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Highlights:  

 Does exposure to environmental contaminants (ECs) affect fish stress responses? 
 Studying fish responses to ECs is important for conservation. 
 Study lies at intersection of anthroposphere and biosphere. 
 Meta-analysis shows generally elevated fish cortisol, dependent on class of EC. 
 EC exposure duration affects fish cortisol to particular ECs. 

 



1 
 

Abstract 1 

 Glucocorticoid hormones (GCs) help vertebrates maintain homeostasis during and 2 

following challenging events. Short-term elevations in GC levels are necessary for survival, 3 

whereas longer-term changes can lead to reduced reproductive output and immunosuppression. 4 

Persistent environmental contaminants (ECs) are widespread globally. Experimental exposure of 5 

individuals to ECs is associated with varying GC responses, within, and across, species and 6 

contaminants. Individuals exposed to ECs over long durations are expected to have prolonged GC 7 

elevations, which likely affect their health. We conducted a meta-analysis to test for a relationship 8 

between fish GC levels and experimental exposure to ECs, and to explore potential moderators, 9 

including duration of exposure, that could help explain the variation in effect sizes within and 10 

between studies. We report almost exclusively on cortisol responses of teleost fish to ECs. 11 

Although there was much variation in effect sizes, captive-bred fish exposed to ECs had baseline 12 

GC levels 1.5X higher than unexposed fish, and fish exposed to pharmaceuticals (estradiols and 13 

stimulants being mainly considered) had baseline GC levels approximately 2.5X higher than 14 

unexposed fish. We found that captive-bred and wild-caught fish did not differ in GC levels after 15 

exposure to the same classes of ECs - studies on captive bred fish may thus enable inferences about 16 

GC responses to ECs for wild species. Furthermore, effect sizes did not differ between baseline 17 

and challenge-induced GC measures. In different analyses, duration of exposure was negatively 18 

correlated to effect size, suggesting that the GC response may acclimate after chronic exposure to 19 

some ECs which could potentially alter the GC response of EC-exposed fish to novel stressors. 20 

Future studies should explore the effect of multiple stressors on the fish GC response and perform 21 

tests on a broader array of contaminant types and vertebrate classes. 22 

Key Words: Stress hormones, HPI axis, exposure duration, pollutants, response ratio, stressor 23 
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1. Introduction 24 

Glucocorticoids (GCs) are hormones synthesized in the adrenal glands of vertebrates that 25 

are released into circulation when the animal experiences a challenging stimulus (e.g., predator 26 

encounter, environmental perturbation) (Romero, 2004; Sapolsky et al., 2000). Circulating GCs 27 

help the animal maintain homeostasis during, and following, a stressful event by mediating certain 28 

cardiovascular, digestive, behavioural, and metabolic functions through permissive, suppressive, 29 

stimulatory and/or preparative actions (Sapolsky et al., 2000). Short-term changes to GC levels are 30 

necessary for survival, whereas long-term changes can have negative effects on the animal’s health 31 

and/or reproduction.  32 

Long-term elevation of GCs can reduce reproductive effort. For example, Schoenle et al., 33 

(2017) showed that elevated levels of GCs were associated with lower incubation effort and 34 

smaller clutch sizes in red-winged blackbirds (Agelaius phoeniceus). Additionally, GCs have 35 

suppressive effects on the immune system; secreted GCs work to prevent the immune and 36 

inflammatory responses from overshooting (Sapolsky et al., 2000). While short-term increases of 37 

GCs are important for mediating the immune response, long-term increases of GCs can lead to 38 

increased disease susceptibility and/or intensity of infection (Belden & Kiesecker 2005; Fonner et 39 

al., 2017). Alternatively, if secretion of GCs is impaired over the long-term, the ability of a 40 

vertebrate to respond appropriately to a challenge may be inhibited (Hontela et al., 1995). Thus, 41 

long-term exposure to stressors resulting in prolonged elevation or depression in GC levels can 42 

have detrimental effects on vertebrate health and/or reproduction.  43 

Environmental contaminants (ECs) are one category of potential stressors on vertebrates. 44 

There are many forms of ECs (e.g., pharmaceuticals, pesticides, heavy metals, plastics) and their 45 

widespread occurrence in the environment is highly associated with anthropogenic activities 46 
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(Browne et al., 2011; de Souza et al., 2020; Driscoll et al., 2013; Ebel et al., 2017; Hayes and 47 

Hansen, 2017; Stoiber et al., 2020). ECs can be persistent and are relatively ubiquitous in the 48 

environment (reviewed in Ebel et al., 2017 (pharmaceuticals); Li et al., 2020 (per- and 49 

polyfluoroalkyl substances); de Souza et al., 2020 (pesticides)); therefore, there is widespread 50 

potential for organisms to be exposed to ECs over prolonged periods of time. Prolonged exposure 51 

of non-target vertebrate organisms to ECs could result in long-term changes to circulating GCs. 52 

The extent to which experimental exposure to ECs affect GCs generally for vertebrates, or even 53 

specifically for any vertebrate class, has not been assessed comprehensively across studies. This 54 

lack of synthesis is surprizing given ECs are suspected of being environmental stressors and GC 55 

responses are thought to reflect stress responses (MacDougall-Shackleton et al., 2019). Herein, we 56 

used meta-analytical approaches and their associated rigorous literature searches to provide a 57 

synthesis of the effects of ECs on GC responses (more specifically cortisol) of fish.  58 

The effects of EC exposure on GC levels have been measured across multiple vertebrate 59 

groups both in laboratory and field settings with different patterns reported. Many studies have 60 

found that GC levels increase with exposure to ECs. For example, Adams et al., (2009), found that 61 

postfledging white ibises (Eudocimus albus) exposed to dietary methylmercury had higher fecal 62 

GC levels compared to control ibises. Similar patterns have been documented in Nile tilapia 63 

(Oreochromis niloticus) exposed to heavy metals (Firat and Kirgan, 2010). Increases in amphibian 64 

or fish GC levels occur with other classes of contaminants such as polybrominated diphenyl ethers 65 

(Freitas et al., 2017), pesticides (McMahon et al., 2011), and pharmaceuticals (Sebire et al., 2015).  66 

In contrast, other organisms exposed to ECs secrete lower levels of GCs suggesting an inability to 67 

mount an appropriate stress response. Francheschini et al., (2017), showed that juvenile common 68 

loons (Gavia immer) exposed to methylmercury exhibited a decreased ability to mount a stress 69 
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response compared to unexposed juveniles. Impairment of the GC response has been documented 70 

in American kestrels (Falco sparverius) exposed to polychlorinated biphenyls (Love et al., 2003), 71 

wild house sparrows (Passer domesticus) exposed to crude oil (Lattin et al., 2014), and zebra 72 

finches (Taeniopygia guttata) exposed to mercury (Moore et al., 2014). Still, other studies have 73 

reported no effect of EC exposure on the vertebrate GC response (e.g., Maddux et al., 2015). Such 74 

variation in GC responses for vertebrates exposed to ECs suggests that moderating factors, such 75 

as species or taxa, life stage, contaminant type and/or duration of exposure, might be important in 76 

determining the direction and strength of the responses. 77 

 This study focuses on whether there are overall patterns in GC responses to different ECs 78 

for one group of vertebrates: fish. We conducted a meta-analysis on the general relationship 79 

between fish GC levels and experimental EC exposure and investigated potential moderator 80 

variables that could help explain the variation in responses observed within and between studies. 81 

Moderators included class of ECs, whether fish were wild caught or sampled from breeding stock, 82 

whether baseline versus challenge-induced GC levels were assayed, and the concentration and 83 

duration of exposure to ECs. We also explicitly considered shared evolutionary history of test 84 

species. We chose to focus on fish species only because our literature search returned too few 85 

effect sizes for other wildlife species which would have to be further subdivided by contaminant 86 

class, captive bred versus wild caught, and baseline versus challenge-induced measures.  87 

We compared wild-caught and captive-bred test subjects to determine if studies involving 88 

the latter might enable inferences about GC responses to ECs for wild-caught species, temporarily 89 

housed in the lab. Vertebrates tend to secrete lower levels of GCs upon repeated exposure to the 90 

same stressor (e.g., handling), resulting in acclimation to the stressor (Dobrakovova et al., 1993). 91 

Therefore, captive-bred vertebrates that are repeatedly exposed to stressors such as handling, or 92 
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confined spaces, may be expected to secrete GCs at different levels compared to wild-caught 93 

vertebrates of the same species when first exposed to the same challenges. Notably, Kunzl and 94 

Sachser (1999) found that domesticated guinea pigs (Cavia aperea f. porcellus) had significantly 95 

reduced secretion of GCs in response to a stressor compared to their wild ancestors, the cavy 96 

(Cavia aperea). Thus, domestication or captivity may significantly alter the stress response of 97 

vertebrate organisms.  98 

We compared effect sizes based on baseline versus challenged-induced GC measures, 99 

parsing data by contaminant class. In so doing, we determined if quantitatively different responses 100 

for these different arms of the hypothalamic-pituitary-adrenal/interrenal (HPA/HPI) axis response 101 

were occurring. Qualitatively, these responses engender different physiological actions. At 102 

baseline concentrations, GCs exert permissive actions and at challenge-induced levels, GCs exert 103 

stimulatory, suppressive, and/or preparative actions (Romero, 2004; Sapolsky et al., 2000). The 104 

two types of GC responses (baseline and challenge induced) provide different information on the 105 

stress response of vertebrates and should be considered separately in analyses but can be compared 106 

for magnitude of EC-related effects. In teleost fish (the main subjects of the current study), cortisol 107 

is the main glucocorticoid and can bind to both mineralocorticoid receptors (MRs), responsible for 108 

regulating hydromineral balance, and glucocorticoid receptors (GRs), responsible for actions such 109 

as energy mobilization (Wendelaar Bonga, 1997).   110 

  Using meta-analysis and the PRISMA methodology (Liberati et al., 2009), we summarize 111 

the current knowledge of the effects of ECs on the fish GC response and further help identify 112 

knowledge gaps which need to be addressed in future research to improve the understanding of 113 

how ECs influence ‘stress responses’ of fish and other wildlife. 114 

2. Methods 115 
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2.1 Literature searches 116 

Our intention was to conduct literature searches to provide data to determine the 117 

relationship between ECs and GC responses in wildlife, including fish. The first of two literature 118 

searches was performed on November 4th, 2019 using the Web of Science: Core Collection 119 

database and the following key terms in a general topic search (title/abstract/key words): 120 

(toxicology OR ecotoxicology OR contaminants) AND (glucocorticoid* OR corticosteroids OR 121 

corticosterone OR cortisol OR cort*). The initial search provided 1,128 records. The second 122 

literature search was performed on December 2nd, 2019 using the Scopus database and the same 123 

key terms as provided above. Upon initial examination, many of the studies included human trials 124 

and clinical studies; therefore, we chose to add a filter that excluded the subject area of medicine. 125 

We excluded human studies from further consideration because we were focusing on the effects 126 

of ECs on GC responses in wildlife. Our final search for the Scopus database was as follows: 127 

TITLE-ABS-KEY ((toxicology OR ecotoxicology OR contaminants) AND (glucocorticoid* OR 128 

corticosteroids OR corticosterone OR cortisol OR cort*)) AND (EXCLUDE (SUBJAREA, 129 

"MEDI")). This search provided 1,598 records. We did not restrict the publication date or the 130 

journal of publication for either search. Once duplicates were removed (n=540) we had a pool of 131 

2,184 records to screen.  132 

2.2 Screening studies and data extraction  133 

Initially, we screened studies by their abstracts and titles. We removed any study that did 134 

not have a clear EC focus, or did not mention GCs or hormone testing, or was not reporting on GC 135 

responses of vertebrate species (e.g., invertebrate exposures, cell line exposures). We also 136 

excluded studies that did not directly measure GC titre (e.g., measured GC receptor expression), 137 

or which were not experimental (e.g., review paper). A total of 1,944 records were excluded during 138 
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initial screening. Eligibility assessments were conducted for the remaining 240 studies by 139 

reviewing the full text. For a study to be retained, it had to be an experimental study conducted in 140 

a controlled setting (i.e., laboratory), and the substance evaluated had to be a known or potential 141 

EC. Further, the study had to provide the mean and variation for the relationship between EC 142 

exposure and GC levels, and an unexposed group (control) had to be present. We omitted any 143 

study using lab-bred mice and rats due to the presence of significant inbreeding after generations 144 

of laboratory housing (Lutz et al., 2012; Silver, 2001) which would not be widely applicable to 145 

wild populations. Two studies were excluded due to the exposures being conducted on eggs - the 146 

HPI axis of the study organism was not developed (Barry et al., 1995; Jentoft et al., 2002, 147 

Tsalafouta et al., 2014). Early on, we determined that only the fish group had sufficient replication 148 

to address our study objectives, so we chose to only include studies using fish as test subjects. The 149 

final eligibility screening resulted in 44 studies being retained for the meta-analysis (Figure 1). 150 

References for included studies are provided in Supplementary Information.  With one exception 151 

(Miandare et al., 2005), the test subjects were teleost fish species. And with the exception of one 152 

other study (Gay et al., 2013), the GC measured was cortisol.  As such, our study is largely 153 

restricted to cortisol (also referred to as GC) responses of teleost fish to experimental exposure to 154 

ECs. 155 

From each of the 44 studies, we recorded the year of study, sex and life-history stage of 156 

the test species, whether the organisms were wild-caught or captive-bred, contaminant name (e.g., 157 

mercury, atrazine), contaminant class (e.g., metal, pesticide, pharmaceutical), exposure 158 

concentration(s), duration of the exposure (or time of exposure to EC when GC measure was 159 

taken), where GC concentrations were collected from (e.g., plasma, water, whole-body), type of 160 

GC measure (baseline or stress-induced), and the mean and variation of GCs extracted from each 161 
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exposure group. Data presented in figures were extracted using the GetData Graphic Digitizer 162 

(Fedorov, 2013). We extracted data for single-compound exposures and omitted any data on 163 

exposures to contaminant mixtures. We did not extract data for GC measures sampled during or 164 

after EC exposure recovery periods, as recovery time can affect GC concentrations (Ruiz-Jarabo 165 

et al., 2019; Ruiz-Jarabo et al., 2020), and we were interested in understanding the direct effects 166 

of EC exposure on teleost fish cortisol responses. We used solvent control data in cases where both 167 

a water and solvent control were used because using the solvent control reduces the likelihood of 168 

false negative treatment effects (Green and Wheeler, 2013).  169 

2.3 Calculating effect sizes 170 

Effect sizes were calculated as the natural log response ratio (LRR): ln[RR] = ln[XE/Xc] 171 

where XE is the experimental (exposed) group mean, and Xc is the control (unexposed) group 172 

mean, with variance v = (SDE)2/NEXE
2 + (SDC)2/NCXC

2 , where SDE is the standard deviation of 173 

the experimental group, SDc is the standard deviation of the control, NE is the experimental group 174 

sample size, and NC is the control group sample size (Hedges et al., 1999; Lajeunesse, 2011). A 175 

positive LRR indicates that EC exposure is associated with increasing vertebrate GC levels, and a 176 

negative LRR indicates an association with decreasing GC levels. In the case where there was 177 

more than one contaminant present in a study, and/or more than one exposure concentration, an 178 

effect size was calculated for each contaminant at each exposure concentration. After effect sizes 179 

were calculated, we extracted the largest effect size (negative or positive) from comparisons with 180 

repeated measures over time and included these in the final dataset to ensure independence of data 181 

points in the overall analysis. Our rationale for choosing the largest effect size was that extreme 182 

elevated or depressed responses are important biological responses which are missed when 183 
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averaging over a range of responses (O’Dwyer et al., 2020). We have provided the final 184 

constructed dataset as a searchable and sortable excel file with this article.  185 

2.4 Statistical analyses 186 

 All statistical analyses were completed using R version 4.0.2 (R Core Team, 2020). The 187 

data were collated by contaminant class and separated by captive-bred vs wild-caught study 188 

organisms, and by type of GC measures taken (baseline vs challenge-induced). Thus, fish data 189 

were initially split into four categories; captive-bred fish with baseline GC measures; captive-bred 190 

fish with challenge-induced GC measures; wild-caught fish with baseline GC measures; and wild-191 

caught fish with challenge-induced GC measures (Table 1). 192 

We conducted generalized linear mixed models (GLMMs) using the ‘MCMCglmm’ 193 

package (Hadfield, 2010) to examine the relationship between EC exposure and fish GC response. 194 

We included species identity and study identity as random effects. To account for phylogenetic 195 

relatedness in our models, we included phylogenetic trees for the fish species included in the 196 

different analyses (Figure S1, S2, S3). We generated the phylogenetic trees using PhyloT 197 

(phylot.biobyte.de/). PhyloT generates trees using data from the National Centre for 198 

Biotechnology Information database and the Genome Taxonomy Database. We resolved 199 

polytomies in the trees using the following cited sources (Betancur et al., 2013; Crete-Lafreniere 200 

et al., 2012; Rabosky et al., 2018; Tang et al., 2011).  201 

We fit GLMMs using a Markov Chain Monte Carlo (MCMC) algorithm with a weakly 202 

informative prior (V (variance) = 1, nu (degree of belief parameter) = 0.002) for the (co)variances 203 

and the MCMCglmm default prior for the fixed effects. The MCMC method samples from a 204 

posterior distribution and provides the mean and credible interval (CI) of that distribution. When 205 

the 95% CI does not cross 0, the posterior distributions reported are considered statistically 206 
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supported. The models were run using 13000*20 iterations, a thinning interval of 10*15, and a 207 

burnin of 3000*10, with one exception; the model examining differences between captive-bred 208 

and wild-caught fish exposed to ECs required an alternative set up of 13000*40 iterations, a 209 

thinning interval of 10*15, and a burnin of 3000*20. Models were run ensuring that sampling 210 

effort exceeded 1000 in all instances. We assessed the level of non-independence between 211 

successive samples in the chain taken from the posterior distribution using the ‘autocorr’ function 212 

in the ‘MCMCglmm’ package (Hadfield, 2010). We assessed model convergence by visually 213 

inspecting trace plots of the parameters. Heterogeneity was measured using I2. Consideration of 214 

high heterogeneity is made alongside of consideration of moderator variables that might explain 215 

some of that heterogeneity. Moderate to high heterogeneity is expected in ecological meta-216 

analyses; Senior et al., (2016), reported an average I2 heterogeneity of 91.69% from 700 ecological 217 

and evolution meta-analyses. To assess publication bias, we visually inspected a funnel plot of 218 

effect sizes and used the Egger’s regression test and the trim and fill method in the ‘metafor’ 219 

package (Viechtbauer, 2010) to test for funnel plot asymmetry. 220 

Our first set of analyses examined the effect of EC exposure on captive-bred fish baseline 221 

GC levels for the largest reported GC levels in each study and across all EC classifications. We 222 

conducted a basic mixed effects model including duration of exposure and contaminant 223 

concentration as fixed effects. The fixed effect of duration of exposure refers to the time during 224 

which contaminant exposure was maintained until the GC measure was taken. We included 225 

duration of exposure as a predictor of GC responses because prolonged exposure might be 226 

expected to dampen any responses. The time that the GC measure was taken (also, duration of 227 

exposure) is necessary to include given that GC responses to stressors may not be immediate. For 228 

example, in teleost fish GC concentrations have been shown to increase for 1-hr after an acute-229 
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stress challenge (Costas et al., 2011; Skrzynska et al., 2018; Ruiz-Jarabo et al., 2020). Our dataset 230 

includes both acute and chronic exposure times and therefore it is important to include duration of 231 

exposure to account for variation in GC response over time. Concentration of contaminant was 232 

included because responses might be expected to be dose dependent (e.g., no effect of a particular 233 

EC might be because of the dose used). Due to large variation in the measurements of duration of 234 

exposure and contaminant concentration, the variables were log-transformed, and they were also 235 

centred prior to analysis. We then explored additional variables that may have accounted for 236 

differences in GC levels. The additional variables examined included life history stage of the fish, 237 

type of tissue or media sampled, and year of publication. We compared effect sizes between life 238 

history stages first using adults as the reference group to compare with the other groups. Then, we 239 

rotated which group was set as the reference group until all possible combinations were assessed. 240 

For simplicity, we reported only the results of the first analysis. We used the same method to 241 

investigate if there was any difference in effect sizes between tissue/media type sampled, starting 242 

with blood as the first reference group. Again, we reported only the results of the first analysis.  243 

We wanted to investigate the influence of EC class on captive-bred fish baseline GC levels, 244 

therefore we added EC classification as a fixed effect. We dropped the intercept from the model 245 

so that the model output gave each groups’ estimated mean and tested whether the group means 246 

differed from an effect of zero, rather than a comparison of each EC group to the default reference 247 

group “fertilizers” (Schielzeth, 2010). We further excluded continuous predictor variables from 248 

the model. 249 

Next, we explored captive-bred versus wild-caught fish GC levels. There were only three 250 

EC classifications that were represented across both captive-bred and wild-caught fish studies that 251 

measured baseline GC levels (i.e., had one or more effect sizes across both datasets, Table 1). 252 
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Therefore, for this analysis only pharmaceutical, pesticide, and polychlorinated biphenyl (PCB) 253 

ECs were included. Duration of exposure (centred), contaminant concentration (centred), and 254 

captivity status (wild vs captive) were included as fixed effects. This parsing of the data was meant 255 

to balance the design somewhat by excluding effect sizes from contaminant classes that had only 256 

one type of test subject: wild-caught or captive-bred.  257 

Our final analysis explored baseline GC measures versus challenge-induced GC measures 258 

in captive-bred fish exposed to ECs. Only EC classifications that had both baseline and challenge-259 

induced measures were included in the analysis (i.e., metals, polycyclic aromatic hydrocarbons 260 

(PAHs), PCBs, pesticides, pharmaceuticals, and phenols, Table 1). Duration of exposure (centred), 261 

contaminant concentration (centred), and type of GC measure (baseline vs challenge-induced) 262 

were included as fixed effects. Here again data was parsed to balance the design, excluding effect 263 

sizes from contaminant classes that had measures for only one of either baseline or challenge-264 

induced. 265 

3. Results 266 

3.1 Data Summary 267 

 We extracted 173 effect sizes, only including the largest reported GC levels from each 268 

experiment, from 44 studies. The studies were based on 41 different ECs that were sorted into 11 269 

broad classifications (Table S1). There were 25 species of fish represented in the full dataset (Table 270 

S1). As mentioned, fish included were almost exclusively teleostean fish, except for on species, 271 

Acipenser persicus. Therefore, our results largely pertain to GC responses of teleost fish.  Of the 272 

173 effect sizes, 161 were from studies using captive-bred organisms and 12 were based on wild-273 

caught fish, 148 were based on baseline GC levels, and 25 were based on stress- or challenged-274 

induced GC levels (Table S1). As mentioned, all studies measured cortisol levels, except one (Gay 275 

et al., 2013) that measured both cortisol and corticosterone, therefore our results largely pertain to 276 
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the cortisol responses of teleost fish. Duration of exposure to ECs ranged from 1 h to 130 d, 277 

averaging 389.88 ± 531.93 h (mean ± SD). Acute exposures for teleost fish are considered 278 

exposures lasting from 2 to 192 h, with chronic exposures being those that last over 2 w (Arjona 279 

et al., 2007; Laiz-Carrion et al., 2005). Therefore, 89 effect sizes belonged to the acute exposure 280 

category with the remaining 84 effect sizes belonging to the chronic exposure category. The 281 

contaminant concentrations ranged from 2.00 X 10-5 ppm to 500 ppm, averaging 9.73 ± 55.55 282 

ppm. Visual inspection of the funnel plot suggested that no publication bias was present 283 

(symmetrical shape) and the Egger’s Regression test was non-significant, also suggesting no 284 

publication bias was present in our dataset (Egger’s regression z = -0.3459, p = 0.7294, Figure S4). 285 

The trim and fill method suggested that very few studies were missing from the right side of the 286 

plot, however the test of the null hypothesis that the number of missing studies on the right side is 287 

zero was not significant (3 studies SE = 2.8284, p = 0.0625). Therefore, the results suggest no 288 

publication bias is present in our dataset.   289 

3.2 Baseline GC levels of captive-bred fish exposed to ECs 290 

The dataset based on captive-bred fish with baseline GC measures included 33 ECs across 291 

11 classifications, for 19 fish species. Duration of exposure to the contaminants ranged from 6 h 292 

to 130 d, averaging 387.55 ± 580.17 h. The contaminant concentrations ranged from 2.00 x 10-5 293 

ppm to 500 ppm, averaging 11.89 ± 62.26 ppm.  294 

Fish GC levels increase after experimental exposure to ECs (posterior mean = 0.430, 95 295 

%, credible interval (CI) = 0.052 to 0.811, Table 2, Figure 2). There was no evidence that duration 296 

of exposure or contaminant concentration influenced GC baseline levels in exposed fish (Table 2), 297 

however there was a general trend of decreasing effect size with increasing duration of exposure 298 

(Figure S5). Heterogeneity arising from phylogeny and species identity was low (I2 = 4.72 % and 299 
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3.70 % respectively, Table S2), and heterogeneity among studies was moderate (I2 = 55.20 %, 300 

Table S2).  301 

The second mixed model showed that fish exposed to compounds belonging to the 302 

pharmaceutical EC classification (Table S1) had higher GC levels than unexposed fish (posterior 303 

mean = 0.902, 95 % CI = 0.057 to 1.650, Table 3). We found no evidence that the other 10 EC 304 

classifications consistently influenced GC levels in exposed fish. There was no difference in 305 

captive-bred fish baseline GC levels between life-history stages or media/tissue sample types 306 

based on every possible group comparison (Table S3, S4). There was no influence of year of 307 

publication on captive-bred fish baseline GC levels (Table S5).  308 

3.2 Baseline GC levels of captive-bred versus wild-caught fish exposed to ECs 309 

The dataset included 18 ECs across three contaminant classes for 14 species of fish. 310 

Duration of exposure to the contaminants ranged from 24 h to 130 d, averaging 545.74 ± 620.27 311 

h. The contaminant concentrations ranged from 2.00 x 10-5 ppm to 500 ppm, averaging 18.35 ± 312 

86.39 ppm.  313 

There was no evidence that baseline GC levels of captive-bred and wild-caught fish 314 

differed (Table 4, Figure S6). Duration of exposure (centred) influenced fish GC levels after 315 

exposure to ECs (posterior mean = -0.271, 95 % CI = -0.481 to -0.047, Table 4, Figure 3). There 316 

was a negative relationship between effect size and duration of exposure, i.e., GC levels went down 317 

with increasing exposure duration. Heterogeneity arising from phylogeny and species identity was 318 

low (I2 = 15.58 % and 12.43 % respectively, Table S6) and heterogeneity among studies was 319 

moderate (I2 = 44.44 %, Table S6). Total heterogeneity was high (I2 = 97.74 %, Table S6). 320 

3.3 Baseline vs challenge-induced GC levels of captive-bred fish exposed to ECs 321 
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The dataset included 31 ECs across six classifications for 19 species of fish. Duration of 322 

exposure to the contaminants ranged from 1hr to 130d, averaging 378.43 ± 509.91hr. The 323 

contaminant concentrations ranged from 2.00 x 10-5 ppm to 500 ppm, averaging 11.25 ± 60.96 324 

ppm.  325 

There was no evidence that baseline and challenge-induced GC levels differed in captive-326 

bred fish exposed to ECs (Table 5, Figure S7). Duration of exposure (centred) influenced fish GC 327 

levels after exposure to ECs (posterior mean = -0.105, 95 % CI = -0.210 to -0.003, Table 5, Figure 328 

3). There was a negative relationship between effect size and duration of exposure: again, GC 329 

levels decreased with duration of exposure. Heterogeneity arising from phylogeny and species 330 

identity was low (I2 = 5.38 % and 7.43 % respectively, Table S7) and heterogeneity among studies 331 

was high (I2 = 77.12 %, Table S7). Total heterogeneity was high (I2 = 99.43 %, Table S7). 332 

4. Discussion 333 

4.1 Effects of ECs on captive bred fish baseline GC responses 334 

Overall, exposure to ECs is associated with an average 1.5X increase in captive-bred fish 335 

baseline GC levels compared to unexposed captive-bred fish. Upon closer examination, fish 336 

exposed to compounds belonging to the pharmaceutical EC classification in particular showed an 337 

average 2.5X increase in baseline GC levels compared to unexposed fish. Pharmaceuticals are 338 

prescription or over the counter drugs used to treat or prevent human and animal diseases (Boxall 339 

et al., 2012; Ebel et al., 2017). Pharmaceuticals and their metabolites enter the environment 340 

through human and animal excrement, discharge from manufacturing industries, the disposal of 341 

unused product, wastewater irrigation practices, and via the application of biosolids as fertilizer 342 

(Ebel et al., 2017; Taylor and Senac, 2014). The persistence of pharmaceuticals in the environment 343 

varies greatly depending on the chemical examined, with some being reported to persist from 8.3 344 

hr to 1200 days (Bu et al., 2016; Lam et al., 2004; Yamamoto et al., 2009). High persistence of 345 
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some pharmaceutical compounds shows the potential for long-term exposure leading to long-term 346 

increases in GC levels of exposed fish. It is important to note that our dataset only included nine 347 

different pharmaceutical compounds and that inferences should be restricted to the subset of 348 

compounds studied in this meta-analysis.  349 

 The mechanism by which pharmaceuticals could influence the GC response in fish likely 350 

varies depending on the compound and level of its persistence. One major compound included in 351 

the pharmaceutical classification was 17β-estradiol (E2) (54% of the included effect sizes in this 352 

contaminant classification), a steroid hormone often found in oral contraceptive pills, and used for 353 

treating symptoms of menopause (Roby, 2019). E2 is a known endocrine disruptor that interferes 354 

with sex determination in fish resulting in the development of gonadal abnormalities, and changes 355 

in sex ratios and reproduction (Brion et al., 2004; Drastichova et al., 2005; Uguz, 2017). Some 356 

previous research would suggest that E2 exposure would be associated with a reduction in fish 357 

cortisol concentrations. McQuillan et al., (2003) found that E2 interfered with pregnenolone-358 

supported cortisol synthesis in interrenal tissues of juvenile chinook salmon. However, the same 359 

response was not detected in juvenile rainbow trout interrenal tissues after exposure to E2 360 

(McQuillan et al., 2003). Very little literature is available on the potential mechanics related to the 361 

effect of E2 on the HPI axis for teleost fish. Future research on the effect of E2 on gene expression, 362 

enzyme regulation, and hormone concentrations related to cortisol production and secretion in 363 

teleost fish are needed.  364 

 While the increase in baseline GCs was more evident for fish exposed to compounds 365 

belonging to the pharmaceutical EC classification, general trends toward increasing GC levels 366 

were also found for other EC classifications; metals and polycyclic aromatic hydrocarbons 367 

(PAHs). However, the remaining EC classifications showed no impact of exposure. This suggests 368 
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that other moderator variables might be important predictors of fish GC responses to ECs. Before 369 

addressing other moderator variables, we first summarize possible consequences of elevated GC 370 

levels in fish. 371 

There are several documented consequences for chronically elevated GC levels in fish. 372 

Chronic elevation of cortisol (up to 4 weeks) in fish due to crowding stress has been associated 373 

with increased susceptibility to bacterial and fungal diseases, and in turn, increased mortality 374 

(Pickering and Pottinger, 1989). Artificial chronic elevation of cortisol has also been linked to 375 

significant metabolic changes in fish including chronically elevated circulating glucose levels 376 

(Barton et al., 1987), changes to food conversion efficiency (Gregory and Wood, 1999), and lipid 377 

accumulation in liver tissue (Jerez-Cepa et al., 2019). Thus, increased fish GC levels due to EC 378 

exposure may contribute to reduced overall health and fitness in fish populations. If this is shown 379 

to be the case, it is crucial that mitigation measures are introduced to reduce the release of 380 

contaminants into the environment.  381 

4.2 Captive-bred versus wild-caught fish 382 

 Our results suggest that captive-bred fish studies may enable inferences about GC 383 

responses to ECs for wild fish species since we found no difference in GC responses between 384 

captive-bred and wild-caught study species. Our results support previous studies showing that 385 

GC release rates are similar between wild and captive populations of vertebrates. For example, a 386 

recent study conducted using California condors (Gymnogyps californianus) found no significant 387 

difference in plasma GC levels between wild and captive condors after routine trapping and 388 

handling procedures (Glucs et al., 2020). However, other studies have provided contradictory 389 

results; Fanson et al., (2012) showed that fecal GC metabolite concentrations were high in 390 

captive lynx (Lynx canadensis) compared to wild lynx. Another study determined that wild 391 
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salamanders had significantly different GC release rates from captive salamanders, and that the 392 

direction of the difference (i.e., higher, or lower rates) differed between species (Gabor et al., 393 

2016). Therefore, we suggest that researchers assess whether captive-bred vertebrates are good 394 

models for their wild counterparts before extensive tests of GC responses to ECs are undertaken. 395 

In the interim, our results suggest that this might be a safe practice for fish. 396 

4.3 Baseline versus challenge-induced measures 397 

We found that baseline and challenge-induced GC measures provide similar information 398 

regarding the effect of EC exposure on captive-bred fish GC responses. However, baseline GC 399 

levels and challenge-induced GC levels have very different physiological effects on the organism 400 

(Romero 2004; Sapolsky et al., 2000). Vertebrates maintain baseline levels of GCs that follow 401 

circadian, seasonal, and ontogenetic cycles (Romero, 2002; Romero et al., 2008; Wada, 2008; 402 

Windle et al., 1998).  Baseline levels of GCs are often associated with the permissive actions of 403 

GCs (Romero, 2004; Sapolsky et al., 2000). When a vertebrate organism experiences an acute 404 

stressor (e.g., predator encounter) further increases of GCs beyond baseline levels occur, which 405 

are described as challenge-induced GC levels. At challenge-induced concentrations, GCs bind to 406 

glucocorticoid receptors (GRs); GRs function to mediate the stimulatory, suppressive, and 407 

preparative effects of GCs (Romero, 2004; Sapolsky et al., 2000). More traditional physiological 408 

responses associated with the stress response such as immunosuppression and increased energy 409 

mobilization are associated with challenge-induced GC levels and GR binding (Romero, 2004; 410 

Sapolsky et al., 2000). Therefore, by measuring only baseline or challenge-induced GC levels, 411 

researchers may not be getting a complete assessment of the effects of stressors, such as ECs, on 412 

the vertebrate stress response. To provide a comprehensive understanding of GC responses 413 

researchers may want to explore both baseline and challenge-induced measures in future studies. 414 
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Such comparisons between baseline and challenge-induced responses might seem artificial, but 415 

they give an indication of which arm of the HPI axis might be expected to show greater response 416 

to EC exposure. More work is clearly needed as we were only able to investigate six classes of 417 

ECs in this study and solely on fish GC responses. 418 

4.4 Duration of exposure  419 

 Duration of exposure and concentration of the EC was expected to influence the direction 420 

and magnitude of fish GC responses across contaminant classes. Duration of exposure seems to be 421 

an important moderator variable for fish GC response to EC exposure. Two of our models show 422 

statistical support for longer duration of exposure being correlated to decreased GC responses in 423 

fish exposed to ECs (captive-bred vs wild-caught, baseline vs challenge-induced, where we had 424 

sufficient representation across a reduced set of contaminant classes). The models that do not have 425 

a statistically supported posterior distribution for duration of exposure still show a general negative 426 

trend between duration of exposure and effect size. This GC response to duration of EC exposure 427 

could be due to acclimation to a chronic stressor (the particular EC) over time. Fish exposed to a 428 

chronic stressor may show an initial increase in GCs but may not respond at the same level over 429 

prolonged exposure to the stressor, with GC levels returning to the same level as unexposed fish, 430 

even with the stressor still present (Pickering and Stewart, 1984; Pottinger and Pickering, 1992). 431 

Acclimation to a chronic stressor can have consequences for the vertebrate organism. Acclimation 432 

can lead to the facilitation of enhanced responses to subsequent stressors (Walker et al., 2020). 433 

Another phenomenon that can occur with exposure to a chronic stressor is fish no longer 434 

being able to mount a response to novel stressors. Madaro et al., (2015) chronically exposed 435 

Atlantic salmon (Salmo salar) to stressors over a 3-week period, after the three weeks, salmon 436 

were exposed to a final novel stressor. Chronically stressed fish had significantly lower cortisol 437 



20 
 

levels compared to controls, showing an inability to mount an appropriate GC response to the 438 

novel stressor (Madaro et al., 2015). The study showed that in the pituitary gland of chronically 439 

stressed fish had increased expression of genes involved with negative feedback regulation 440 

(Madaro et al., 2015). Furthermore, a general downregulation of important receptors, hormones, 441 

and enzymes involved in the cortisol stress response of fish was noted after exposure of chronically 442 

stressed fish to a novel stressor (Madaro et al., 2015). Therefore, exposure to a chronic stressor 443 

may result in an inability of fish to mount an appropriate cortisol response to novel stressors. 444 

Therefore, we believe that further investigation into how chronic exposure to ECs influences the 445 

fish response to novel stressors is warranted. Additionally, time-series studies examining the GC 446 

response of vertebrates exposed to ECs may help to further identify critical time periods of 447 

exposure that could lead to GC thresholds (low or high) being reached. Breaching of thresholds 448 

might lead further to physiological consequences such as increased disease susceptibility.   449 

4.5 Study Limitations 450 

 When conducting a meta-analysis there is always the possibility that relevant studies have 451 

been missed during the literature search and eligibility screening stages. However, the dataset 452 

likely still offers a representative and non-biased sampled of effect sizes. We did not detect 453 

publication bias in our dataset based on established statistical methods, and that our sample size 454 

was large with 173 calculated effect sizes. Another limitation of the study is the high number of 455 

ECs included in the dataset. We grouped ECs into 11 functional categories, we had multiple 456 

datapoints within each EC category. However, within these 11 categories, we had a total of 42 457 

different types of ECs in the dataset based on 44 studies, which in many cases makes us unable to 458 

evaluate the effect of the same EC in two or more species of fish. Future studies focusing on 459 

specific ECs with widespread replication may help to evaluate our findings.  460 
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4.6 Future directions 461 

Our first recommendation for future research is to investigate more fully whether increased 462 

duration of exposure to ECs affects the GC response of fish or other vertebrates. Chronic activation 463 

of the HPA/HPI axis through prolonged exposure to ECs may result in acclimation to a stressor or 464 

in the inability of fish to mount an appropriate stress response to a novel stressor. Future research 465 

could help our understanding of potential consequences of EC exposure by examining the effects 466 

of novel stressors on the fish GC response after chronic exposure to ECs. Additionally, time-series 467 

studies examining the GC response of vertebrates exposed to ECs would be helpful to identify 468 

critical time periods of exposure to ECs that may result in significant changes to GC levels.  469 

We also suggest broadening the research of the effects of ECs on the GC response to 470 

different vertebrate classes. Our literature search revealed a paucity of research on this topic for 471 

amphibian, avian, reptilian, and mammalian species. Broadening the research to have greater 472 

representation from less-studied vertebrate classes would allow researchers to explore the effects 473 

of EC exposure in both aquatic and terrestrial environments and to test whether particular taxa are 474 

more vulnerable to particular ECs.  475 

Related to the second point, we recommend broader research on emerging contaminants 476 

such as plastics, per- and polyfluorinated alkyl substances, and salts. The repeated testing of 477 

commonly detected ECs such as pesticides and heavy metals is important for assessing reliability 478 

of results. However, data are lacking on the sublethal effects of other ECs on fish and wildlife 479 

stress metrics, such as GC responses. Knowing the extent to which different ECs influence sub-480 

lethal endpoints such as GC concentrations will aid in understanding how different contaminant 481 

groups influence vertebrate health and fitness. This knowledge may aid in making appropriate 482 

policy and licensing recommendation around the use of certain compounds.  483 
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Finally, we recommend greater consideration of the impact of multiple potential stressors 484 

on GC responses. Here we report increases in GC levels in response to ECs, while a previous 485 

review examining the impacts of parasite infection on the vertebrate GC response similarly found 486 

an overall increase in GC levels for infected hosts (O’Dwyer et al., 2020). A multi-factor approach 487 

will lead to a better understanding of the impact of wide-ranging environmental factors on GC 488 

levels in vertebrates and the possible synergistic effects they may be having. 489 

5. Conclusions 490 

 Exposure to ECs increases the baseline GC levels of captive-bred fish compared to 491 

unexposed captive-bred fish, however effect sizes were highly heterogeneous suggesting other 492 

moderator variables are important. With respect to contaminant class, pharmaceutical compounds 493 

consistently raised baseline GC levels of EC exposed captive-bred fish on average 2.5X above 494 

those of unexposed fish. Captive-bred fish exhibited similar GC responses to EC exposure as wild-495 

caught fish suggesting that studies using captive-bred fish may be used to make inferences about 496 

ecotoxicity tests involving GC responses for their wild counterparts. We also found no difference 497 

between baseline and challenge induced GC measures taken from fish exposed to ECs, but we still 498 

encourage researchers to consider measuring both baseline and challenge-induced GC levels to 499 

provide a comprehensive understanding of these sublethal responses. Duration of exposure was 500 

often negatively correlated to baseline GC levels in exposed fish; chronic exposure to ECs may 501 

result in HPI axis acclimation or the inability of fish to mount an appropriate stress response which 502 

may have consequences for fish exposure to novel stressors. Such time effects might drown out 503 

consistent effects of other moderators such as contaminant class. Finally, we recommend that 504 

future research incorporates a broader array of contaminant types and vertebrate classes, and that 505 

detailed research be undertaken on mechanisms of HPA/HPI axis effects due to particular ECs.  506 



23 
 

Funding 507 

This work was supported by a Natural Sciences and Engineering Research Council (NSERC) of 508 

Canada Discovery Grant to MRF [grant number 100118].  509 

References 510 

Adams EM, Frederick PC, Larkin ILV, Guilette LJ. Sublethal effects of methylmercury on fecal 511 

metabolites of testosterone, estradiol, and corticosterone in captive juvenile white ibises 512 

(Educimus albus). Environ Toxicol Chem 2009; 28(5): 982-989. 513 

Arjona FJ, Vargas-Chacoff L, Ruiz-Jarabo I, del Rio MPM, Mancera JM. Osmoregulatory 514 

response of Senegalese sole (Solea senegalensis) to changes in environmental salinity. Comp 515 

Biochem Phsyiol Part A: Mol Integr Physiol 2007; 148(2): 413-421. 516 

Barry TP, Malison JA, Held JA, Parrish JJ. Ontogeny of the cortisol stress response in larval 517 

rainbow trout. Gen Comp Endocrinol 1995; 97: 57-65.  518 

Barton BA, Schreck CB, Barton LD. Effects of chronic cortisol administration and daily acute 519 

stress on growth, physiological conditions, and stress responses in juvenile rainbow trout. Dis 520 

Aquat Org 1987; 2: 173-185. 521 

Belden LK, Kiesecker JM. Glucocorticosteroid hormone treatment of larval treefrogs increases 522 

infection by Alaria sp. trematode cercariae. J Parasitol 2005; 91: 686-8. 523 

Betancur RR, Broughton RE, Wiley EO, Carpenter K, Lopez JA, Li C, et al. The tree of life and 524 

a new classification of bony fishes. PLoS Curr 2013; 5. 525 



24 
 

Boxall AB, Rudd MA, Brooks BW, Caldwell DJ, Choi K, Hickmann S, et al. Pharmaceuticals 526 

and personal care products in the environment: what are the big questions? Environ Health 527 

Perspect 2012; 120: 1221-9. 528 

Brion F, Tyler CR, Palazzi X, Laillet B, Porcher JM, Garric J, et al. Impacts of 17beta-estradiol, 529 

including environmentally relevant concentrations, on reproduction after exposure during 530 

embryo-larval-, juvenile- and adult-life stages in zebrafish (Danio rerio). Aquat Toxicol 2004; 531 

68: 193-217. 532 

Browne MA, Crump P, Niven SJ, Teuten E, Tonkin A, Galloway T, et al. Accumulation of 533 

microplastic on shorelines woldwide: sources and sinks. Environ Sci Technol 2011; 45: 9175-9. 534 

Bu Q, Shi X, Yu G, Huang J, Wang B. Assessing the persistence of pharmaceuticals in the 535 

aquatic environment: Challenges and needs. Emerg Contam 2016; 2: 145-147. 536 

Costas B, Conceição LEC, Aragão C, Martos JA, Ruiz-Jarabo I, Mancera JM, et al. 537 

Physiological responses of Senegalese sole (Solea senegalensis Kaup, 1858) after stress 538 

challenge: Effects on non-specific immune parameters, plasma free amino acids and energy 539 

metabolism. Aquaculture 2011; 316: 68-76. 540 

Crete-Lafreniere A, Weir LK, Bernatchez L. Framing the Salmonidae family phylogenetic 541 

portrait: a more complete picture from increased taxon sampling. PLoS One 2012; 7: e46662. 542 

de Souza RM, Seibert D, Quesada HB, de Jesus Bassetti F, Fagundes-Klen MR, Bergamasco R. 543 

Occurrence, impacts and general aspects of pesticides in surface water: A review. Process Saf 544 

Environ Prot 2020; 135: 22-37. 545 



25 
 

Dobrakovova M, Kvetnansky R, Oprsalova Z, Jezova D. Specificity of the effect of repeated 546 

handling on sympathetic-adrenomedullary and pituitary-adrenocortical activity in rats. 547 

Psychoneuroendocr 1993; 18(3): 163-174.  548 

Drastichova J, Svobodova Z, Groenland M, Dobsikova R, Zlabek V, Weissova D, Szotkowska 549 

M. Effect of exposure to bisphenol A and 17β-estradiol on the sex differentiation in Zebrafish 550 

(Danio rerio). Acta Vet 2005; 74: 287.291. 551 

Driscoll CT, Mason RP, Chan HM, Jacob DJ, Pirrone N. Mercury as a global pollutant: sources, 552 

pathways, and effects. Environ Sci Technol 2013; 47: 4967-83. 553 

Ebele AJ, Abou-Elwafa Abdallah M, Harrad S. Pharmaceuticals and personal care products 554 

(PPCPs) in the freshwater aquatic environment. Emerg Contam 2017; 3: 1-16. 555 

Fanson KV, Wielebnowski NC, Shenk TM, Lucas JR. Comparative patterns of adrenal activity 556 

in captive and wild Canada lynx (Lynx canadensis). J Comp Physiol B 2012; 182: 157-65. 557 

Fedorov S. GetData Graph Digitizer. 2013; URL: http://getdata-graph-digitizer.com 558 

Fonner CW, Patel SA, Boord SM, Venesky MD, Woodley SK. Effects of corticosterone on 559 

infection and disease in salamanders exposed to the amphibian fungal pathogen 560 

Batrachochytrium dendrobatidis. Dis Aquat Organ 2017; 123: 159-171. 561 

Firat O, Kargin F. Individual and combined effects of heavy metals on serum biochemistry of 562 

Nile tilapia Oreochromis niloticus. Arch Environ Contam Toxicol 2010; 58: 151-7. 563 

Franceschini MD, Evers DC, Kenow KP, Meyer MW, Pokras M, Romero LM. Mercury 564 

correlates with altered corticosterone but not testosterone or estradiol concentrations in common 565 

loons. Ecotoxicol Environ Saf 2017; 142: 348-354. 566 

http://getdata-graph-digitizer.com/


26 
 

Freitas MB, Brown CT, Karasov WH. Warmer temperature modifies effects of polybrominated 567 

diphenyl ethers on hormone profiles in leopard frog tadpoles (Lithobates pipiens). Environ 568 

Toxicol Chem 2017; 36: 120-127. 569 

Gabor CR, Zabierek KC, Kim DS, da Barbiano LA, Mondelli MJ, Bendik NF, et al. A Non-570 

Invasive Water-Borne Assay of Stress Hormones in Aquatic Salamanders. Copeia 2016; 104: 571 

172-181. 572 

Gay F, Maddaloni M, Valiante S, Laforgia V, Capaldo A. Endocrine Disruption in the European 573 

Eel, Anguilla anguilla, Exposed to an Environmental Cocaine Concentration. Water Air Soil 574 

Pollut 2013; 224. 575 

Glucs ZE, Smith DR, Tubbs CW, Bakker VJ, Wolstenholme R, Dudus K, et al. Foraging 576 

behavior, contaminant exposure risk, and the stress response in wild California condors 577 

(Gymnogyps californianus). Environ Res 2020; 189: 109905. 578 

Green J, Wheeler JR. The use of carrier solvents in regulatory aquatic toxicology testing: 579 

practical, statistical and regulatory considerations. Aquat Toxicol 2013; 144-145: 242-249.  580 

Gregory TR, Wood CM. The effects of chronic plasma cortisol elevation on the feeding 581 

behaviour, growth, competitive ability, and swimming performance of juvenile rainbow trout. 582 

Physiol Biochem Zool 1999; 72(3): 286-295.  583 

Hadfield JD. MCMC Methods for Multi-Response Generalized Linear Mixed Models: The 584 

MCMCglmm R Package. J Stat Softw 2010; 33(2): 1-22. URL http://www.jstatsoft.org/v33/i02/ 585 

Hayes TB, Hansen M.  From silent spring to silent night: Agrochemicals and the Anthropocene. 586 

Elem Sci Anthropocene 2017; 5:57. 587 

http://www.jstatsoft.org/v33/i02/


27 
 

Hedges LV, Gurevitch J, Curtis PS. The meta-analysis of response ratios in experimental 588 

ecology. Ecol 1999; 80(4): 1150-1156. 589 

Hontela A, Dumont P, Duclos D, Fortin R.  Endocrine and metabolic dysfunction in yellow 590 

perch, Perca flavescens, exposed to organic contaminants and heavy metals in the St. Lawrence 591 

River. Environ Toxicol Chem 1995; 14(4): 725-7731. 592 

Jentoft S, Held JA, Malison JA, Barry, TP. Ontogeny of the cortisol stress response in yellow 593 

perch (Perca flavescens). Fish Physiol Biochem 2002; 26: 371-378. 594 

Jerez-Cepa I, Gorissen M, Mancera JM, Ruiz-Jarabo I. What can we learn from glucocorticoid 595 

administration in fish? Effects of cortisol and dexamethasone on intermediary metabolism of 596 

gilthead seabream (Sparus aurata L.). Comp Biochem Physiol A Mol Integr Physiol 2019; 231: 597 

1-10. 598 

Kunzl C, Sachser N. The behavioral endocrinology of domestication: a comparison between the 599 

domestic guinea pig (Cavia aperea f. percellus) and its wild ancestor, the cavy (Cavia aperea). 600 

Horm Behav 1999; 35: 28-37.   601 

Laiz-Carrion R, Guerreiro PM, Fuentes J, Canario AV, Martin Del Rio MP, Mancera JM. 602 

Branchial osmoregulatory response to salinity in the gilthead sea bream, Sparus auratus. J Exp 603 

Zool A Comp Exp Biol 2005; 303: 563-76. 604 

Lajeunesse MJ. On the meta-analysis of response ratios for studies with correlated and multi-605 

group designs. Ecol 2011; 92(1): 2049-2055. 606 

Lam MW, Young CJ, Brain RA, Johnson DJ, Hanson MA, Wilson CJ, et al. Aquatic persistence 607 

of eight pharmaceuticals in a microcosm study. Environ Toxicol Chem 2004; 23(6): 1431-1440.  608 



28 
 

Lattin CR, Ngai HM, Romero LM. Evaluating the stress response as a bioindicator of sub-lethal 609 

effects of crude oil exposure in wild house sparrows (Passer domesticus). PLoS One 2014; 9: 610 

e102106. 611 

Li F, Duan J, Tian S, Ji H, Zhu Y, Wei Z, Zhao D. Short-chain per- and polyfluoroalkyl 612 

substances in aquatic systems: Occurrence, impacts and treatment. Chem Eng J 2020; 380: 613 

122506. 614 

Liberati A, Altman DG, Tetzlaff J, Mulrow C, Gotzsche PC, Loannidis JPA, et al. The PRISMA 615 

statements for reporting systematic reviews and meta-analyses of studies that evaluate health 616 

care interventions: explanation and elaboration. PLoS Med 2009; 6(7): e1000100. 617 

Love OP, Shutt LJ, Silfies JS, Bortolotti GR, Smits JEG, Bird DM. Effects of dietary PCB 618 

exposure on adrenocortical function in captive American kestrels (Falco sparverius). Ecotoxicol 619 

2003; 12: 199-208. 620 

Lutz CM, Linder CC, Davisson MT. Strain, Stocks, and Mutant Mice, in: Hedrich HJ (Eds.), The 621 

Laboratory Mouse (Second Edition). Academic Press, 2012: 37-56. 622 

MacDougall‐Shackleton SA, Bonier F, Romero LM, Moore IT. Glucocorticoids and “Stress” are 623 

Not Synonymous. Integrat Organ Biol, 2019; 1(1): https://doi.org/10.1093/iob/obz017 624 

Madaro A, Olsen RE, Kristiansen TS, Ebbesson LO, Nilsen TO, Flik G, et al. Stress in Atlantic 625 

salmon: response to unpredictable chronic stress. J Exp Biol 2015; 218: 2538-50. 626 

Maddux SL, Cristol DA, Varian-Ramos CW, Bradley EL. The effect of mercury on baseline 627 

corticosterone in a breeding songbird. Bull Environ Contam Toxicol 2015; 94: 135-9. 628 

https://doi.org/10.1093/iob/obz017


29 
 

McMahon TA, Halstead NT, Johnson S, Raffel TR, Romansic JM, Crumrine PW, et al. The 629 

fungicide chlorothalonil is nonlinearly associated with corticosterone levels, immunity, and 630 

mortality in amphibians. Environ Health Perspect 2011; 199(8): 1098-1103.  631 

McQuillan HJ, Lokman PM, Young G. Effects of sex steroids, sex, and sexual maturity on 632 

cortisol production: an in vitro comparison of chinook salmon and rainbow trout interrenals. Gen 633 

Comp Endocrinol 2003; 133: 154-163. 634 

Moore CS, Cristol DA, Maddux SL, Varian-Ramos CW, Bradley EL. Lifelong exposure to 635 

methylmercury disrupts stress-induced corticosterone response in zebra finches (Taeniopygia 636 

guttata). Environ Toxicol Chem 2014; 33: 1072-6. 637 

O’Dwyer K, Dargent F, Forbes MR, Koprivnikar J. Parasite infection leads to widespread 638 

glucocorticoid hormone increases in vertebrate hosts: a mete-analysis. J Anim Ecol 2020; DOI: 639 

10.1111/1365-2656.13123 640 

Pickering AD, Pottinger TG. Stress responses and disease resistance in salmonid fish: effects of 641 

chronic elevation of plasma cortisol. Fish Physiol Biochem 1989; 7(1-4): 253-258.  642 

Pickering AD, Stewart A. Acclimation of the interrenal tissue of the brown trout, Salmo trutta L., 643 

to chronic crowding stress. Freshw Biol Assoc 1984; 24: 731-740.  644 

Pottinger TG, Pickering AD. The influence of social interaction on the acclimation of rainbow 645 

trout, Oncorhynchus mykiss (Walbaum) to chronic stress. J Fish Biol 1992; 41: 435-447.  646 

R Core Team. R: A language and environment for statistical computing. R Foundation for 647 

Statistical Computing, Vienna, Austria, 2020. URL https://www.R-project.org/. 648 

https://www.r-project.org/


30 
 

Rabosky DL, Chang J, Title PO, Cowman PF, Sallan L, Friedman M, et al. An inverse latitudinal 649 

gradient in speciation rate for marine fishes. Nature 2018; 559(7714): 392–395. 650 

Roby KF. 17 Beta Estradiol, in: Reference Module in Biomedical Sciences. Elsevier Inc., 2019. 651 

Romero LM. Seasonal changes in plasma glucocorticoid concentrations in free-living 652 

vertebrates. Gen Comp Endocr 2002; 128: 1-24. 653 

Romero LM. Physiological stress in ecology: lessons from biomedical research. Trends Ecol 654 

Evol 2004; 19: 249-55. 655 

Romero LM, Meister CJ, Cyr NE, Kenagy GJ, Wingfield JC. Seasonal glucocorticoid responses 656 

to capture in wild free-living mammals. Am J Physiol Regul Integr Comp Physiol 2008; 294: 657 

R614-22. 658 

Ruiz-Jarabo I, Amanajas RD, Baldisserotto B, Mancera JM, Val AL. Tambaqui (Colossoma  659 

macropomum) acclimated to different tropical waters from the Amazon basin shows specific  660 

acute-stress responses. Comp Biochem Physiol A Mol Integr Physiol 2020; 245: 110706. 661 

Ruiz-Jarabo I, Barragan-Mendez C, Jerez-Cepa I, Fernandez-Castro M, Sobrino I, Mancera JM,  662 

et al. Plasma 1alpha-Hydroxycorticosterone as Biomarker for Acute Stress in Catsharks  663 

(Scyliorhinus canicula). Front Physiol 2019; 10: 1217. 664 

Sapolsky RM, Romero LM, Munck AU. How do glucocorticoids influence stress responses? 665 

Integrating permissive, suppressive, stimulatory, and preparative actions. Endocr Rev 2000; 666 

21(1): 55-89. 667 

Schielzeth H. Simple means to improve the interpretability of regression coefficients. Method Ecol 668 

Evol 2010; DOI: 10.1111/j.2041-210X.2010.00012.x 669 



31 
 

Schoenle LA, Dudek AM, Moore IT, Bonier F. Red-winged blackbirds (Agelaius phoeniceus) 670 

with higher baseline glucocorticoids also invest less in incubation and clutch mass. Horm Behav 671 

2017; 90: 1-7. 672 

Sebire M, Elphinstone Davis J, Hatfield R, Winberg S, Katsiadaki I. Prozac affects stickleback 673 

nest quality without altering androgen, spiggin or aggression levels during a 21-day breeding 674 

test. Aquat Toxicol 2015; 168: 78-89. 675 

Senior AM, Grueber CE, Kamiya T, Lagisz M, O’Dwyer K, Santos ES, Nakagawa S. 676 

Heterogeneity in ecological and evolutionary meta-analyses: its magnitude and implications. 677 

Ecol 2016; 97(12): 3292-3299. 678 

Silver L. Inbred Strain, in: Maloy S, Hughes K (Eds.), Bonner’s Encyclopedia of Genetics 679 

(Second Edition), Academic Press, 2001: 53.  680 

Skrzynska AK, Maiorano E, Bastaroli M, Naderi F, Miguez JM, Martinez-Rodriguez G, et al. 681 

Impact of Air Exposure on Vasotocinergic and Isotocinergic Systems in Gilthead Sea Bream 682 

(Sparus aurata): New Insights on Fish Stress Response. Front Physiol 2018; 9: 96. 683 

Stoiber T, Evans S, Naidenko OV. Disposal of products and materials containing per- and 684 

polyfluoroalkyl substances (PFAS): A cyclical problem. Chemosphere 2020; 260: 127659. 685 

Tang KL, Agnew MK, Chen WJ, Vincent Hirt M, Raley ME, Sado T, et al. Phylogeny of the 686 

gudgeons (Teleostei: Cyprinidae: Gobioninae). Mol Phylogenet Evol 2011; 61: 103-24. 687 

Taylor D, Senac T. Human pharmaceutical products in the environment - the "problem" in 688 

perspective. Chemosphere 2014; 115: 95-9. 689 



32 
 

Tsalafouta A, Papandroulakis N, Gorissen M, Katharios P, Flik G, Pavlidis M. Ontogenesis of 690 

the HPI axis and molecular regulation of the cortisol stress response during early development in 691 

Dicentrarchus labrax. Sci Rep 2014; 4: 5525. 692 

Uguz C. Effects of 17β-estradiol on gonadal differentiation in fathead minnows (Pimephales 693 

promelas). Turk J Fish Aquat Sci 2017; 17: 275-282.  694 

Viechtbaur W. Conducting meta-analyses in R with the metaphor package. J Stat Softw 2010; 695 

36(3): 1-48. URL: https://www.jstatsoft.org/v36/i03/ 696 

Wada H. Glucocorticoids: mediators of vertebrate ontogenetic transitions. Gen Comp Endocrinol 697 

2008; 156: 441-53. 698 

Walker RH, Smith GD, Hudson SB, French SS, Walters AW. Warmer temperatures interact with 699 

salinity to weaken physiological facilitation to stress in freshwater fishes. Conserv Physiol 2020; 700 

8: coaa107. 701 

Wendelaar Bonga SE. The stress response in fish. Physiol Rev 1997; 77(3): 591-625.  702 

Windle RJ, Wood SA, Shanks N, Lightman SL, Ingram CD. Ultradian rhythm of basal 703 

corticosterone release in the female rat: dynamic interaction with the response to acute stress. 704 

Endocr 1998; 139(2): 443-450. 705 

Yamamoto H, Nakamura Y, Moriguchi S, Nakamura Y, Honda Y, Tamura I, et al. Persistence 706 

and partitioning of eight selected pharmaceuticals in the aquatic environment: laboratory 707 

photolysis, biodegradation, and sorption experiments. Water Res 2009; 43: 351-362. 708 

https://www.jstatsoft.org/v36/i03/

	MetaAnalysisShowsEnvironmentalContaminantsElevateCortisolLevelsTeleostFishEffectSizesDependContaminantClassDurationExperimentalExposure1
	MetaAnalysisShowsEnvironmentalContaminantsElevateCortisolLevelsTeleostFishEffectSizesDependContaminantClassDurationExperimentalExposure
	Rohonczy_et_al_2021_Title_Page - Unmarked

	Rohonczy_et_al_2021_Fish-MA_Highlights- Unmarked

