and populations and 218 

difficulties in collecting blood or tissue on small individuals, sample sizes can vary across 219 

treatment (supporting material 4 for detailed sample size) and populations.  220 

 221 
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Cellular-level 222 

Metal bioaccumulation in muscle 223 

For metal assay, muscle was freeze-dried, homogenized using Fastprep®-24 homogenizer and 224 

analyzed by inductively coupled plasma mass spectrometry (ICP-MS Agilent 7500ce) after 225 

hot acidic mineralization in HNO3 (67-69%, Trace Metal Grade, Fisher Chemical). We 226 

assessed the reliability of the analyses using TORT-3 certified reference material. Metal 227 

recovery reached an average of 105 ± 6.1%, 82 ± 15.2%, 107 ± 5.7% for Cd, Cu, and Zn, 228 

respectively.  229 

 230 

Neutrophils/Lymphocytes immune ratio 231 

We used the Neutrophils/Lymphocytes ratio (N/L immune ratio) in fish blood as a marker of 232 

immune response because neutrophils are important modulators of inflammation (Rosales, 233 

2018) and the number of neutrophils increases and lymphocytes decreases under stress and 234 

infection (reviewed in Davis et al., 2008). The relative abundance of neutrophils and 235 

lymphocytes was assessed using blood smears stained with May Grunwald-Giemsa solution 236 

as described in (Petitjean et al., 2020).  237 

 238 

Local immune response 239 

An important skin swelling caused by antigen injection reflects high investments in immune 240 

defense (i.e., inflammation and T-cells proliferation) and is recognized as a reliable measure 241 

of local immunocompetence (i.e., local immune response) in a variety of vertebrates, 242 

including fish (Ardia and Clotfelter, 2006; O’Connor et al., 2014; Tella et al., 2008). Skin 243 

swelling was assessed by measuring the caudal peduncle's thickness in each fish following a 244 

previous study in gudgeon (Petitjean et al., 2019a). The intra-individual repeatability of 245 
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thickness measurement reached 99.6 ± 0.8% and 99.8 ± 1.3% before and after injection, 246 

respectively.  247 

 248 

Oxidative stress index 249 

We measured the antioxidant capacity and oxidative damage (OXY and DROM tests 250 

respectively, Diacron International, Grosseto, Italy) in fish plasma following previous studies 251 

in fish (Bagni et al., 2007; Hoogenboom et al., 2012; Petitjean et al., 2019a). For OXY test 252 

intra- and inter-plate repeatability were 91.1 ± 7.3 % and 89.7 ± 6.7 %, respectively. For 253 

DROM test intra- and inter-plate repeatability were 84.9 ± 12.5 % and 89.7 ± 10.3 %, 254 

respectively. We then calculated an index of oxidative stress using the ratio between oxidative 255 

damage divided by the antioxidant capacity (x1000) (Costantini and Dell’Omo, 2006; 256 

Herborn et al., 2011; Petitjean et al., 2019a) 257 

 258 

Available energy in muscle 259 

The available energy was assessed as the sum of total carbohydrates, lipid and protein 260 

contents in fish muscle following previous studies (De Coen and Janssen, 1997; Gandar et al., 261 

2017, 2016; Smolders et al., 2004). Concentrations of carbohydrate, protein and lipid were 262 

then transformed into energetic values using their enthalpy of combustion (17, 24 and 39.5 263 

kJ.g-1 respectively) and summed to obtain the available energy in muscle.  264 

 265 
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Individual-level 266 

Condition index 267 

Three condition indices were calculated to reflect fish general condition: the daily body mass 268 

change during the experiment, the hepatosomatic index (Chellappa et al., 1995), and the 269 

gonadosomatic index (Marentette and Corkum, 2008).  270 

Because condition indices were partly correlated, we used a PCA to extract an integrative 271 

condition index from the first axis composed of the daily body mass change, HSI and GSI 272 

(51.5% of variance explained, supporting material 5). Hence, fish with a higher condition 273 

index had a lower body mass loss and a higher HSI and GSI.  274 

 275 

Behavioral traits 276 

Fish behavior was analyzed using BORIS software (Friard and Gamba, 2016) four days after 277 

the immune challenge (AMIX injection), according to a previous study investigating 278 

behavioral effects of immune challenge in gudgeons (Petitjean et al., In press). Three 279 

behavioral traits were selected because they are commonly affected by stressors: swimming 280 

activity, foraging and sociability (Barber et al., 2000; Jacquin et al., 2017; Kirsten et al., 2018; 281 

Koltes, 1985; Little and Finger, 1990) (see supporting material 6 for detailed method).  282 

Because behavioral traits were partly correlated, we used a PCA to extract three 283 

synthetic indices. The first behavioral index was named "general activity" (PCA axis 1, 41% 284 

of variance explained, supporting material 7). Fish with a higher general activity index on the 285 

first PCA axis swam for a longer time and across more areas. The second behavioral index 286 

was named "Foraging" (PCA axis 2 multiplied by -1, 20.6% of variance explained, supporting 287 

material 7). Hence, fish with a higher foraging index displayed a higher motivation to feed 288 

(i.e., low latency to forage time) and a higher number of food items ingested. The third 289 
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synthetic index was named "Sociability" (PCA axis 3 multiplied by -1, 16.7% of variance 290 

explained, supporting material 8). Hence, fish with a higher sociability index displayed a 291 

higher number of contacts with their counterparts and a lower ANND, reflecting higher 292 

sociability. 293 

 294 

Statistics 295 

To test the effects of treatments and populations, we used linear mixed-effect models (LMM; 296 

lme4 package, (Bates et al., 2015) on each trait: metal (i.e., Cd, Cu, Zn) bioaccumulation (log-297 

transformed and scaled), N/L immune ratio (log-transformed), local immune response (skin 298 

swelling), available energy in fish muscle (log-transformed), general condition index (first 299 

condition PCA axis), oxidative stress index (sqrt-transformed), behavioral traits (i.e., general 300 

activity, foraging and sociability). The effect of treatments on survival was tested using 301 

generalized linear mixed-effects models with a binomial distribution (lme4 package, Bates et 302 

al., 2015). The trial and the replicate tank were included as random effects in models. 303 

Contamination treatment (Non-Contaminated - NC vs. Contaminated - C), immune challenge 304 

treatment (PBS vs. AMIX injection), the population of origin and third and second-order 305 

interactions were included as fixed factors. Best models were then selected by eliminating 306 

non-significant variables starting with interactions (stepwise model selection; see supporting 307 

material 9 for summary statistics). Body size and sex were also added as covariates in all 308 

models but removed from final models when non-significant. When interactions were 309 

significant, we used contrast posthoc analyses (emmeans package, Lenth et al., 2017) with 310 

False Discovery Rate adjustment to analyze pairwise differences between fish groups 311 

(Benjamini and Hochberg, 1995) with 5% as a significance threshold.  312 
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To compare the effects-size of single vs. multiple stressors, we computed standardized 313 

effect sizes (compute.es package) Hedge's g and 95% confident interval (CI) from LMM 314 

model outputs (e.g., z-values or t-value) following methods described in Hedges et al. (1999) 315 

and Del Re (2013). When the interaction between stressors was significant, we also compared 316 

the magnitude of interactive vs. additive effects of multiple stressors following methods 317 

described in (Lange et al., 2018) in order to characterize the type of interaction involved (i.e., 318 

additive, synergistic or antagonistic) (see Petitjean et al., 2019a). When interactions were 319 

reversal, corresponding to "mitigating synergism" (sensu Jackson et al., 2016; Piggott et al., 320 

2015) we considered them as antagonistic since in both cases, the interactions resulted in an 321 

inhibition of single stressors effects (Crain et al., 2008; Folt et al., 1999). When the interaction 322 

varied between populations (i.e., triple interaction: contamination x immune challenge x 323 

population), we characterized the type of interaction by running separate models for each 324 

population. All analyses were performed with R, version 3.5.2 (R Development Core Team, 325 

2018). 326 

 327 

Results 328 

 329 

Cellular-level 330 

Metal bioaccumulation in muscle 331 

At the cellular level, metal bioaccumulation was affected by the contamination alone in 332 

interaction with the population of origin (Fig 1 and supporting material 9). Cu and Zn were 333 

not significantly accumulated (ANOVA, estimates (scaled log) = 0.002 ± 0.02, F = 0.006, p = 334 

0.94 and ANOVA, estimates (scaled log) = 0.001 ± 0.05, F = 0.0004, p = 0.99, respectively). 335 
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However, Cd bioaccumulation was significant in fish exposed to the experimental 336 

contamination, but this effect depended on the population considered (ANOVA, estimates 337 

(scaled log) = 0.15 ± 0.06, F = 5.78, p = 0.02) (Fig 1 and supporting material 9). More 338 

specifically, contrast posthoc analyses show that fish originating from the farm (FARM) and 339 

the least contaminated site (ARIMAS) displayed a significant increase of Cd concentration in 340 

their muscle when exposed to the experimental contamination compared to the control group 341 

(FARM-NC-PBSx (scaled log): 0.50 ± 0.06 vs FARM-C-PBSx (scaled log): 0.66 ± 0.12, 342 

estimates (scaled log) = 0.48 ± 0.15, p = 0.01 and ARIMAS-NC-PBSx (scaled log): 0.42 ± 343 

0.05 vs ARIMAS-C-PBSx (scaled log): 0.87 ± 0.14,estimates (scaled log) = 0.35 ± 0.14, p = 344 

0.046, respectively). In contrast, populations from the most contaminated sites (CELCAB; 345 

AUSCOR, RIOU) displayed no significant accumulation of metals in their muscle when 346 

exposed to the experimental contamination (Fig 2 A). 347 

 348 

Neutrophils/Lymphocytes immune ratio 349 

The N/L immune ratio was affected by the contamination alone (Fig 1 and supporting 350 

material 9). More particularly, fish exposed to contamination displayed an increase of 351 

neutrophils (ANOVA, estimate (log) = 0.27 ± 0.12, F = 5.4, p = 0.03) and a decrease of 352 

lymphocytes count (ANOVA, estimate = -6.98 ± 2.47, F = 7.8, p = 0.01), resulting in a 353 

significant increase of the N/L immune ratio (ANOVA, estimate (log) = 0.34 ± 0.15, F = 4.9, 354 

p = 0.03). 355 

 356 

Local immune response 357 

The local immune response was significantly affected by the immune challenge alone (Fig 1 358 

and supporting material 9). Indeed, fish injected with AMIX solution had a higher local 359 
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immune response (i.e., skin swelling) than fish injected with control saline solution (PBS) 360 

whatever the population considered (ANOVA, estimate = 44.4 ± 2.2, F = 389, p < 0.001).  361 

 362 

Figure 1. Effect size (hedge's g) and 95% confidence intervals (CI) of 363 

experimental treatments (contamination alone in orange: C-PBS; immune 364 

challenge alone in green: NC-AMIX; multiple stressors in red: C-AMIX) relative 365 

to the control group (NC-PBS: dashed vertical line), across biological levels 366 

from cells to the whole organism. When the 95% CI did not overlap 0 (control 367 

group), the treatment's effect was significant, as indicated by an asterisk. The 368 

asterisk between brackets indicates a marginally significant effect (lower 369 

bound:-0.1 < 95% CI < 0.1). Stars indicate significant variability among 370 

populations (population-by-treatment interaction). 371 
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 372 

Oxidative stress index 373 

The oxidative stress index was significantly affected by single stressors (contamination and 374 

immune challenge alone) but not by multiple stressors (Fig 1 and supporting material 9). The 375 

oxidative stress index increased marginally and in a population dependent manner in fish 376 

exposed to contamination (ANOVA, F = 2.38, p = 0.056) and significantly in immune-377 

challenged fish (ANOVA, estimate (sqrt) = 0.44 ± 0.97, F = 15, p = 0.001).  378 

More particularly, contamination increased the level of oxidative damage (ANOVA, 379 

estimates = 0.16 ± 0.03, F = 24.9, p < 0.001) but had no significant effect on the level of anti-380 

oxidant defenses in fish plasma (ANOVA, estimates (sqrt) = 0.29 ± 0.41, F = 0.47, p = 0.5). 381 

In addition, the effect of contamination differed among populations (Fig 1 and supporting 382 

material 9). Indeed, only the FARM population displayed a significant increase of oxidative 383 

stress index through an increase of oxidative damage (Farm-NC-PBSx (sqrt): 1.46 ± 0.12 384 

vs Farm-C-PBSx (sqrt): 1.94 ± 0.23, estimates (sqrt): 0.79 ± 0.22, p = 0.002) (Fig. 2 B). The 385 

immune challenge also increased the level of oxidative damage (ANOVA, estimates (log) = 386 

0.15 ± 0.03, F = 18.1, p < 0.001) but also decreased the level of anti-oxidant defenses in fish 387 

plasma (ANOVA, estimates (sqrt) = -0.78 ± 0.37, F = 3.9, p = 0.05) and this effect was the 388 

same whatever the population considered (Fig 1 and supporting material 9).  389 

 390 

Available energy in muscle 391 

The amount of total available energy (sum of lipids, proteins and carbohydrates) in fish 392 

muscle was not significantly affected by any stressor (Fig 1 and supporting material 9). 393 

However, fish exposed to contamination alone had a higher amount of carbohydrates in their 394 
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muscle (NC-PBSx (log): 3.5 ± 0.09 vs C-PBSx (log): 3.74 ± 0.08, ANOVA, estimates (log) 395 

= 0.27 ± 0.08, F = 12, p = 0.002) whatever the population considered. 396 

 397 

Individual-level 398 

Condition index 399 

The integrative condition index was not significantly affected by any stressor (Fig 1 and 400 

supporting material 9). However, contamination decreased body mass compared to control 401 

fish, but in a population-dependent manner (ANOVA, F = 3.5, p = 0.009). More specifically, 402 

the FARM population was the only population displaying a higher body mass loss when 403 

exposed to the experimental contamination compared to the control group (FARM-NC-404 

PBSx (sqrt): -0.43 ± 0.24 vs FARM-C-PBSx (sqrt): -1.06 ± 0.14, estimates (sqrt): -0.14 ± 405 

0.04, p = 0.002) (Fig 2 C). 406 
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Figure 2. Effects of contamination alone (white bars, NC-PBS; orange bars, C-407 

PBS) in different fish populations along a gradient of contamination. The 408 

contamination gradient in each population was determined using the toxic unit 409 

(TU), which ranged from -0.9 for the least contaminated FARM population to 1.3 410 

for the most contaminated RIOU population (Table 1). A. Cd bioaccumulation in 411 

fish muscle (log-transformed and scaled µ g.g-1), B. oxidative stress index (sqrt 412 

transformed  index), and C. daily mass change of fish (percent changes per day). 413 



23 
 

Error bars correspond to the SEM. Different letters above or below bars indicate 414 

significant differences between control and contamination treatments within each 415 

population after contrast posthoc analyses. 416 

 417 

General activity 418 

The general activity index was significantly affected by single and multiple stressors, but 419 

behavioral responses depended on the population considered (contamination x immune 420 

challenge x population interaction, Fig 1 and supporting material 9). More particularly, the 421 

contamination alone (C-PBS) did not affect general activity in the least contaminated FARM 422 

and ARIMAS populations, but the experimental contamination increased fish general activity 423 

in CELCAB and the most contaminated AUSCOR and RIOU populations compared to the 424 

control group (Fig 3). The immune challenge alone decreased general activity in all 425 

populations except CELCAB and AUSCOR (Fig 3).  426 

The effects of multiple stressors (C-AMIX group) were very variable depending on the 427 

population considered. There was no interactive effect of multiple stressors in FARM fish due 428 

to a dominant effect of the immune challenge (Hedge's g = 0.53, CI [-0.28; 1.34]) (Fig 3). 429 

There was antagonistic interactions of multiple stressors in the CELCAB and AUSCOR 430 

populations (CELCAB: Hedge’s g = -5.23, CI [-7.18; -3.29]; AUSCOR: Hedge’s g = -1.95, 431 

CI [-2.54; -1.37]) and a "mitigating synergism" in ARIMAS (ARIMAS: Hedge’s g = 3.4, CI 432 

[2.35; 4.50]), both resulting in a non-significant difference in general activity between fish 433 

exposed to multiple stressors compared to control (i.e., inhibiting effect), which is considered 434 

as antagonistic effect (Fig 3). Finally, there was an additive effect of multiple stressors in the 435 

RIOU population (Hedge's g = 0.23 CI [-0.56; 1.02]). More specifically, both contamination 436 

and immune challenge had opposite effects on general activity in RIOU fish, resulting in 437 
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similar swimming activity levels between the control (NC-PBS) and multiple stress (C-438 

AMIX) group in RIOU fish (Fig 3). 439 

 440 

Figure 3. Mean (± SEM) general activity (first axis of PCA reflecting the time 441 

spent swimming, the number of lines crossed and the number of visited areas) of 442 

fish exposed to control condition (white bars, NC-PBS), contamination alone 443 

(orange bars, C-PBS), immune challenge alone (green bars, NC-AMIX), or 444 

combined contamination and immune challenge (red bars, C-AMIX) among fish 445 

populations. The fish populations were ranked according to the level of 446 

contamination recorded in their sampling site (contamination gradient 447 

determined using the toxic unit, ranged from -0.9 (FARM) to 1.3 (RIOU), Table 448 

1). Different letters indicate significant differences between treatments within 449 



25 
 

each population according to contrast analyses. The type of interaction (additive, 450 

antagonistic, synergistic) was tested following Lange et al. (2018) (see methods).  451 

 452 

Foraging behavior 453 

Foraging behavior index was not significantly affected by any treatment (Fig 1 and supporting 454 

material 9). However, additional analyses on each trait indicate that the latency to forage 455 

increased in immune challenged fish (NC-PBSx (log): 5.84 ± 0.12 vs NC-AMIXx (log): 456 

5.95 ± 0.15, ANOVA, estimates (log) = 0.35 ± 0.13, F = 6.4, p = 0.01) whatever the 457 

population considered. Similarly, the number of food items ingested by fish marginally 458 

decreased with the immune challenge (NC-PBSx (log): 1.02 ± 0.10 vs NC-AMIXx (log): 459 

0.82 ± 0.09, ANOVA, estimates (log) = -0.19 ± 0.09, F = 3.9, p = 0.054).  460 

 461 

Sociability behavior 462 

Fish sociability index was affected by the immune challenge alone, but this effect varied 463 

among populations (ANOVA, F = 8.3, p < 0.001) (Fig 1 and supporting material 9). More 464 

particularly, posthoc analyses show that sociability decreased in AMIX-injected fish from 465 

CELCAB (PCA axis 3, CELCAB-NC-PBSx: 0.25 ± 0.15 vs CELCAB-NC-AMIXx: -1.11 466 

± 0.54, estimates = -1.58 ± 0.34, p < 0.001) while it increased for fish from RIOU (PCA axis 467 

3, RIOU-NC-PBSx: -0.52 ± 0.36 vs RIOU-NC-AMIXx: 0.32 ± 0.13, estimates = 0.87 ± 468 

0.31, p < 0.01). Sociability was not significantly affected by any stressor in other populations.  469 

 470 
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Survival 471 

Fish survival was significantly affected by the immune challenge alone but not by the 472 

contamination nor multiple stressors (Fig 1 and supporting material 9). Indeed, AMIX-473 

injected fish had a lower survival compared to control fish whatever the contamination 474 

treatment and whatever the population considered (NC-PBS: 81.1%, C-PBS: 85.0%, NC-475 

AMIX: 69.5%, C-AMIX: 71.3%; ANOVA, estimates = -1.47 ± 0.32, χ2  = 21.4, p < 0.001). 476 

 477 

Discussion 478 

In this study, we tested the effects of multiple stressors (i.e., metal contamination and immune 479 

challenge) on gudgeon health from cells to the whole organism in different populations 480 

having evolved along a gradient of metal contamination. Results show that each single 481 

stressors affected different key physiological and behavioral traits and that combined stressors 482 

had limited interactive effects excepted on behavior. In addition, there was a high 483 

interpopulation variability of physiological and behavioral responses to stressors (summarized 484 

in supporting material 10). 485 

 486 

Single stressor effects 487 

The theoretical framework of metabolic strategies predicts that organisms react to a moderate 488 

or single stressor by setting up a "compensation strategy" characterized by increased 489 

investment in physiological defenses (immunity and antioxidant defense) at the expense of 490 

depletion of energy reserves and/or decrease in routine behaviors (Petitjean et al., 2019b; 491 

Sokolova, 2013; Sokolova et al., 2012). Our results do not show direct energetic costs of 492 
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stressors but show significant physiological and behavioral changes, although some 493 

responses varied according to the population.  494 

First, fish exposed to single stressors had increased immune defenses. Indeed, the 495 

experimental contamination alone increased the N/L immune ratio in all populations, as well 496 

as the bioaccumulation of Cd in the muscle of some populations. This suggests that the 497 

experimental contamination triggered an inflammatory response involving the recruitment of 498 

neutrophils due to the accumulation of toxic metals as shown in previous experimental studies 499 

(e.g., Aliko et al., 2018; Dautremepuits et al., 2004; Jolly et al., 2014; Xu et al., 2018) and in a 500 

previous field study in the same species (Petitjean et al., 2020). Similarly, the immune 501 

challenge alone triggered a significant local inflammatory response (i.e., skin swelling) 502 

reflecting a local infiltration of immune cells at the site of injection (Ardia and Clotfelter, 503 

2006). However, no effect was detected on the N/L immune ratio, maybe because we missed 504 

the peak of immune cell recruitment at 7 days (Afonso et al., 1998; von Gersdorff Jørgensen, 505 

2016). These results suggest that the exposure to a single stressor (i.e., experimental 506 

contamination or immune challenge alone) had an immunostimulatory effect and elicited a 507 

significant inflammatory response. This is likely to incur significant costs since inflammation 508 

is one of the most costly physiological defense (Bonneaud et al., 2003; Lochmiller and 509 

Deerenberg, 2000; Sheldon and Verhulst, 1996) in terms of oxidative stress production 510 

(Costantini and Dell’Omo, 2006; Costantini and Møller, 2009) and/or on energy reserves 511 

depletion (Bonneaud et al., 2003; Lochmiller and Deerenberg, 2000).  512 

Accordingly, the fish exposed to both single stressors displayed a significant increase 513 

in oxidative stress index, mainly due to increased oxidative damage, which was consistent 514 

with previous studies (Costantini and Møller, 2009; Fatima et al., 2000; Le Guernic et al., 515 

2016). We also found that antioxidant defenses decreased in immune-challenged fish, 516 

suggesting that the immune challenge can trigger oxidative stress, with potential 517 
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detrimental effects on fitness. Further studies are now needed to measure specifically 518 

other enzymatic antioxidant components (e.g., Catalase, Super-Oxide Dismutase), but 519 

our results suggest that exposure to single stressors incur a significant oxidative cost 520 

with potential consequences for fish fitness. 521 

According to the “compensation strategy”, we expected depletion of energy reserves 522 

due to increased investment in physiological defenses. However, results were quite different 523 

depending on the stress considered. Indeed, the immune challenge alone had no effects on 524 

energy reserves and condition indices, suggesting limited energetic costs. In contrast, 525 

contamination alone caused a decrease in body mass, although only in FARM fish, without 526 

depleting available energy in muscle but instead increased carbohydrates. This might be 527 

explained by an increase in gluconeogenesis and/or glucose mobilization towards muscle to 528 

support locomotion under stressful conditions, as suggested in previous studies (Philp et al., 529 

2005; Pretto et al., 2014; Weber et al., 2016). 530 

Under a "compensation strategy", we also expected a decrease in routine behaviors to 531 

save energy for physiological defenses. Accordingly, the immune challenge decreased fish 532 

swimming activity and sociability, although in a population dependant manner, which could 533 

enable fish to save energy for immunity (i.e., "sickness behavior"; Adelman and Martin, 2009; 534 

Dantzer, 2004; Johnson, 2002). In contrast, contamination had the opposite effect and 535 

increased fish swimming activity, at least in some populations (i.e., CELCAB, AUSCOR, 536 

RIOU). This increase in swimming activity under experimental contamination could be 537 

due to neurotoxic effects (Jacquin et al., 2020) but could also be linked to the increase in 538 

carbohydrates content in fish muscle and probably to cortisol secretions, as suggested in 539 

previous studies (Brun et al., 2019). Increased swimming activity could potentially have an 540 

adaptive value by increasing food acquisition in the wild, potentially compensating for the 541 

costs of detoxification, but this hypothesis remains to be tested.  542 
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Overall, our results show an increased investment in immune and antioxidant defenses 543 

with limited costs, which differ among the studied traits and the stress considered (i.e., 544 

body mass for contamination, swimming activity for immune challenge alone). This 545 

brings only partial support for the “compensation strategy” hypothesis. In addition, fish 546 

exposed to the immune challenge had decreased survival, suggesting that stress-induced 547 

physiological changes had significant fitness costs despite potential compensation. Also, 548 

body mass changes related to contamination depended on fish populations and fish 549 

involved in all experimental treatments, including the control group, lost weight during 550 

the experiment, suggesting that captivity itself might be significantly stressful for fish 551 

(Calisi and Bentley, 2009). Further in-situ approaches within rivers would be useful to 552 

investigate the costs of stressors in a realistic context.  553 

 554 

Multiple stressors effects  555 

Under multiple stressors exposure, the "conservation strategy" hypothesis predicts that the 556 

energy demand for physiological defenses would be too high, resulting in a metabolic 557 

depression. This "conservation strategy" is generally characterized by limited investment in 558 

immune and antioxidant defenses and few or no changes in energy reserves and behaviors, 559 

resulting in interactive antagonistic (i.e., inhibiting) effects of multiple stressors (Petitjean et 560 

al., 2019b; Sokolova, 2013; Sokolova et al., 2012). However, contrary to these predictions, 561 

combined metal contamination and immune challenge had few interactive effects excepted on 562 

behavior, but behavioral responses to multiple stressors were dependent on the population 563 

considered. 564 

More particularly, we did not find any significant interactive effect of multiple 565 

stressors on immune and antioxidant defenses. For instance, local (i.e., skin swelling) and 566 
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circulating (i.e., N/L immune ratio in fish blood) immune responses were not affected by 567 

multiple stressors, likely because both stressors affected different immune traits. Further 568 

studies focusing on other components, such as the phagocytic capacity and the oxidative burst 569 

activity, would be necessary to decipher the underpinning immune effects of multiple 570 

stressors (Jolly et al., 2014; Le Guernic et al., 2016). In addition, multiple stressors had no 571 

interactive effects on oxidative stress, although changes in other antioxidants molecules that 572 

were not measured in our study are still possible (Lushchak, 2011). Whatever the 573 

underlying mechanisms, we found no interactive effects of multiple stressors on fish 574 

physiological traits, suggesting that the metabolic capacity of fish is not overwhelmed by 575 

multiple stressors and/or that the selected traits were not integrative enough to uncover 576 

interactive effects. 577 

We also expected antagonistic (i.e., inhibiting) effects on energy reserves and/or 578 

behavior. We found no effect of multiple stressors on energy reserves nor condition indices, 579 

but the exposure to combined contamination and immune challenge inhibited the behavioral 580 

plasticity of fish. Indeed, we found no difference in swimming activity between groups 581 

exposed to multiple stressors and control groups due to inhibiting effects (i.e., "mitigating 582 

synergism" for ARIMAS, antagonism for CELCAB and AUSCOR) or opposite additive 583 

effects of combined stressors (i.e., RIOU). In other words, in most populations, the immune 584 

challenge inhibited the effects of contamination on fish behavior resulting in lower behavioral 585 

responses to multiple stressors compared to single stressors. This result highlights the need 586 

to consider parasitism and other stressors in behavioral-based ecotoxicological tests to 587 

avoid misinterpretation. In addition, it suggests that labile traits such as behaviors may be 588 

particularly sensitive to multiple stressors, with potential implications for fish fitness by 589 

altering reproduction or ability to escape predators in the wild (Scott, 2003; Wingfield, 2003; 590 

Wong and Candolin, 2015). 591 
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Overall, only few results support the hypothesis that fish would follow a 592 

"conservation strategy” when exposed to multiple stressors. Indeed, only behavior was 593 

affected by multiple stressors, and effects had no consequences on physiology or 594 

survival, suggesting that multiple stressors are not more deleterious than single stressors 595 

for fish fitness, although we only tested short term responses under controlled laboratory 596 

conditions. Results also underscore that fish responses strongly depend on stressors type 597 

and the origin of the population considered. Studies investigating fish metabolism and the 598 

long-term fitness consequences of multiple stressors in a more realistic context, such as cross 599 

transplantation in the field, are now needed to better understand the effects of multiple 600 

stressors in the wild.  601 

 602 

Population variability of responses to stressors  603 

There was high variability of response to single and multiple stressors among populations, 604 

underlining the need to take into account intraspecific variability to better predict the effects 605 

of environmental stressors on aquatic wildlife, especially in ecotoxicological tests. First, the 606 

bioaccumulation of Cd was significant only in fish from the least contaminated sites (i.e., 607 

FARM and ARIMAS). One potential explanation is that populations from contaminated sites 608 

already had high levels of metals in muscle due to previous pollution exposure in their natural 609 

environment (Faucher et al., 2008; Goto and Wallace, 2010; Klaassen et al., 1999). 610 

Accordingly, fish from the most contaminated site (i.e., RIOU) displayed a higher basal level 611 

of Cd in their muscle than other populations. Other organs such as liver and kidney were 612 

used for another study and could not be analyzed here. Although fish muscle is not the 613 

first recipient of metal accumulation (Bervoets et al., 2009; Cretì et al., 2010; Rajotte and 614 

Couture, 2002), our results indicate that the experimental contamination led to 615 
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significant bioaccumulation of Cd (but not Zn and Cu) in muscles. This suggests that Cd 616 

could reach a much higher concentration in target organs such as liver and kidney and 617 

explain the observed responses, especially in FARM fish.  618 

Second, oxidative stress increased and body mass decreased significantly in the least 619 

contaminated FARM population in response to contamination, but not in other populations. 620 

This suggests that fish from the least contaminated FARM site may be more sensitive to 621 

metal contamination than other populations, which is consistent with recent findings in 622 

several fish species (M. Oziolor et al., 2016; Oziolor et al., 2014; Reid et al., 2016).  623 

Third, we found a strong variability in fish behavioral responses to stressors, 624 

especially on fish swimming activity. In our study, the experimental contamination alone had 625 

no effects on the two least contaminated populations (FARM and ARIMAS) but increased 626 

other populations' swimming activity (CELCAB, AUSCOR, RIOU). This suggests that 627 

contamination could induce plastic hyperactivity in fish from the most contaminated sites 628 

(Ellgaard et al., 1978; Steele, 1983), maybe because of neurotoxic or endocrine-disrupting 629 

effects (Drummond and Russom, 1990; Renick et al., 2016; Weis et al., 2001) and/or energy 630 

reallocations under stressful conditions, which could increase food acquisition (Pyke et al., 631 

1977). Nevertheless, anthropogenic activities and other factors not accounted here could 632 

also explain these behavioral differences (e.g., domestication in the FARM population: 633 

Johnsson et al., 2014, predator presence/absence in some populations: Bell et al., 2010). 634 

Further studies on a higher number of replicate populations are hence necessary to specifically 635 

disentangle the environmental factors explaining these interpopulation differences. Whatever 636 

the determinants of these interpopulation differences, our results underscore the need to 637 

consider the variability of behavioral responses among wild populations within the 638 

emerging field of behavioral ecotoxicology (Jacquin et al., 2020).  639 
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To sum up, our results are in accordance with previous studies showing that different 640 

fish populations could differ in their sensitivity to stressors depending on their history of 641 

contamination in the wild (e.g., Bélanger-Deschênes et al., 2013; Bourret et al., 2008; 642 

Hamilton et al., 2017; Oziolor et al., 2014; Reid et al., 2016). Differences in genetic and 643 

plastic-based ability of detoxification, physiological, and behavioral adjustments could enable 644 

fish to better mitigate the effects of contaminants depending on past selection in stressful 645 

environments. Further analyses comparing the genetic structure of F0 fish and experiments on 646 

F1 and F2 generations would be necessary to investigate the potential genetic basis explaining 647 

this interpopulation variability. Whatever the underpinning mechanisms, this variability 648 

of responses among fish populations could lead to misinterpretation of contaminants' 649 

threats since ecological risk assessment is generally derived from ecotoxicity tests 650 

performed on a single laboratory raised population (Brady et al., 2017). Hence, our study 651 

suggests that ecotoxicology should take into account the evolutionary history of populations 652 

to better predict the effects of environmental stressors in an evolutionary ecotoxicology 653 

framework (M. Oziolor et al., 2016). 654 

 655 

Compliance with ethical standards 656 

This research was conducted in compliance with French and European legislation for animal 657 

experimentation (European directive 2010/63/UE). Fish sampling was conducted under local 658 

authorities' authorization, and fish were treated for parasites according to the prescription 659 

2529, VetoFish. Experimental procedures were conducted under the establishment approval 660 

for vertebrate experimentation N°A3113002, and were approved by the ethical committee 661 

n°073 (authorization n°8538). 662 

 663 



34 
 

Acknowledgements 664 

We thank Emilie Rojas, Corinne Pautot, Sandrine Papillon, Michel le Hénaff, Flavien Garcia, 665 

Melissa Izard, Alexianne Damien, Leo Bottisagio, Pauline Madec, Camille Courcoul, Bruno 666 

Galle, Elisa Su Fu, Jessica Côte, and the technical service of INP-ENSAT for assistance at 667 

different stages of this study. We thank the GET platform, Camille Duquenoy, Gaël Leroux 668 

and David Baqué for help with trace metal analyses. We are grateful to Christel Lefrançois 669 

and Patrice Couture for helpful comments on an earlier version of this manuscript. The EDB 670 

laboratory is part of the French Laboratory of Excellence "TULIP" (ANR-10-LABX-41; 671 

ANR-11-IDEX-0002-02). This work is a part of the Ph.D. thesis of QP. 672 

 673 

Funding 674 

We are very grateful to our funders. This work was supported by a grant from the water 675 

agency Adour-Garonne (Agence de l’Eau Adour-Garonne), the French national program 676 

CNRS EC2CO-Ecodyn (PHYPAT) and the LTSER ZA PYGAR. QP was supported by a 677 

doctoral grant of the French Ministry of Higher Education and Research. 678 

 679 

References 680 

Adelman, J.S., Martin, L.B., 2009. Vertebrate sickness behaviors: Adaptive and integrated 681 
neuroendocrine immune responses. Integr. Comp. Biol. 49, 202–214. 682 
https://doi.org/10.1093/icb/icp028 683 

Afonso, A., Lousada, S., Silva, J., Ellis, A.E., Silva, M.T., 1998. Neutrophil and macrophage 684 
responses to inflammation in the peritoneal cavity of rainbow trout Oncorhynchus 685 
mykiss. A light and electron microscopic cytochemical study. Dis. Aquat. Organ. 34, 686 
27–37. https://doi.org/10.3354/dao034027 687 

Aliko, V., Qirjo, M., Sula, E., Morina, V., Faggio, C., 2018. Antioxidant defense system, 688 
immune response and erythron profile modulation in gold fish, Carassius auratus, after 689 



35 
 

acute manganese treatment. Fish Shellfish Immunol. 76, 101–109. 690 
https://doi.org/10.1016/j.fsi.2018.02.042 691 

Ardia, D.R., Clotfelter, E.D., 2006. The novel application of an immunological technique 692 
reveals the immunosuppressive effect of phytoestrogens in Betta splendens. J. Fish 693 
Biol. 68, 144–149. https://doi.org/10.1111/j.0022-1112.2006.00962.x 694 

Bagni, M., Civitareale, C., Priori, A., Ballerini, A., Finoia, M., Brambilla, G., Marino, G., 695 
2007. Pre-slaughter crowding stress and killing procedures affecting quality and 696 
welfare in sea bass (Dicentrarchus labrax) and sea bream (Sparus aurata). Aquaculture 697 
263, 52–60. https://doi.org/10.1016/j.aquaculture.2006.07.049 698 

Barber, I., Hoare, D., Krause, J., 2000. Effects of parasites on fish behaviour: a review and 699 
evolutionary perspective. Rev. Fish Biol. Fish. 10, 131–165. 700 
https://doi.org/10.1023/A:1016658224470 701 

Barber, I., Wright, H.A., 2005. Effects of parasites on fish behaviour: interactions with host 702 
physiology. Fish Physiol. 24, 109–149. 703 

Bartolini, T., Butail, S., Porfiri, M., 2015. Temperature influences sociality and activity of 704 
freshwater fish. Environ. Biol. Fishes 98, 825–832. https://doi.org/10.1007/s10641-705 
014-0318-8 706 

Bates, D., Maechler, M., Bolker, B., Walker, S., Christensen, R.H.B., Singmann, H., Dai, B., 707 
Grothendieck, G., 2015. Package ‘lme4.’ Convergence 12. 708 

Bélanger-Deschênes, S., Couture, P., Campbell, P.G.C., Bernatchez, L., 2013. Evolutionary 709 
change driven by metal exposure as revealed by coding SNP genome scan in wild 710 
yellow perch (Perca flavescens). Ecotoxicology 22, 938–957. 711 
https://doi.org/10.1007/s10646-013-1083-8 712 

Bell, A.M., Henderson, L., Huntingford, F.A., 2010. Behavioral and respiratory responses to 713 
stressors in multiple populations of three-spined sticklebacks that differ in predation 714 
pressure. J. Comp. Physiol. B 180, 211–220. https://doi.org/10.1007/s00360-009-715 
0395-8 716 

Benjamini, Y., Hochberg, Y., 1995. Controlling the False Discovery Rate: A Practical and 717 
Powerful Approach to Multiple Testing. J. R. Stat. Soc. Ser. B Methodol. 57, 289–718 
300. 719 

Bervoets, L., Van Campenhout, K., Reynders, H., Knapen, D., Covaci, A., Blust, R., 2009. 720 
Bioaccumulation of micropollutants and biomarker responses in caged carp (Cyprinus 721 
carpio). Ecotoxicol. Environ. Saf. 72, 720–728. 722 
https://doi.org/10.1016/j.ecoenv.2008.10.008 723 

Birk, S., Chapman, D., Carvalho, L., Spears, B.M., Andersen, H.E., Argillier, C., Auer, S., 724 
Baattrup-Pedersen, A., Banin, L., Beklioğlu, M., Bondar-Kunze, E., Borja, A., Branco, 725 
P., Bucak, T., Buijse, A.D., Cardoso, A.C., Couture, R.-M., Cremona, F., de Zwart, 726 
D., Feld, C.K., Ferreira, M.T., Feuchtmayr, H., Gessner, M.O., Gieswein, A., 727 
Globevnik, L., Graeber, D., Graf, W., Gutiérrez-Cánovas, C., Hanganu, J., Işkın, U., 728 
Järvinen, M., Jeppesen, E., Kotamäki, N., Kuijper, M., Lemm, J.U., Lu, S., Solheim, 729 
A.L., Mischke, U., Moe, S.J., Nõges, P., Nõges, T., Ormerod, S.J., Panagopoulos, Y., 730 
Phillips, G., Posthuma, L., Pouso, S., Prudhomme, C., Rankinen, K., Rasmussen, J.J., 731 
Richardson, J., Sagouis, A., Santos, J.M., Schäfer, R.B., Schinegger, R., Schmutz, S., 732 
Schneider, S.C., Schülting, L., Segurado, P., Stefanidis, K., Sures, B., Thackeray, S.J., 733 
Turunen, J., Uyarra, M.C., Venohr, M., von der Ohe, P.C., Willby, N., Hering, D., 734 



36 
 

2020. Impacts of multiple stressors on freshwater biota across spatial scales and 735 
ecosystems. Nat. Ecol. Evol. 1–8. https://doi.org/10.1038/s41559-020-1216-4 736 

Bonneaud, C., Mazuc, J., Gonzalez, G., Haussy, C., Chastel, O., Faivre, B., Sorci, G., 2003. 737 
Assessing the Cost of Mounting an Immune Response. Am. Nat. 161, 367–379. 738 
https://doi.org/10.1086/346134 739 

Boone, M.D., Bridges-Britton, C.M., 2006. Examining multiple sublethal contaminants on the 740 
gray treefrog (Hyla versicolor): Effects of an insecticide, herbicide, and fertilizer. 741 
Environ. Toxicol. Chem. 25, 3261–3265. https://doi.org/10.1897/06-235r.1 742 

Bourret, V., Couture, P., Campbell, P.G.C., Bernatchez, L., 2008. Evolutionary ecotoxicology 743 
of wild yellow perch (Perca flavescens) populations chronically exposed to a 744 
polymetallic gradient. Aquat. Toxicol. 86, 76–90. 745 
https://doi.org/10.1016/j.aquatox.2007.10.003 746 

Brady, S.P., Richardson, J.L., Kunz, B.K., 2017. Incorporating evolutionary insights to 747 
improve ecotoxicology for freshwater species. Evol. Appl. 10, 829–838. 748 
https://doi.org/10.1111/eva.12507 749 

Brun, N.R., van Hage, P., Hunting, E.R., Haramis, A.-P.G., Vink, S.C., Vijver, M.G., Schaaf, 750 
M.J.M., Tudorache, C., 2019. Polystyrene nanoplastics disrupt glucose metabolism 751 
and cortisol levels with a possible link to behavioural changes in larval zebrafish. 752 
Commun. Biol. 2, 1–9. https://doi.org/10.1038/s42003-019-0629-6 753 

Calfee, R.D., Puglis, H.J., Little, E.E., Brumbaugh, W.G., Mebane, C.A., 2016. Quantifying 754 
Fish Swimming Behavior in Response to Acute Exposure of Aqueous Copper Using 755 
Computer Assisted Video and Digital Image Analysis. J. Vis. Exp. 756 
https://doi.org/10.3791/53477 757 

Calisi, R.M., Bentley, G.E., 2009. Lab and field experiments: Are they the same animal? 758 
Horm. Behav. 56, 1–10. https://doi.org/10.1016/j.yhbeh.2009.02.010 759 

Chellappa, S., Huntingford, F.A., Strang, R.H.C., Thomson, R.Y., 1995. Condition factor and 760 
hepatosomatic index as estimates of energy status in male three-spined stickleback. J. 761 
Fish Biol. 47, 775–787. https://doi.org/10.1111/j.1095-8649.1995.tb06002.x 762 

Christensen, M.R., Graham, M.D., Vinebrooke, R.D., Findlay, D.L., Paterson, M.J., Turner, 763 
M.A., 2006. Multiple anthropogenic stressors cause ecological surprises in boreal 764 
lakes. Glob. Change Biol. 12, 2316–2322. https://doi.org/10.1111/j.1365-765 
2486.2006.01257.x 766 

Clotfelter, E.D., Bell, A.M., Levering, K.R., 2004. The role of animal behaviour in the study 767 
of endocrine-disrupting chemicals. Anim. Behav. 68, 665–676. 768 
https://doi.org/10.1016/j.anbehav.2004.05.004 769 

Colchen, T., Teletchea, F., Fontaine, P., Pasquet, A., 2016. Temperature modifies activity, 770 
inter-individual relationships and group structure in fish. Curr. Zool. zow048. 771 
https://doi.org/10.1093/cz/zow048 772 

Costantini, D., Dell’Omo, G., 2006. Effects of T-cell-mediated immune response on avian 773 
oxidative stress. Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 145, 137–142. 774 
https://doi.org/10.1016/j.cbpa.2006.06.002 775 

Costantini, D., Møller, A.P., 2009. Does immune response cause oxidative stress in birds? A 776 
meta-analysis. Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 153, 339–344. 777 
https://doi.org/10.1016/j.cbpa.2009.03.010 778 



37 
 

Crain, C.M., Kroeker, K., Halpern, B.S., 2008. Interactive and cumulative effects of multiple 779 
human stressors in marine systems. Ecol. Lett. 11, 1304–1315. 780 
https://doi.org/10.1111/j.1461-0248.2008.01253.x 781 

Cretì, P., Trinchella, F., Scudiero, R., 2010. Heavy metal bioaccumulation and 782 
metallothionein content in tissues of the sea bream Sparus aurata from three different 783 
fish farming systems. Environ. Monit. Assess. 165, 321–329. 784 
https://doi.org/10.1007/s10661-009-0948-z 785 

Dantzer, R., 2004. Cytokine-induced sickness behaviour: a neuroimmune response to 786 
activation of innate immunity. Eur. J. Pharmacol. 500, 399–411. 787 
https://doi.org/10.1016/j.ejphar.2004.07.040 788 

Dautremepuits, C., Betoulle, S., Paris-Palacios, S., Vernet, G., 2004. Humoral immune factors 789 
modulated by copper and chitosan in healthy or parasitised carp (Cyprinus carpio L.) 790 
by Ptychobothrium sp. (Cestoda). Aquat. Toxicol. Amst. Neth. 68, 325–338. 791 
https://doi.org/10.1016/j.aquatox.2004.04.003 792 

Davis, A.K., Maney, D.L., Maerz, J.C., 2008. The use of leukocyte profiles to measure stress 793 
in vertebrates: a review for ecologists. Funct. Ecol. 22, 760–772. 794 
https://doi.org/10.1111/j.1365-2435.2008.01467.x 795 

De Coen, W.M., Janssen, C.R., 1997. The use of biomarkers in Daphnia magna toxicity 796 
testing. IV. Cellular energy allocation: a new methodology to assess the energy budget 797 
of toxicant-stressed Daphnia populations. J. Aquat. Ecosyst. Stress Recovery 6, 43–55. 798 
https://doi.org/10.1023/A:1008228517955 799 

Defo, M.A., Gendron, A.D., Head, J., Pilote, M., Turcotte, P., Marcogliese, D.J., Houde, M., 800 
2019. Cumulative effects of cadmium and natural stressors (temperature and parasite 801 
infection) on molecular and biochemical responses of juvenile rainbow trout. Aquat. 802 
Toxicol. 217, 105347. https://doi.org/10.1016/j.aquatox.2019.105347 803 

Del Re, A.C., 2013. Compute.es: compute effect sizes. R package version 0.2–2. Available 804 
from: http://cran.r–project.org/web/packages/compute.es. 805 

Drummond, R.A., Russom, C.L., 1990. Behavioral toxicity syndromes: A promising tool for 806 
assessing toxicity mechanisms in juvenile fathead minnows. Environ. Toxicol. Chem. 807 
9, 37–46. https://doi.org/10.1002/etc.5620090106 808 

Ellgaard, E.G., Tusa, J.E., Malizia, A.A., 1978. Locomotor activity of the bluegill Lepomis 809 
macrochirus: hyperactivity induced by sublethal concentrations of cadmium, 810 
chromium and zinc. J. Fish Biol. 12, 19–23. https://doi.org/10.1111/j.1095-811 
8649.1978.tb04146.x 812 

Fatima, M., Ahmad, I., Sayeed, I., Athar, M., Raisuddin, S., 2000. Pollutant-induced over-813 
activation of phagocytes is concomitantly associated with peroxidative damage in fish 814 
tissues. Aquat. Toxicol. 49, 243–250. https://doi.org/10.1016/S0166-445X(99)00086-7 815 

Faucher, K., Fichet, D., Miramand, P., Lagardère, J.-P., 2008. Impact of chronic cadmium 816 
exposure at environmental dose on escape behaviour in sea bass (Dicentrarchus labrax 817 
L.; Teleostei, Moronidae). Environ. Pollut. 151, 148–157. 818 
https://doi.org/10.1016/j.envpol.2007.02.017 819 

Flammarion, P., Migeon, B., Urios, S., Morfin, P., Garric, J., 1998. Effect of methidathion on 820 
the cytochrome P-450 1A in the cyprinid fish gudgeon (Gobio gobio). Aquat. Toxicol. 821 
42, 93–102. https://doi.org/10.1016/S0166-445X(98)00046-0 822 



38 
 

Folt, C.L., Chen, C.Y., Moore, M.V., Burnaford, J., 1999. Synergism and antagonism among 823 
multiple stressors. Limnol. Oceanogr. 44, 864–877. 824 

Friard, O., Gamba, M., 2016. BORIS: a free, versatile open-source event-logging software for 825 
video/audio coding and live observations. Methods Ecol. Evol. 7, 1325–1330. 826 
https://doi.org/10.1111/2041-210X.12584 827 

Gandar, A., Jean, S., Canal, J., Marty-Gasset, N., Gilbert, F., Laffaille, P., 2016. Multistress 828 
effects on goldfish (Carassius auratus) behavior and metabolism. Environ. Sci. Pollut. 829 
Res. 23, 3184–3194. https://doi.org/10.1007/s11356-015-5147-6 830 

Gandar, A., Laffaille, P., Canlet, C., Tremblay-Franco, M., Gautier, R., Perrault, A., Gress, L., 831 
Mormède, P., Tapie, N., Budzinski, H., Jean, S., 2017. Adaptive response under 832 
multiple stress exposure in fish: From the molecular to individual level. Chemosphere 833 
188, 60–72. https://doi.org/10.1016/j.chemosphere.2017.08.089 834 

Goto, D., Wallace, W.G., 2010. Metal intracellular partitioning as a detoxification mechanism 835 
for mummichogs (Fundulus heteroclitus) living in metal-polluted salt marshes. Mar. 836 
Environ. Res. 69, 163–171. https://doi.org/10.1016/j.marenvres.2009.09.008 837 

Guardiola, F.A., Cuesta, A., Meseguer, J., Martínez, S., Martínez-Sánchez, M.J., Pérez-838 
Sirvent, C., Esteban, M.A., 2013. Accumulation, histopathology and 839 
immunotoxicological effects of waterborne cadmium on gilthead seabream (Sparus 840 
aurata). Fish Shellfish Immunol. 35, 792–800. 841 
https://doi.org/10.1016/j.fsi.2013.06.011 842 

Guppy, M., Withers, P., 1999. Metabolic depression in animals: physiological perspectives 843 
and biochemical generalizations. Biol. Rev. 74, 1–40. https://doi.org/10.1111/j.1469-844 
185X.1999.tb00180.x 845 

Hamilton, P.B., Rolshausen, G., Uren Webster, T.M., Tyler, C.R., 2017. Adaptive capabilities 846 
and fitness consequences associated with pollution exposure in fish. Philos. Trans. R. 847 
Soc. B Biol. Sci. 372, 20160042. https://doi.org/10.1098/rstb.2016.0042 848 

Harrison, I., Abell, R., Darwall, W., Thieme, M.L., Tickner, D., Timboe, I., 2018. The 849 
freshwater biodiversity crisis. Science 362, 1369–1369. 850 
https://doi.org/10.1126/science.aav9242 851 

Hedges, L.V., Gurevitch, J., Curtis, P.S., 1999. The Meta-Analysis of Response Ratios in 852 
Experimental Ecology. Ecology 80, 1150. https://doi.org/10.2307/177062 853 

Herborn, K.A., Coffey, J., Larcombe, S.D., Alexander, L., Arnold, K.E., 2011. Oxidative 854 
profile varies with personality in European greenfinches. J. Exp. Biol. 214, 1732–855 
1739. https://doi.org/10.1242/jeb.051383 856 

Hoogenboom, M.O., Metcalfe, N.B., Groothuis, T.G.G., de Vries, B., Costantini, D., 2012. 857 
Relationship between oxidative stress and circulating testosterone and cortisol in pre-858 
spawning female brown trout. Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 163, 859 
379–387. https://doi.org/10.1016/j.cbpa.2012.07.002 860 

Hopkins, W.A., Staub, B.P., Snodgrass, J.W., Taylor, B.E., DeBiase, A.E., Roe, J.H., 861 
Jackson, B.P., Congdon, J.D., 2004. Responses of benthic fish exposed to 862 
contaminants in outdoor microcosms—examining the ecological relevance of previous 863 
laboratory toxicity tests. Aquat. Toxicol. 68, 1–12. 864 
https://doi.org/10.1016/j.aquatox.2004.01.021 865 



39 
 

Jackson, M.C., Loewen, C.J.G., Vinebrooke, R.D., Chimimba, C.T., 2016. Net effects of 866 
multiple stressors in freshwater ecosystems: a meta-analysis. Glob. Change Biol. 22, 867 
180–189. https://doi.org/10.1111/gcb.13028 868 

Jacquin, L., Dybwad, C., Rolshausen, G., Hendry, A.P., Reader, S.M., 2017. Evolutionary and 869 
immediate effects of crude-oil pollution: depression of exploratory behaviour across 870 
populations of Trinidadian guppies. Anim. Cogn. 20, 97–108. 871 
https://doi.org/10.1007/s10071-016-1027-9 872 

Jacquin, L., Petitjean, Q., Côte, J., Laffaille, P., Jean, S., 2020. Effects of Pollution on Fish 873 
Behavior, Personality, and Cognition: Some Research Perspectives. Front. Ecol. Evol. 874 
8. https://doi.org/10.3389/fevo.2020.00086 875 

Johnson, R.W., 2002. The concept of sickness behavior: a brief chronological account of four 876 
key discoveries. Vet. Immunol. Immunopathol. 87, 443–450. 877 
https://doi.org/10.1016/S0165-2427(02)00069-7 878 

Johnsson, J.I., Brockmark, S., Näslund, J., 2014. Environmental effects on behavioural 879 
development consequences for fitness of captive-reared fishes in the wild: behaviour 880 
and fitness of captive-reared fishes. J. Fish Biol. 85, 1946–1971. 881 
https://doi.org/10.1111/jfb.12547 882 

Jolly, S., Jaffal, A., Delahaut, L., Palluel, O., Porcher, J.-M., Geffard, A., Sanchez, W., 883 
Betoulle, S., 2014. Effects of aluminium and bacterial lipopolysaccharide on oxidative 884 
stress and immune parameters in roach, Rutilus rutilus L. Environ. Sci. Pollut. Res. 21, 885 
13103–13117. https://doi.org/10.1007/s11356-014-3227-7 886 

Kelly, D.W., Poulin, R., Tompkins, D.M., Townsend, C.R., 2010. Synergistic effects of 887 
glyphosate formulation and parasite infection on fish malformations and survival. J. 888 
Appl. Ecol. 47, 498–504. https://doi.org/10.1111/j.1365-2664.2010.01791.x 889 

Kestemont, P.P., Van Driessche, I., Mélard, C., 1991. Etude du cycle reproducteur du goujon, 890 
Gobio gobio, L.: 3. Maturation des gonades sous regimes thermiques ovulatoire et 891 
sub-ovulatoire. J. Appl. Ichthyol. 7, 205–216. https://doi.org/10.1111/j.1439-892 
0426.1991.tb00598.x 893 

Khangarot, B.S., Rathore, R.S., Tripathi, D.M., 1999. Effects of chromium on humoral and 894 
cell-mediated immune responses and host resistance to disease in a freshwater catfish, 895 
Saccobranchus fossilis (Bloch). Ecotoxicol. Environ. Saf. 43, 11–20. 896 

King, M.O., Swanson, D.L., 2013. Activation of the immune system incurs energetic costs but 897 
has no effect on the thermogenic performance of house sparrows during acute cold 898 
challenge. J. Exp. Biol. 216, 2097–2102. https://doi.org/10.1242/jeb.079574 899 

Kirsten, K., Fior, D., Kreutz, L.C., Barcellos, L.J.G., 2018. First description of behavior and 900 
immune system relationship in fish. Sci. Rep. 8. https://doi.org/10.1038/s41598-018-901 
19276-3 902 

Klaassen, C.D., Liu, J., Choudhuri, S., 1999. Metallothionein: an intracellular protein to 903 
protect against cadmium toxicity. Annu. Rev. Pharmacol. Toxicol. 39, 267–294. 904 
https://doi.org/10.1146/annurev.pharmtox.39.1.267 905 

Klerks, P.L., Weis, J.S., 1987. Genetic adaptation to heavy metals in aquatic organisms: A 906 
review. Environ. Pollut. 45, 173–205. https://doi.org/10.1016/0269-7491(87)90057-1 907 

Knapen, D., Bervoets, L., Verheyen, E., Blust, R., 2004. Resistance to water pollution in 908 
natural gudgeon (Gobio gobio) populations may be due to genetic adaptation. Aquat. 909 
Toxicol. 67, 155–165. https://doi.org/10.1016/j.aquatox.2003.12.001 910 



40 
 

Koltes, K.H., 1985. Effects of Sublethal Copper Concentrations on the Structure and Activity 911 
of Atlantic Silverside Schools. Trans. Am. Fish. Soc. 114, 413–422. 912 
https://doi.org/10.1577/1548-8659(1985)114<413:EOSCCO>2.0.CO;2 913 

Lange, K., Bruder, A., Matthaei, C.D., Brodersen, J., Paterson, R.A., 2018. Multiple-stressor 914 
effects on freshwater fish: Importance of taxonomy and life stage. Fish Fish. 19, 974–915 
983. https://doi.org/10.1111/faf.12305 916 

Le Guernic, A., Sanchez, W., Palluel, O., Bado-Nilles, A., Floriani, M., Turies, C., Chadili, 917 
E., Vedova, C.D., Cavalié, I., Adam-Guillermin, C., Porcher, J.-M., Geffard, A., 918 
Betoulle, S., Gagnaire, B., 2016. Acclimation capacity of the three-spined stickleback 919 
(Gasterosteus aculeatus, L.) to a sudden biological stress following a polymetallic 920 
exposure. Ecotoxicology 25, 1478–1499. https://doi.org/10.1007/s10646-016-1699-6 921 

Lenth, R., Love, J., Hervé, M., 2017. Package ‘emmeans.’ Underst Stat 34, 216–21. 922 

Little, E.E., Finger, S.E., 1990. Swimming behavior as an indicator of sublethal toxicity in 923 
fish. Environ. Toxicol. Chem. 9, 13–19. https://doi.org/10.1002/etc.5620090103 924 

Lochmiller, R.L., Deerenberg, C., 2000. Trade-offs in evolutionary immunology: just what is 925 
the cost of immunity? Oikos 88, 87–98. https://doi.org/10.1034/j.1600-926 
0706.2000.880110.x 927 

Loot, G., Reyjol, Y., Poulet, N., Simkova, A., Blanchet, S., Lek, S., 2007. Effects of small 928 
weirs on fish parasite communities. Parasitol. Res. 101, 1265–1276. 929 
https://doi.org/10.1007/s00436-007-0632-6 930 

Lopez-Luna, J., Al-Jubouri, Q., Al-Nuaimy, W., Sneddon, L.U., 2017. Impact of stress, fear 931 
and anxiety on the nociceptive responses of larval zebrafish. PLOS ONE 12, 932 
e0181010. https://doi.org/10.1371/journal.pone.0181010 933 

Lushchak, V.I., 2011. Environmentally induced oxidative stress in aquatic animals. Aquat. 934 
Toxicol. 101, 13–30. https://doi.org/10.1016/j.aquatox.2010.10.006 935 

M. Oziolor, E., De Schamphelaere, K., Matson, C.W., 2016. Evolutionary toxicology: Meta-936 
analysis of evolutionary events in response to chemical stressors. Ecotoxicology 25, 937 
1858–1866. https://doi.org/10.1007/s10646-016-1735-6 938 

Magnadottir, B., 2010. Immunological Control of Fish Diseases. Mar. Biotechnol. 12, 361–939 
379. https://doi.org/10.1007/s10126-010-9279-x 940 

Magnadóttir, B., 2006. Innate immunity of fish (overview). Fish Shellfish Immunol. 20, 137–941 
151. https://doi.org/10.1016/j.fsi.2004.09.006 942 

Marcogliese, D.J., 2001. Implications of climate change for parasitism of animals in the 943 
aquatic environment. Can. J. Zool. 79, 1331–1352. https://doi.org/10.1139/z01-067 944 

Marcogliese, D.J., Brambilla, L.G., Gagné, F., Gendron, A.D., 2005. Joint effects of 945 
parasitism and pollution on oxidative stress biomarkers in yellow perch Perca 946 
flavescens. Dis. Aquat. Organ. 63, 77–84. 947 

Marcogliese, D.J., Pietrock, M., 2011. Combined effects of parasites and contaminants on 948 
animal health: parasites do matter. Trends Parasitol. 27, 123–130. 949 
https://doi.org/10.1016/j.pt.2010.11.002 950 

Marentette, J.R., Corkum, L.D., 2008. Does the reproductive status of male round gobies 951 
(Neogobius melanostomus) influence their response to conspecific odours? Environ. 952 
Biol. Fishes 81, 447–455. https://doi.org/10.1007/s10641-007-9240-7 953 



41 
 

Martin, J.M., Saaristo, M., Bertram, M.G., Lewis, P.J., Coggan, T.L., Clarke, B.O., Wong, 954 
B.B.M., 2017. The psychoactive pollutant fluoxetine compromises antipredator 955 
behaviour in fish. Environ. Pollut. 222, 592–599. 956 
https://doi.org/10.1016/j.envpol.2016.10.010 957 

McEwen, B.S., Wingfield, J.C., 2010. What is in a name? Integrating homeostasis, allostasis 958 
and stress. Horm. Behav. 57, 105–111. https://doi.org/10.1016/j.yhbeh.2009.09.011 959 

Mennerat, A., Nilsen, F., Ebert, D., Skorping, A., 2010. Intensive Farming: Evolutionary 960 
Implications for Parasites and Pathogens. Evol. Biol. 37, 59–67. 961 
https://doi.org/10.1007/s11692-010-9089-0 962 

Montiglio, P.-O., Royauté, R., 2014. Contaminants as a neglected source of behavioural 963 
variation. Anim. Behav. 88, 29–35. https://doi.org/10.1016/j.anbehav.2013.11.018 964 

Mulvey, M., Newman, M.C., Vogelbein, W.K., Unger, M.A., Ownby, D.R., 2003. Genetic 965 
structure and mtDNA diversity of Fundulus heteroclitus populations from polycyclic 966 
aromatic hydrocarbon-contaminated sites. Environ. Toxicol. Chem. 22, 671–677. 967 

Nacci, D., Coiro, L., Champlin, D., Jayaraman, S., McKinney, R., Gleason, T.R., Munns Jr., 968 
W.R., Specker, J.L., Cooper, K.R., 1999. Adaptations of wild populations of the 969 
estuarine fish Fundulus heteroclitus to persistent environmental contaminants. Mar. 970 
Biol. 134, 9–17. https://doi.org/10.1007/s002270050520 971 

Nõges, P., Argillier, C., Borja, Á., Garmendia, J.M., Hanganu, J., Kodeš, V., Pletterbauer, F., 972 
Sagouis, A., Birk, S., 2016. Quantified biotic and abiotic responses to multiple stress 973 
in freshwater, marine and ground waters. Sci. Total Environ. 540, 43–52. 974 
https://doi.org/10.1016/j.scitotenv.2015.06.045 975 

Nowicki, J.P., Miller, G.M., Munday, P.L., 2012. Interactive effects of elevated temperature 976 
and CO2 on foraging behavior of juvenile coral reef fish. J. Exp. Mar. Biol. Ecol. 412, 977 
46–51. https://doi.org/10.1016/j.jembe.2011.10.020 978 

O’Connor, C.M., Reddon, A.R., Marsh-Rollo, S.E., Hellmann, J.K., Ligocki, I.Y., Hamilton, 979 
I.M., Balshine, S., 2014. A comparative study of an innate immune response in 980 
Lamprologine cichlid fishes. Naturwissenschaften 101, 839–849. 981 
https://doi.org/10.1007/s00114-014-1225-8 982 

Otálora-Ardila, A., Flores-Martínez, J.J., Welch Jr, K.C., 2016. Metabolic cost of the 983 
activation of immune response in the fish-eating myotis (Myotis vivesi): the effects of 984 
inflammation and the acute phase response. PloS One 11, e0164938. 985 
https://doi.org/10.1371/journal.pone.0164938 986 

Oziolor, E.M., Bigorgne, E., Aguilar, L., Usenko, S., Matson, C.W., 2014. Evolved resistance 987 
to PCB- and PAH-induced cardiac teratogenesis, and reduced CYP1A activity in Gulf 988 
killifish (Fundulus grandis) populations from the Houston Ship Channel, Texas. 989 
Aquat. Toxicol. 150, 210–219. https://doi.org/10.1016/j.aquatox.2014.03.012 990 

Peeler, E.J., Feist, S.W., 2011. Human intervention in freshwater ecosystems drives disease 991 
emergence. Freshw. Biol. 56, 705–716. https://doi.org/10.1111/j.1365-992 
2427.2011.02572.x 993 

Petitjean, Q., 2019. Variabilité de réponse aux stress multiples chez le goujon (PhD Thesis). 994 
Université Toulouse Paul Sabatier III. 995 

Petitjean, Q., Jacquin, L., LeHénaff, M., Perrault, A., Cousseau, M., Laffaille, P., Jean, S., In 996 
press. Dose-dependent effects of an immune challenge on fish across biological levels. 997 
J. Exp. Zool. PART A. 998 



42 
 

Petitjean, Q., Jean, S., Côte, J., Lamarins, A., Lefranc, M., Santos, R., Perrault, A., Laffaille, 999 
P., Jacquin, L., 2019a. Combined effects of temperature increase and immune 1000 
challenge in two wild gudgeon populations. Fish Physiol. Biochem. 1001 
https://doi.org/10.1007/s10695-019-00706-6 1002 

Petitjean, Q., Jean, S., Côte, J., Larcher, T., Angelier, F., Ribout, C., Perrault, A., Laffaille, P., 1003 
Jacquin, L., 2020. Direct and indirect effects of multiple environmental stressors on 1004 
fish health in human-altered rivers. Sci. Total Environ. 140657. 1005 
https://doi.org/10.1016/j.scitotenv.2020.140657 1006 

Petitjean, Q., Jean, S., Côte, J., Larcher, T., Angelier, F., Ribout, C., Perrault, A., Laffaille, P., 1007 
Jacquin, L., In revision. Direct and indirect effects of multiple environmental stressors 1008 
on fish health in human-altered rivers. Sci. Total Environ. 1009 

Petitjean, Q., Jean, S., Gandar, A., Côte, J., Laffaille, P., Jacquin, L., 2019b. Stress responses 1010 
in fish: From molecular to evolutionary processes. Sci. Total Environ. 684, 371–380. 1011 
https://doi.org/10.1016/j.scitotenv.2019.05.357 1012 

Philp, A., Macdonald, A.L., Watt, P.W., 2005. Lactate – a signal coordinating cell and 1013 
systemic function. J. Exp. Biol. 208, 4561–4575. https://doi.org/10.1242/jeb.01961 1014 

Pi, J., Li, X., Zhang, T., Li, D., 2016. Effects of Acute Exposure to Sublethal Waterborne 1015 
Cadmium on Energy Homeostasis in Silver Carp (Hypophthalmichthys molitrix). 1016 
Bull. Environ. Contam. Toxicol. 97, 497–503. https://doi.org/10.1007/s00128-016-1017 
1896-2 1018 

Piggott, J.J., Townsend, C.R., Matthaei, C.D., 2015. Reconceptualizing synergism and 1019 
antagonism among multiple stressors. Ecol. Evol. 5, 1538–1547. 1020 
https://doi.org/10.1002/ece3.1465 1021 

Prabakaran, M., Binuramesh, C., Steinhagen, D., Michael, R.D., 2006. Immune response and 1022 
disease resistance of Oreochromis mossambicus to Aeromonas hydrophila after 1023 
exposure to hexavalent chromium. Dis. Aquat. Organ. 68, 189–196. 1024 

Pretto, A., Loro, V.L., Morsch, V.M., Moraes, B.S., Menezes, C., Santi, A., Toni, C., 2014. 1025 
Alterations in carbohydrate and protein metabolism in silver catfish (Rhamdia quelen) 1026 
exposed to cadmium. Ecotoxicol. Environ. Saf. 100, 188–192. 1027 
https://doi.org/10.1016/j.ecoenv.2013.11.004 1028 

Pyke, G.H., Pulliam, H.R., Charnov, E.L., 1977. Optimal Foraging: A Selective Review of 1029 
Theory and Tests. Q. Rev. Biol. 52, 137–154. 1030 

R Development Core Team, 2018. R: A Language and Environment for Statistical Computing 1031 
(Version 3.5.2, R Foundation for Statistical Computing, Vienna, Austria, 2018). 1032 

Rajotte, J.W., Couture, P., 2002. Effects of environmental metal contamination on the 1033 
condition, swimming performance, and tissue metabolic capacities of wild yellow 1034 
perch ( Perca flavescens ). Can. J. Fish. Aquat. Sci. 59, 1296–1304. 1035 
https://doi.org/10.1139/f02-095 1036 

Reid, A.J., Carlson, A.K., Creed, I.F., Eliason, E.J., Gell, P.A., Johnson, P.T.J., Kidd, K.A., 1037 
MacCormack, T.J., Olden, J.D., Ormerod, S.J., Smol, J.P., Taylor, W.W., Tockner, K., 1038 
Vermaire, J.C., Dudgeon, D., Cooke, S.J., 2019. Emerging threats and persistent 1039 
conservation challenges for freshwater biodiversity. Biol. Rev. 94, 849–873. 1040 
https://doi.org/10.1111/brv.12480 1041 

Reid, N.M., Proestou, D.A., Clark, B.W., Warren, W.C., Colbourne, J.K., Shaw, J.R., 1042 
Karchner, S.I., Hahn, M.E., Nacci, D., Oleksiak, M.F., Crawford, D.L., Whitehead, A., 1043 



43 
 

2016. The genomic landscape of rapid repeated evolutionary adaptation to toxic 1044 
pollution in wild fish. Science 354, 1305–1308. 1045 
https://doi.org/10.1126/science.aah4993 1046 

Renick, V.C., Weinersmith, K., Vidal-Dorsch, D.E., Anderson, T.W., 2016. Effects of a 1047 
pesticide and a parasite on neurological, endocrine, and behavioral responses of an 1048 
estuarine fish. Aquat. Toxicol. 170, 335–343. 1049 
https://doi.org/10.1016/j.aquatox.2015.09.010 1050 

Rosales, C., 2018. Neutrophil: A Cell with Many Roles in Inflammation or Several Cell 1051 
Types? Front. Physiol. 9. https://doi.org/10.3389/fphys.2018.00113 1052 

Schäfer, R.B., Kühn, B., Malaj, E., König, A., Gergs, R., 2016. Contribution of organic 1053 
toxicants to multiple stress in river ecosystems. Freshw. Biol. 61, 2116–2128. 1054 
https://doi.org/10.1111/fwb.12811 1055 

Schinegger, R., Palt, M., Segurado, P., Schmutz, S., 2016. Untangling the effects of multiple 1056 
human stressors and their impacts on fish assemblages in European running waters. 1057 
Sci. Total Environ. 573, 1079–1088. https://doi.org/10.1016/j.scitotenv.2016.08.143 1058 

Schulte, P.M., 2014. What is environmental stress? Insights from fish living in a variable 1059 
environment. J. Exp. Biol. 217, 23–34. https://doi.org/10.1242/jeb.089722 1060 

Scott, G.R., 2003. Cadmium disrupts behavioural and physiological responses to alarm 1061 
substance in juvenile rainbow trout (Oncorhynchus mykiss). J. Exp. Biol. 206, 1779–1062 
1790. https://doi.org/10.1242/jeb.00353 1063 

Scott, G.R., Sloman, K.A., 2004. The effects of environmental pollutants on complex fish 1064 
behaviour: integrating behavioural and physiological indicators of toxicity. Aquat. 1065 
Toxicol. 68, 369–392. https://doi.org/10.1016/j.aquatox.2004.03.016 1066 

Sheldon, B.C., Verhulst, S., 1996. Ecological immunology: costly parasite defences and trade-1067 
offs in evolutionary ecology. Trends Ecol. Evol. 11, 317–321. 1068 
https://doi.org/10.1016/0169-5347(96)10039-2 1069 

Shinn, C., Blanchet, S., Loot, G., Lek, S., Grenouillet, G., 2015. Phenotypic variation as an 1070 
indicator of pesticide stress in gudgeon: Accounting for confounding factors in the 1071 
wild. Sci. Total Environ. 538, 733–742. 1072 
https://doi.org/10.1016/j.scitotenv.2015.08.081 1073 

SIE, 2016. SIEAG-database. Agence de l’eau ADOUR-GARONNE. 1074 

Smolders, R., Bervoets, L., De Coen, W., Blust, R., 2004. Cellular energy allocation in zebra 1075 
mussels exposed along a pollution gradient: linking cellular effects to higher levels of 1076 
biological organization. Environ. Pollut. 129, 99–112. 1077 
https://doi.org/10.1016/j.envpol.2003.09.027 1078 

Sokolova, I.M., 2013. Energy-Limited Tolerance to Stress as a Conceptual Framework to 1079 
Integrate the Effects of Multiple Stressors. Integr. Comp. Biol. 53, 597–608. 1080 
https://doi.org/10.1093/icb/ict028 1081 

Sokolova, I.M., Frederich, M., Bagwe, R., Lannig, G., Sukhotin, A.A., 2012. Energy 1082 
homeostasis as an integrative tool for assessing limits of environmental stress 1083 
tolerance in aquatic invertebrates. Mar. Environ. Res. 79, 1–15. 1084 
https://doi.org/10.1016/j.marenvres.2012.04.003 1085 



44 
 

Steele, C.W., 1983. Effects of exposure to sublethal copper on the locomotor behavior of the 1086 
sea catfish, Arius felis. Aquat. Toxicol. 4, 83–93. https://doi.org/10.1016/0166-1087 
445X(83)90063-2 1088 

Tella, J.L., Lemus, J.A., Carrete, M., Blanco, G., 2008. The PHA Test Reflects Acquired T-1089 
Cell Mediated Immunocompetence in Birds. PLoS ONE 3, e3295. 1090 
https://doi.org/10.1371/journal.pone.0003295 1091 

Tomkins, P., Saaristo, M., Bertram, M.G., Michelangeli, M., Tomkins, R.B., Wong, B.B.M., 1092 
2018. An endocrine-disrupting agricultural contaminant impacts sequential female 1093 
mate choice in fish. Environ. Pollut. 237, 103–110. 1094 
https://doi.org/10.1016/j.envpol.2018.02.046 1095 

Toomey, M.B., Butler, M.W., McGraw, K.J., 2010. Immune-system activation depletes 1096 
retinal carotenoids in house finches (Carpodacus mexicanus). J. Exp. Biol. 213, 1709–1097 
1716. https://doi.org/10.1242/jeb.041004 1098 

Volkoff, H., Peter, R.E., 2004. Effects of lipopolysaccharide treatment on feeding of goldfish: 1099 
role of appetite-regulating peptides. Brain Res. 998, 139–147. 1100 
https://doi.org/10.1016/j.brainres.2003.11.011 1101 

von Gersdorff Jørgensen, L., 2016. The dynamics of neutrophils in zebrafish (Danio rerio) 1102 
during infection with the parasite Ichthyophthirius multifiliis. Fish Shellfish Immunol. 1103 
55, 159–164. https://doi.org/10.1016/j.fsi.2016.05.026 1104 

Weber, J.-M., Choi, K., Gonzalez, A., Omlin, T., 2016. Metabolic fuel kinetics in fish: 1105 
swimming, hypoxia and muscle membranes. J. Exp. Biol. 219, 250–258. 1106 
https://doi.org/10.1242/jeb.125294 1107 

Weis, J.S., Smith, G., Zhou, T., Santiago-Bass, C., Weis, P., 2001. Effects of Contaminants 1108 
on Behavior: Biochemical Mechanisms and Ecological ConsequencesKillifish from a 1109 
contaminated site are slow to capture prey and escape predators; altered 1110 
neurotransmitters and thyroid may be responsible for this behavior, which may 1111 
produce population changes in the fish and their major prey, the grass shrimp. 1112 
BioScience 51, 209–217. https://doi.org/10.1641/0006-1113 
3568(2001)051[0209:EOCOBB]2.0.CO;2 1114 

Whitehead, A., Clark, B.W., Reid, N.M., Hahn, M.E., Nacci, D., 2017. When evolution is the 1115 
solution to pollution: Key principles, and lessons from rapid repeated adaptation of 1116 
killifish (Fundulus heteroclitus) populations. Evol. Appl. 10, 762–783. 1117 
https://doi.org/10.1111/eva.12470 1118 

Winandy, L., Denoël, M., 2015. The aggressive personality of an introduced fish affects 1119 
foraging behavior in a polymorphic newt. Behav. Ecol. 26, 1528–1536. 1120 
https://doi.org/10.1093/beheco/arv101 1121 

Wingfield, J.C., 2003. Control of behavioural strategies for capricious environments. Anim. 1122 
Behav. 66, 807–816. https://doi.org/10.1006/anbe.2003.2298 1123 

Wong, B.B.M., Candolin, U., 2015. Behavioral responses to changing environments. Behav. 1124 
Ecol. 26, 665–673. https://doi.org/10.1093/beheco/aru183 1125 

Wood, C.M., Farrell, A.P., Brauner, C.J., 2012. Homeostasis and Toxicology of Essential 1126 
Metals. Academic Press. 1127 

Wood, C.M., Farrell, A.P., Brauner, C.J., 2011. Homeostasis and Toxicology of Non-essential 1128 
Metals. Academic Press. 1129 



45 
 

WWF, 2018. Living Planet Report 2018: Aiming Higher (Eds M. Grooten and R. E. A. 1130 
Almond). WWF International, Gland, Switzerland. 1131 

Xu, H., Zhang, X., Li, H., Li, C., Huo, X.-J., Hou, L.-P., Gong, Z., 2018. Immune response 1132 
induced by major environmental pollutants through altering neutrophils in zebrafish 1133 
larvae. Aquat. Toxicol. 201, 99–108. https://doi.org/10.1016/j.aquatox.2018.06.002 1134 

Zhao, H., Wang, Y., Guo, M., Mu, M., Yu, H., Xing, M., 2020. Grass carps co-exposed to 1135 
environmentally relevant concentrations of cypermethrin and sulfamethoxazole bear 1136 
immunodeficiency and are vulnerable to subsequent Aeromonas hydrophila infection. 1137 
Environ. Pollut. 266, 115156. https://doi.org/10.1016/j.envpol.2020.115156 1138 

Zhao, J., Zhang, Q., Zhang, B., Xu, T., Yin, D., Gu, W., Bai, J., 2020. Developmental 1139 
exposure to lead at environmentally relevant concentrations impaired neurobehavior 1140 
and NMDAR-dependent BDNF signaling in zebrafish larvae. Environ. Pollut. 257, 1141 
113627. https://doi.org/10.1016/j.envpol.2019.113627 1142 

Zhou, T., Weis, J.S., 1998. Swimming behavior and predator avoidance in three populations 1143 
of Fundulus heteroclitus larvae after embryonic and/or larval exposure to 1144 
methylmercury. Aquat. Toxicol. 43, 131–148. https://doi.org/10.1016/S0166-1145 
445X(98)00052-6 1146 

 1147 




