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ABSTRACT Organisms face energetic challenges of climate change in combination with suites of 17 

natural and anthropogenic stressors. In particular, chemical contaminant exposure has neurotoxic, 18 

endocrine-disrupting and behavioral effects which may additively or interactively combine with 19 

challenges associated with climate change. We used a literature review across animal taxa and 20 

contaminant classes, but focused on Arctic endotherms and contaminants important in Arctic ecosystems, 21 

to demonstrate potential for interactive effects across five bioenergetic domains: 1) energy supply,  2) 22 

energy demand, 3) energy storage, 4) energy allocation tradeoffs, and 5) energy management strategies; 23 

and involving four climate change-sensitive environmental stressors: changes in resource availability, 24 

temperature, predation risk and parasitism. Identified examples included relatively equal numbers of 25 

synergies and antagonies. Synergies are often suggested to be particularly problematic, since they 26 
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magnify biological effects. However, we emphasize that antagonistic effects on bioenergetic traits can be 27 

equally problematic, since they can reflect dampening of beneficial responses and result in negative 28 

synergistic effects on fitness. Our review also highlights that empirical demonstrations remain limited, 29 

especially in endotherms. Elucidating the nature of climate change-by-contaminant interactive effects on 30 

bioenergetic traits will build towards determining overall outcomes for energy balance and fitness. 31 

Progressing to determine critical species, life stages, and target areas in which transformative effects arise 32 

will aid in forecasting broad-scale bioenergetic outcomes under global change scenarios. 33 

Keywords: Bioenergetics, energy balance, climate change, chemical contaminants, interactive effects, 34 

plasticity, physiological acclimatization, temperature  35 

    36 

INTRODUCTION Unprecedented shifts in abiotic and biotic conditions related to climate change pose 37 

energetic challenges, including direct effects on metabolism and thermoregulation (Dillon et al. 2010) and 38 

indirect effects mediated via trophic dynamics and resource supply (Bartley et al. 2019). Given limited 39 

energy budgets, maintaining optimal function under shifting conditions involves differential balance of 40 

energetic trade-offs (Norin & Metcalfe 2019). Plasticity may facilitate adaptation (Seebacher et al. 2015), 41 

and microevolutionary change may move populations towards new optima (Parmesan 2006; Karell et al. 42 

2011; Norin & Metcalfe 2019). Predicting bioenergetic effects of climate change is a current area of 43 

intense research interest (Dillon et al. 2010; Magozzi & Calosi 2015; Clairbaux et al. 2021). 44 

    Better forecasting energetic outcomes of climate change depends on recognizing that organisms face 45 

climate change-linked challenges in combination with suites of stressors, deeming interactive effects 46 

likely. For instance, organisms are exposed to diverse chemical contaminants. Some are transient and 47 

exert effects for limited timeframes in proximity to sources (e.g. organophosphate (OP) pesticides; Grue 48 

et al. 1982). Others persist in the environment and can reach remote regions through long-range transport 49 

(e.g. metals, legacy persistent organic pollutants (POPs; e.g. organochlorine pesticides (OCPs), 50 

polychlorinated biphenyls (PCBs)), POPs of emerging concern (e.g. polybrominated diphenyl ethers 51 

(PBDEs))) (AMAP 2021a,b). Contaminants have wide-ranging bioenergetic effects, mediated via 52 
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neurotoxicity (Calow 1991), detoxification and oxidative costs (Whitney & Cristol 2019), effects on 53 

enzymes and mitochondria (Jayasundara 2017) and endocrine disruption (Jenssen 2006; Dietz et al. 2019). 54 

Furthermore, energetics traits such as trophic position and movement influence contaminant exposure 55 

(Burger & Gochfeld 2004; Michelutti et al. 2010; Lavoie et al. 2012), and are sensitive to environmental 56 

conditions. 57 

     We evaluated evidence for contaminant-by-climate change interactive effects within five bioenergetic 58 

domains: 1) energy supply, 2) energy demand, 3) energy storage, 4) energy allocation tradeoffs, and 5) 59 

energy management strategies (EMSs). EMSs describe adjustment of basal metabolic rate (BMR) to 60 

conserve energy or support activity, and patterns of covariation between BMR, auxiliary energy 61 

expenditure (AEE) and daily energy expenditure (DEE) (Halsey et al. 2019). Figure 1 depicts how non-62 

parallel reaction norms in bioenergetic traits could generate interactive effects between contaminant 63 

exposure and climate change-associated environmental stressors. 64 

     We reviewed the literature to assess evidence for interactive effects involving four climate change-65 

sensitive environmental variables: resource availability, temperature, predation risk, and exposure and 66 

susceptibility to parasitism. Although other shifts in environmental conditions are relevant (e.g. ocean 67 

acidification, drought), the abiotic and biotic environmental factors that we focus on are likely to exert 68 

effects across ecosystem types. We reviewed evidence for interactive effects on multiple traits within 69 

domains 1-3 (Supplementary Material; Table S1 for details), and classified interactive effects via the 70 

framework explained in Figure 2 (Supplementary Material for details). For domains 4 and 5 our 71 

discussion remains more hypothetical, and focuses on generating testable hypotheses.  72 

     We were interested in understanding contaminant-by-environment interactive effects on Arctic 73 

endotherms. Climate change is likely to disrupt bioenergetics in Arctic ecosystems, due to rapid warming 74 

(IPCC 2021), extensive trophic reorganization (Frainer et al. 2017), organismal adaptations to cope with 75 

cold stress (Oswald & Arnold 2012; Gilg et al. 2012), and alterations in biochemical cycling that modify 76 

contaminant concentrations in biota (Borgå et al. 2022). For instance, melting permafrost, and increased 77 

precipitation and terrestrial runoff may elevate exposure to POPs in aquatic ecosystems (Borgå et al. 78 



 
 

4 

2022). Although isolated from contamination sources, the Arctic acts as a sink for volatile contaminants, 79 

which persist in cold environments and increase in concentration at higher trophic positions through 80 

biomagnification (AMAP 2021a,b). Although levels of legacy POPs (e.g. PCBs) show decreasing trends 81 

in the Arctic, these trends are slowing or leveling off, and other POPs (e.g. PBDEs) are often increasing, 82 

as are chemicals of emerging Arctic concern (CEAC; e.g. per- and polyfluoroalkyl substances (PFASs); 83 

flame retardants). Another important contaminant in the Arctic, mercury (Hg), displays decreasing 84 

atmospheric trends, but both increasing and decreasing trends have been observed in biota (AMAP 85 

2021a). Thus, cumulative contaminant impacts are likely to increase in the Arctic in coming decades 86 

(AMAP 2021b). We used the Arctic Monitoring and Assessment Programme report, listing contaminants 87 

of concern in the Arctic (AMAP 2021), to guide our literature search (Supplementary Material for 88 

details). Given the few studies assessing interactive effects on Arctic organisms (Table 1), we expanded 89 

our review to encompass all animal taxa, while frequently incorporating discussions of how interactive 90 

effects might affect Arctic endotherms.  91 

 92 

INTERACTIVE EFFECTS ACROSS BIOENERGETIC DOMAINS 93 

Table 1 summarizes studies on contaminant-by-environment interactive effects across bioenergetic 94 

domains. This table highlights a deficit of research involving endotherms in general, and Arctic 95 

endotherms in particular, and a bias towards testing interactive effects with temperature and metals. 96 

Results suggest relative balance between synergistic and antagonistic effects and more unpredictable 97 

interactions than simple additive or non-significant effects. However, our emphasis was not on comparing 98 

the frequency of interactive effects, as we did not formally calculate effect sizes. Below, we discuss 99 

interactive effects within each bioenergetic domain and underlying mechanisms. 100 

 Energy supply 101 

Foraging and ingestion 102 

Contaminant-by-temperature interactive effects on foraging. Empirical demonstrations of contaminant-103 

by-temperature interactive effects on foraging remain limited, with only 6 studies, and none on 104 
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endotherms (Table 1, S2). However, many contaminants interfere with the thyroid hormone system, 105 

which is central to thermoregulation (Box 1), and high temperatures may increase chemical toxicity 106 

(Hooper et al. 2013). Thus, contaminant exposure could amplify the need to forage in reduced spatial 107 

ranges or temporal windows given thermal challenge (Rabaiotti & Woodroffe 2019), resulting in negative 108 

synergy and magnifying effects on energy intake. Indeed, Hg exposure was associated with more time 109 

spent inactive in the shade in great egrets (Ardea alba) (Bouton et al. 1999). Combined effects of thermal 110 

stress and contamination might be especially pronounced in species occupying niches close to the upper 111 

critical limit of thermal neutrality, in regions that are warming rapidly (e.g. the Arctic; AMAP 2021), and 112 

in high latitude or elevation species poorly adapted to dissipate heat (Blix 2016). 113 

 114 

Box 1. Endocrine pathways through which contaminants may disrupt metabolism: Contaminants 115 

can interfere with physiological mechanisms, including the hypothalamus-pituitary-adrenal (HPA) and 116 

hypothalamus-pituitary-thyroidal (HPT) axes, which mediate adjustment of metabolism to conditions. 117 

Steroid glucocorticoids (GCs) released via the 118 

HPA axis support glucose metabolism, mediate 119 

vertebrate stress responses (Sapolsky et al. 120 

2000; McEwen & Wingfield 2003), and aid in 121 

temperature-dependent regulation of metabolic 122 

rate (MR) (Jimeno et al. 2018). Corticotropin 123 

releasing hormone (CRH) is involved in 124 

primary thermogenesis through its effect on 125 

thyroid stimulating hormone (TSH) (De Groef et al. 2006). The HPT axis mediates oxygen consumption, 126 

ATP use, and thermogenesis through release of THs, thyroxine (T4), and 3,5,3-triiodothyronine (T3) (Yen 127 

2001; Leemans et al. 2019; Ruuskanen et al. 2021).  128 

     Contaminants affect hormonal axes via diverse mechanisms, including interference with receptors, 129 

carrier proteins, hormone release or negative feedback. Metal- and POP-exposure can both elevate GCs 130 
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and suppress HPA sensitivity (Tartu et al. 2014; Monclús et al. 2018). OC- and PCB-exposure may 131 

decrease THs via direct action on the thyroid, interfering with transport proteins, or disrupting 132 

deiodinases, such as those converting T4 to T3  (Wada et al. 2009; Leemans et al. 2019). Conversely, 133 

PFASs have been positively associated with THs (Melnes et al. 2017; Ask et al. 2021). In black-legged 134 

kittiwakes (Rissa tridactyla), PFASs positively correlated with T4 in males and T3 in females, with the 135 

mechanism involving competition with THs for binding proteins (e.g. albumin). Increased THs could 136 

elevate BMR, interfere with thermal acclimation and reduce tolerance to cold or heat (Ask et al. 2021). 137 

 138 

Contaminant-by-resource availability interactive effects on foraging. In endotherms, six studies tested for 139 

contaminant-by-resource availability interactive effects on foraging behavior (Table 1, S2). This dearth of 140 

research is regrettable, given extensive potential for these effects. Climate change is affecting resource 141 

availability and distribution, causing shifts in trophic dynamics (Parmesan 2006; Lurgi et al. 2012). For 142 

example, in the Arctic, climate change is reducing availability of sea ice-associated prey, such as lipid-143 

rich copepods and fish (e.g. Arctic cod; Boreogadus saida) utilized by seabirds (Gaston et al. 2009; 144 

Divoky et al. 2015; Amélineau et al. 2019), and seals preyed on by polar bears (Ursus maritimus) 145 

(Stirling & Derocher 2012). Evolving precipitation and wind regimes also pose challenges. For example, 146 

as wind speed increases, flight costs increase and seabirds may deliver less energy to nestlings (Elliott et 147 

al. 2014), and freezing rain in the Arctic elevates energetic costs for terrestrial animals seeking plants or 148 

small rodents (Gilg et al. 2012). Given decreased resource availability or quality, organisms may increase 149 

foraging effort and DEE to stabilize energy intake (Welcker et al. 2009), or decrease activity and energy 150 

intake to conserve energy (Stirling & Derocher 2012). Box 2 discusses mechanisms by which 151 

contaminant exposure might disrupt such responses, potentiating interactive effects. 152 

 153 
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Box 2. Mechanisms of contaminant-linked effects on upregulation of foraging effort: Neurotoxic 154 

effects can compromise locomotion, reducing foraging efficiency (Kobiela et al. 2015; Ecke et al. 2017). 155 

Contaminant exposure can also affect foraging motivation through actions on appetite-inducing or 156 

suppressing neuropeptides, and interfere with olfactory detection of prey (Groh et al. 2015). In 157 

endotherms, reduced appetite 158 

and voluntary food intake at 159 

high temperatures, which 160 

adaptively reduces digestion-161 

related heat production, could 162 

magnify these effects 163 

(Youngentob et al. 2021). 164 

Contaminants may also influence foraging effort by affecting metabolic parameters. For example, Hg can 165 

reduce metabolic scope (Clarke & Pörtner 2010) and impair performance by suppressing hemoglobin 166 

production and oxygen carrying capacity, and binding with thiol-containing enzymes and carrier proteins 167 

(Olsen and Evers 2000; Gerson et al. 2019a; Seewagen 2020). Contaminants’ effects on metabolism and 168 

foraging could additionally be mediated through body condition. Arctic belugas (Delphinapterus leucas) 169 

in poor condition had lower oxygen stores, which may affect diving depth and aerobic dive limits (Choy 170 

et al., 2019). Finally, effects on cognition such as reduced spatial memory, inability to assimilate 171 

information, or compromised neurological processes could increase search costs (Swaddle et al. 2017; 172 

Saaristo et al. 2018).  173 

 174 

     Examples of contaminant-by-resource availability interactive effects in endotherms include a study on 175 

Arctic thick-billed murres (Uria lomvia) exposed to Hg, which displayed altered T3 only during years 176 

with suboptimal conditions associated with advanced sea ice breakup. Elevated T3 was associated with 177 

reduced diving, which could result in negative synergistic effects on energy intake (Esparza et al. 2022). 178 
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As T3 is positively associated with MR in murres (Elliott & Gaston 2014), this effect could reflect a 179 

tradeoff between increased oxygen consumption and energy-intensive behavior. 180 

     Contamination may dampen increases in foraging effort, undermining ability to maintain energy intake 181 

given resource shortage, or increase intake to exploit abundant resources, resulting in positive antagony. 182 

For example, Arctic organisms contaminated by pollutants such as Hg, a contaminant of concern in the 183 

Arctic, may be unable to employ energetically-intensive behaviors required to track spatial changes in 184 

resources associated with the cryosphere (Meredith et al. 2019; Box 3). Contamination could also dampen 185 

functional responses that enable organisms to capitalize on transient resource peaks, such as algae blooms 186 

triggered by melting sea ice (Eamer et al. 2013; Meredith 2019). Although evidence from the Arctic 187 

remains lacking, Hg contamination dampened predator functional responses of great egret (Ardea albus) 188 

to increased prey detectability (Bouton et al. 1999).  189 

     Contamination could also affect animals’ ability to phenologically track shifting resource peaks, for 190 

instance by deeming individuals unable to advance breeding under warmer conditions (Charmantier et al. 191 

2008). Evidence exists of contaminated birds delaying egg laying date (Helberg et al. 2005; Bustnes et al. 192 

2007), but interactive effects with environmental conditions remain largely unexplored. One study 193 

reported a non-intuitive result. Common eiders (Somateria mollisma) laid later in warmer years, with this 194 

effect less pronounced in Hg-exposed females (Smith et al. 2022). The mechanism underlying this effect 195 

was postulated to involve disruption of the HPA axis by Hg (Smith et al. 2022). 196 

     Furthermore, contaminants could limit downregulation of foraging in response to resource shortage, 197 

which can conserve energy (Cuyler & Øritsland 2011; Stirling & Derocher 2012). In Arctic animals, such 198 

as the Arctic fox (Vulpes lagopus), decreased activity and MR serve as adaptations to winter food scarcity 199 

(Prestrud 1991). Sustained foraging effort despite resource shortage could result in a negative antagonistic 200 

effect on foraging activity, but a negative synergistic effect on energy balance. Such an effect remains 201 

undocumented, but could arise due to stimulatory effects of some contaminants. For instance, Hg-exposed 202 

golden shiners (Notemigonus crysoleucas) displayed hyperactivity, increasing energy expenditure 203 

(Webber & Haines 2003). 204 
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Box 3: Hypothetical inhibition of foraging plasticity by Hg 205 

exposure: Little auks (Alle alle) depend on sea ice-associated 206 

copepods, which are being replaced by less lipid-rich species due 207 

to climate change-linked sea ice declines. Birds can travel farther 208 

and use novel foraging areas along melting glaciers to stabilize 209 

energy intake (Jakubas et al. 2013; Grémillet et al. 2015). 210 

However, Hg in copepods in Greenland have been increasing 211 

with climate change, driving increases in Hg in little auks (Fort 212 

et al. 2016). Neurotoxic effects of Hg may dampen reaction 213 

norms, resulting in a positive antagonistic interaction between 214 

warming and Hg contamination on foraging behavior. In 215 

particular, increasing flying and diving, which have energetic 216 

costs of ~7.24 and 9.37  BMR (Ste-Marie et al. 2022), could 217 

prove untenable for contaminated birds (in red) with reduced 218 

metabolic or locomotory efficiency, forcing reliance on lower quality resources and jeopardizing fitness 219 

(Amélineau et al. 2019).  220 

 221 

     Finally, climate change-associated declines in resource availability or quality could elevate 222 

contaminant exposure and/or toxicological effects, inducing interactive effects. Contaminant 223 

concentrations often rise with declines in body mass and adipose or muscle tissue (Bustnes et al. 2010; 224 

Peterson et al. 2018). In northern elephant seals (Mirounga angustirostris), blood Hg increased by 103% 225 

during the breeding season fast in association with increased blood volume and muscle tissue (Peterson et 226 

al. 2018), and lipophilic PCBs were mobilized from blubber to blood during the post-weaning fast 227 

(Debier et al. 2006). Furthermore, climate change-induced fluctuations in prey availability could force 228 

predators to exploit alternative prey, influencing contaminant loads. With warming conditions, 229 

Greenlandic polar bears shift to exploit subarctic hooded (Crystophora cristata) and harp seals (Phoca 230 

Sea ice becomes more distant with 

warming temperature
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groenlandica), which have higher POP loads than arctic ringed seals (Pusa hispida). This diet shift is 231 

dampening declining trends (linked to decreased emissions) in the POP loads of polar bear adipose tissue 232 

(McKinney et al. 2013). Altered resource dispersion and search costs associated with climate change 233 

could also affect food intake rates, creating feedbacks. For instance, in canvasback ducks (Aythya 234 

valisineria) Cd uptake declines with increased resource dispersion, which increases search costs and 235 

decreases food intake (Lovvorn & Gillingham1996).  236 

Contaminant-by-predation risk interactive effects on foraging. Evidence also exists for contaminant-by-237 

predation pressure interactive effects on foraging behavior, although only one study focused on 238 

endotherms (Table 1, S2). Heightened risk-sensitivity in Hg-exposed zebra finch induced larger 239 

reductions in foraging under predation risk, leading to a negative synergistic effect on energy intake 240 

(Kobiela et al. 2015). Alternatively, as suggested for zinc (Zn)-exposed damselfly larvae (Ischnura 241 

elegans), contaminated individuals with heightened energetic costs might be unable to tradeoff foraging 242 

against vigilance, canalizing reaction norms and generating negative antagony (Janssens et al. 2014). A 243 

similar outcome is predicted if contaminants interfere with predator cue detection (Ehrsam et al. 2016). 244 

Conversely, positive antagony might arise if energetically-stressed contaminated individuals increase 245 

foraging effort only in absence of predation risk, as in Cd-exposed mayfly nymphs (Baetis tricaudatus) 246 

(Riddell et al. 2005). Importantly, climate change can either intensify or ameliorate predation risk. For 247 

instance, sea ice loss reduces predation on ground-nesting seabirds by denying Arctic foxes access to 248 

island colonies (Chaulk et al. 2007; Eamer et al. 2013), but increases predation from polar bears, which 249 

shift from marine to terrestrial resources earlier in the season (Iverson et al. 2014). Actions of 250 

contaminants on risk sensitivity, or ability to balance tradeoffs, may mediate Arctic animals’ responses to 251 

shifting predation pressures, but empirical examples remain lacking. 252 

 253 

Assimilation and metabolic efficiency 254 

Studies documenting contaminant-by-environment interactive effects on assimilation (AE) and metabolic 255 

(ME) efficiency were exclusively on ectotherms, and primarily involved interactions with temperature 256 
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(Table 1, S3). Many contaminants affect parameters important to AE and ME. For example, metal 257 

exposure can cause anemia, compromise oxygen transport by hemoglobin (Calisi et al. 2011), interfere 258 

with enzymes involved in glycolysis and electron transport, and increase mitochondrial protein leak, 259 

reducing ATP production (Sokolova & Lannig 2008; Branca et al. 2020). Exacerbation of effects at high 260 

temperature may be mediated by increasing toxicity, generating negative synergy. For example, high 261 

temperatures induced stronger, rapider Cd-related declines in digestive enzyme function in threespine 262 

stickleback (Gasterosteus aculeatus) (Hani et al. 2018). Examples of negative antagonistic interactions 263 

also exist. For instance, a flame retardant’s negative effect on AE in white seabream (Diplodus sargus) 264 

declined at higher temperatures, perhaps reflecting enhanced contaminant metabolism and clearance at 265 

higher temperature, or higher growth rates (Anacleto et al. 2018).  266 

     A few studies explored interactive effects of contaminants with predation risk and parasitism. One 267 

reported a significant interaction (Table 1, S3), wherein two POP pesticides, atrazine and endosulfan, 268 

combined with predation risk to have a negative synergistic and negative antagonistic effect, respectively, 269 

on the AE of damselfly larvae (Coenagrion puella) (Campero et al. 2007). Resource availability could 270 

also interact with contamination to affect AE and ME, although no empirical demonstrations exist. 271 

Climate-change related shifts in prey use or availability may reduce AE, exacerbating contaminant effects 272 

and reduce trophic energy transfer. Thick-billed murres displayed 5.6% higher AE when fed on cold-273 

associated Arctic cod than on capelin (Mallotus villosus), a difference explained by cod’s higher fat 274 

content. This relationship could be modified by contaminant exposure if effects of contaminants on 275 

enzyme function depend on food nutrient content (Brekke & Gabrielsen 1994). 276 

 277 

Energy demand 278 

Metabolism  279 

Contaminant-by-temperature interactive effects on metabolism. Examples of contaminant-by-280 

environment interactive effects on metabolic traits primarily involved metabolic responses of individuals 281 

to temperature challenge (Table 1, S4). In endotherms, cold-associated increases in BMR are driven by 282 
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increasing sizes of organs involved in energy acquisition and assimilation, which enhances body 283 

temperature maintenance and survival, while decreased BMR at warmer temperatures conserves energy 284 

and limits need for heat dissipation (McKechnie 2008). Contaminant exposure could interfere with the 285 

ability to adjust MR to temperature, generating interactive effects. For example, mice exposed to arsenic 286 

(As) displayed reduced oxygen consumption and energy expenditure only when thermally challenged. 287 

This positive antagonistic effect could compromise thermoregulatory capacity, compromising 288 

survivorship (Castriota et al. 2020). Such an effect could reflect endocrine disruption by contaminants, 289 

which can increase or suppress MR. For example, in Arctic breeding black-legged kittiwakes, BMR 290 

correlated positively with perfluorotridecanoate (a PFAS) levels in females, but negatively with the sum 291 

of detected chlordanes (an OC metabolite) in both sexes (Blévin et al. 2017). Opposing effects of these 292 

contaminant types may reflect different actions on the HPT axis (Box 1). Furthermore, contaminants, 293 

such as methylmercury, can limit mitochondrial oxidation and ATP production, which could suppress 294 

MR, limiting capacity for upregulation (Gonzalez et al. 2005).  295 

Other contaminant-by-environment interactive effects on metabolism. Animals often adjust MR in 296 

response to resource levels, and contaminant exposure may interfere with these responses, as indicated by 297 

some research, limited to ectotherms (Table S4). For example, lake chubsuckers (Erimyzon sucetta) 298 

exposed to metals reduced standard metabolic rate (SMR) less when subjected to food limitation than 299 

unexposed fish, resulting in negative antagony (Hopkins et al. 2002). SMR could be elevated by 300 

detoxification costs (Verreault et al. 2007), limiting downregulation and interfering with an important 301 

energy conservation mechanism. In contrast, food limitation magnified suppressive effects of PCBs on 302 

lipid metabolism in Arctic char (Salvelinus alpinus), resulting in a negative synergistic effect that could 303 

compromise energy balance (Vijayan et al. 2006).  304 

     Changes in predation risk linked to climate change could also induce changes in metabolism that are 305 

sensitive to contaminant exposure, with possible responses including acute increases to support fight-306 

flight responses, or decreases reflecting suppressed activity and increased refuge use (Tan et al. 2020). 307 
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However, neither of two studies examining contaminant-by-predation risk effects on metabolism reported 308 

significant interactions (Burraco et al. 2013; Tan et al. 2020).  309 

     Finally, in the only study testing contaminant-by-parasitism interactive effects on metabolism, 310 

parasitism elevated activity of the electron transport system in Cockle (Cerastoderma edule), but arsenic 311 

(As) exposure reduced this effect (Magalhães et al. 2018). This positive antagonistic effect could limit the 312 

ability to elevate energy expenditure to combat infection. 313 

 314 

Thermoregulation 315 

Contaminant-by-temperature interactive effects on thermoregulation. Empirical demonstrations of 316 

contaminant-by-temperature interactive effects on thermoregulation in endotherms are limited to four 317 

studies (Table 1, S5). For example, Hg contamination and high temperature synergistically reduced tree 318 

swallow (Tachycineta bicolor) nestlings’ survival, which was hypothesized to reflect impaired 319 

thermoregulatory capacity via disrupted THs (Hallinger & Cristol 2011; Table S4). In ectotherms, 320 

considerably more work has been done (Table 1, S5). For instance, exposure to copper (Cu) and the 321 

legacy POP dichlorodiphenyltrichloroethane (DDT) narrowed the thermal tolerance window in medaka 322 

fish (Oryzias melastigma), and exposure to high temperatures and the contaminants synergistically 323 

decreased heat shock defense mechanisms (Li et al. 2022). In addition, carabid beetles (Platynus 324 

assimilis) exposed to an insecticide were unable to maintain body temperature and survive as temperature 325 

increased (Merivee et al. 2015).  326 

     Although largely undocumented, contaminant-by-temperature interactive effects on thermoregulation 327 

may be important in Arctic endotherms, due to their unique thermal biology. Arctic animals have 328 

adaptations, such as subcutaneous fat and short legs, that minimize heat loss, increasing risk of heat stress 329 

(Blix et al. 2016; O’Connor et al. 2021). For example, due to subcutaneous fat stores, Arctic reindeer 330 

(Rangifer tarandus) rapidly generate excess heat when exercising, and have evolved specialized blood 331 

flow patterns to prevent cerebral overheating (Blix et al. 2016). High latitude animals from cold climates 332 
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also often have lower surface area to volume ratios to conserve heat (Scholander et al. 1950), and higher 333 

MRs than other species of comparable body size, amplifying risk of heat stress (Choy et al. 2021).  334 

     Mechanistically, contaminant-by-temperature interactive effects on thermoregulation may reflect 335 

disrupted acclimatization responses. For instance, small birds overwintering in temperate zones employ 336 

facultative hypothermia to conserve energy (McKechnie & Lovegrove 2002), and increase cold tolerance 337 

by elevating BMR and reducing thermal conductance (Douglas et al. 2017). Endotherms also display 338 

facultative hyperthermia to reduce need for water to drive evaporative cooling (Hetem et al. 2014; 339 

Douglas et al. 2017; Gerson et al. 2019b). On a related vein, endotherms can adjust heat dissipation 340 

capacity to maintain optimal function (Speakman 2018). In lieu of effective heat dissipation, 341 

hyperthermia results, which can damage proteins, induce oxidative stress or be fatal (Speakman & Król 342 

2010; Tapper et al. 2020; Rogers et al. 2021). Heat dissipation capacity has strong effects during energy-343 

intensive life-history stages, such as lactation (Speakman & Król 2010; Zhao et al. 2020), or nestling 344 

provisioning (Tapper et al. 2020), and may limit DEE in Arctic animals adapted to retain heat (Blix 2016), 345 

and large animals with low surface area to volume ratios (Rogers et al. 2021). Box 4 discusses 346 

physiological mechanisms that could underlie disruption of thermoregulatory responses by contaminants, 347 

generating interactive effects.  348 

     Projected gradual increases in mean temperatures are within the range of acclimatization responses, 349 

and may not result in thermal stress (McKechnie 2008), especially at high latitudes (Fort et al. 2009; 350 

Amélineau et al. 2019). However, adjustments in BMR and body temperature can occur between and 351 

within days (McKechnie 2008). Thus, climate change-linked increases in temperature fluctuations and 352 

extreme weather (Meehl & Tebaldi 2010) could increase potential for contaminant-linked changes in 353 

BMR and thermal setpoints to compromise energy balance. Furthermore, at higher temperatures, 354 

increasing detoxification costs, bioavailability and toxicity, and cellular damage related to heat stress 355 

could cause synergistic increases in BMR and thermal challenge (Verreault et al. 2007; Hooper et al. 356 

2013). Conversely, warmer temperatures sometimes increase contaminant clearance (Noyes et al. 2009), 357 

which might ameliorate detoxification costs, reduce BMR, and generate antagonistic effects. 358 
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Other types of contaminant-by-environment interactive effects on thermoregulation. Contaminant 359 

exposure might also interact with environmental variables besides temperature to affect thermoregulation 360 

(Table 1, S5). For example, a positive synergistic interaction occurred between radioactivity exposure and 361 

nutritional stress in barn swallows (Hirundo rustica) (Boratyński et al. 2021). Birds in poor condition 362 

upregulated body temperature more with radioactivity exposure, compromising energy balance and 363 

increasing risk of overheating. Similarly, in damselfly larvae (Ischnura elegans), exposure to an 364 

organophosphate (OP; chlorpyrifos), a CEAC, reduced heat tolerance, but only when competition for 365 

resources was high (Op de Beeck et al. 2018). Predation risk and parasitism could also combine with 366 

contamination to affect thermoregulatory ability via effects on behavior and energy balance. However, the 367 

two studies testing for such effects reported additive results (Table 1, S5).  368 

Contaminant-by-environment interactive effects on behavioral thermoregulation. A limited number of 369 

studies on ectotherms have reported contaminant-by-environment interactive effects on behavioral 370 

thermoregulation (Table S5). Neurotoxic or endocrine disrupting effects of contaminants can interfere 371 

with behavioral plasticity that facilitates thermoregulation, such as foraging during crepuscular periods to 372 

avoid thermal stress (Hetem et al. 2014). In addition, behavioral thermoregulation strategies often entail 373 

tradeoffs, with which contaminated individuals might be unable to cope. For instance, microhabitats 374 

selected for thermoregulatory advantages may have lower food availability or increased predation risk 375 

(Hetem et al. 2014). Furthermore, the behavioral thermoregulatory strategy that proves adaptive may be 376 

altered when temperature and contaminant stress are experienced in combination, relative to in single 377 

stress scenarios. For example, Mongolia racerunners (Eremias argus) exposed to the insecticide 378 

abamectin displayed higher body temperature preference as a detoxification mechanism. However, lizards 379 

jointly exposed to abamectin and heat stress simultaneously face elevated MR and repair costs linked to 380 

contaminant and heat exposure, and decreased locomotion and predatory performance caused by 381 

contamination. Under this extreme stress, lizards shift to display a heat-avoidance reaction, resulting in a 382 

positive synergistic effect on thermal shelter use, which is a short-term means of conserving energy, but 383 

might ultimately compromise energy balance (Nie et al. 2022). 384 
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 385 

Box 4: Mechanisms through which contaminants could interfere with thermoregulation: 386 

Contaminant exposure may interfere with thermoregulation via endocrine disruption, with effects on the 387 

HPT axis particularly relevant, due to its role in mediating thermoregulation in vertebrates (Verreault et 388 

al. 2004, 2007; Wada et al. 2009). Contaminants could also impact thermoregulation via effects on body 389 

composition (more lean versus adipose tissue) and the integument (feather, fur quality). Contaminated 390 

individuals often have less adipose tissue, which increases heat loss and decreases metabolic capacity 391 

(Eckbo et al. 2019). Conversely, 392 

contaminants associated with lipid 393 

accumulation (“obesogens”; Grün & 394 

Blumberg 2009) may interfere with 395 

upregulation of heat dissipation as 396 

temperatures increases, generating an 397 

antagonistic effect on body temperature and 398 

limiting DEE. Poor quality feathers or fur could also increase thermal conductance, increasing need to 399 

elevate MR to maintain body temperature. In addition, contamination could interfere with 400 

microvasodilation or constriction responses that affect cutaneous evaporation, impair behavioral 401 

responses such as panting and gular flutter, modify activity patterns (McKechnie & Wolf 2019), and alter 402 

mitochondrial function via uncoupling protein (UCP) (Demine et al. 2019). In mammals, UCPs control 403 

dissipation of the proton gradient across the mitochondrial membrane, enhancing thermogenesis. T3 also 404 

regulates uncoupling, further implicating the HPT axis as a target of contaminant-mediated effects on 405 

thermoregulation (Demine et al. 2019). Finally, contaminants can elicit changes in homeostatic 406 

temperature regulation, which could interfere with responses to environmental conditions. For instance, 407 

hypothermia often occurs in rodents exposed to contaminants, and heat stress may exacerbate toxicity by 408 

overriding this response (Gordon et al. 1990; Leon 2008; Holmstrup et al. 2010).  409 

 410 
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Physical activity  411 

DEE correlates with physical activity in free-living animals and can predict fitness (Grémillet et al. 2018; 412 

Wilson et al. 2020), suggesting importance of contaminant-by-environment interactive effects on activity. 413 

Table S1 gives relevant examples for foraging activity. Examples pertaining to activity in other contexts 414 

mostly involved interactive effects of contaminant exposure with predation risk or temperature, and all 415 

but two were on ectotherms (Table 1, S6). 416 

Contaminant-by-temperature interactive effects on activity. Eleven studies (one on endotherms) reported 417 

significant contaminant-by-temperature interactive effects on activity, with no one interaction type clearly 418 

dominating. For instance, female mice (Mus musculus) prenatally exposed to methylmercury showed 419 

inactivity during an open field test, but this effect was dampened in combination with thermal stress, 420 

resulting in negative antagony (Yin et al. 1997). Different types of contaminant-by-temperature 421 

interactive effects on activity are predicted to have distinct implications for energy balance. For example, 422 

rising temperatures can elevate activity-related energy costs in endotherms. Heat generated by activity 423 

offsets thermoregulatory costs under cold conditions (Careau & Garland 2012), but must be dissipated as 424 

temperature rises, via vasodilation and evaporative water loss (McKechnie & Wolf 2019; O’Connor et al. 425 

2021). Thus, thermally-stressed organisms may downregulate activity to conserve energy and water, a 426 

strategy that may be disrupted by negative antagonistic or positive synergistic interactive effects with 427 

contaminants. Conversely, increasing temperature may increase performance, especially in ectotherms, 428 

and this effect may be dampened via positive antagonistic interactions with contamination (e.g. Quiroga 429 

et al. 2019). 430 

Contaminant-by-predation risk interactive effects on activity. Seven studies on ectotherms (no studies 431 

exist on endotherms) reported negative antagonistic interactions between contaminant exposure and 432 

predation risk (Table 1, S6). For example, metal-exposed round goby (Neogobius melanostomus) 433 

downregulated activity less than unexposed individuals under predation risk (Marentette & Balshine 434 

2012). A similar effect could be classified as positive synergy, if activity in contaminated individuals 435 

under predation risk is greater than the additive prediction (e.g. Preston et al. 1998; Janssens & Stoks 436 
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2012). As for foraging, this interactive effect could reflect neurological effects of contaminants that 437 

promote hyperactivity, or need to maintain high energy intake to cover detoxification costs. Sustained 438 

activity under predation risk could have fitness implications. For example, in the rotifer (Brachionus 439 

calyciflorus), pentachlorophenol exposure reverses adaptive decreases in swimming speed that reduce 440 

predator encounters rate, with exposed B. calyciflorus displaying an ~30% increase in swimming speed in 441 

presence of the predatory rotifer (Asplanchna girodi), elevating predation risk by ~50% (Preston et al. 442 

1998). In contrast, a negative synergistic effect between predation risk and contaminant exposure was 443 

observed in wolf spiders (Pardosa milvina), which only reduced movement in response to cues from 444 

predatory carabid beetles (Scarites quadriceps) if exposed to a glyphosate-based herbicide (Wrinn et al. 445 

2012). 446 

 447 

Immune defense  448 

     The immune system is a complex, costly component of energy demand (Sheldon & Verhulst1996) 449 

which is vulnerable to contaminant-by-environment interactive effects. Of four studies testing for such 450 

effects in endotherms (Table 1, S7), one reported a possible interaction, involving one of three metals 451 

studied. More specifically, parasitism moderately reduced Hg-induced elevation of superoxide production 452 

by macrophages in mouse (Mus musculus) (Jalčová & Dvorožnáková 2014). Such positive antagonistic 453 

effects between parasitism and contaminant exposure could reflect sequestering of contaminants by the 454 

parasite. Stimulatory and suppressive effects of contaminants on immune parameters in endotherms have 455 

been reported (Desforges et al. 2016; Vallverdú-Coll et al. 2019), with diverse mechanisms implicated, 456 

including interference with the aryl hydrocarbon receptor (Suzuki et al. 2020; Bou Zerdan et al. 2021). 457 

For instance, in polar bears, PCBs and OCPs have immunosuppressive effects on circulating 458 

immunoglobulin class G, production of viral antibodies, and proliferation of T and B lymphocytes (Routti 459 

et al. 2019). These impairments might heighten sensitivity to intensified pathogen regimes (Sonne 2010; 460 

Desforges et al. 2016; Dietz et al. 2019). For Arctic endotherms, contaminant-by-environment interactive 461 

effects on the immune system may pose a poignant threat, since the Arctic is characterized by low 462 
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pathogen levels, deeming organisms maladapted to cope with increases in pathogen prevalence under 463 

climate change (Bradley et al. 2005; Sonne 2010; Routti et al. 2019). 464 

     In ectotherms, studies have reported both synergistic and antagonistic interactions between 465 

contaminant exposure and other environmental stressors (Table 1, S7). For example, in black sea bream 466 

(Acanthopagrus schlegelii) positive effects of Zn on phagocytosis and lysosome activity were increased at 467 

higher temperature, which could prime organisms to cope with pathogen challenge, but magnify effects 468 

on energy demand (Kim et al. 2017). On the other hand, in Pond snails (Physa gyrina), a stimulatory 469 

effect of the herbicide atrazine on hemocyte numbers disappeared under predation pressure (Sandland & 470 

Carmosini 2009). This positive antagonistic interaction could reflect reduced energy intake under 471 

predation risk, deeming increased energy investment in response to contaminant exposure impossible or 472 

unbeneficial. 473 

 474 

Energy storage  475 

The balance between energy supply and demand affects energy storage capacity, which is critical during 476 

particular life history stages, such as prior to migration or hibernation (Guglielmo 2018; Weitten et al. 477 

2018), before breeding in capital breeders (Gauthier et al. 2003), and in animals preparing for winter 478 

resource scarcity (Blix 2016). Since certain diets promote or hinder fatty acid synthesis (Weitten et al. 479 

2018), climate change-related shifts in resource availability may be detrimental to energy storage. 480 

Scarcity of essential food resources during critical periods may force animals to use alternative resources, 481 

or increase spatiotemporal scope of foraging effort. Contaminant exposure may combine with climate 482 

change-related effects on energy storage through a variety of mechanisms (Box 5). 483 

     Two studies tested for contaminant-by-environment interactive effects on variables related to energy 484 

storage in endotherms, both involving metal contamination in birds (Table 1, S8). First, there was no 485 

interactive effect between metal contamination and weather conditions, including temperature, on body 486 

condition of tree swallows (Beck et al. 2015). Second, Hg-exposed zebra finches lost more mass than 487 

controls only under predation risk, resulting in a negative synergistic interaction that was mediated by 488 
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increased risk sensitivity (Kobiela et al. 2015). Given climate change-linked elevation in predation risk, 489 

such an effect could further undermine contaminated organisms’ ability to store energy. 490 

     In ectotherms, studies reporting contaminant-by-environment interactive effects on energy storage all 491 

involved temperature (Table 1, S8). In Cope's gray tree frog (Hyla chrysoscelis), metal exposure and 492 

elevated temperatures synergistically reduced body condition, reflecting combined effects of elevated MR 493 

at high temperatures and detoxification costs (Hallman & Brooks 2016). In contrast, in goldfish 494 

(Carassius auratus), a negative antagonistic effect occurred in which a POP-containing pesticide mixture 495 

decreased the hepatosomatic index (reflecting energy reserves) and muscle protein content at control, but 496 

not elevated temperatures (Gandar et al. 2016). Studies in ectotherms also assessed combined effects of 497 

contamination and parasitism, predation risk and food shortage, but none reported significant interactions 498 

(Table 1; S8).  499 

 500 

Box 5. Mechanisms underlying effects of contaminants and climate change on energy storage. 501 

Contaminant exposure may disrupt metabolic processes and behavioral plasticity facilitating energy 502 

storage, and potentially exacerbating climate 503 

change-linked stress through cumulative 504 

effects that may be additive or interactive. For 505 

instance, some flame retardants and PCBs 506 

promote lipid accumulation, disrupting body 507 

mass regulation (Grün & Blumberg 2009). 508 

These obesogens interfere with endocrine 509 

regulation of metabolism and neuroendocrine 510 

effects on appetite and feeding, and are 511 

implicated in metabolic syndromes and obesity 512 

in humans (Grün & Blumberg 2009), and inappropriate weight gain in animals (Marteinson & Fernie 513 

2019). Obesogens have potent effects early in life, predisposing individuals to altered metabolic profiles 514 
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(Muscogiuri et al. 2017), and in the wild, where decreased maneuverability jeopardizes fitness 515 

(Marteinson & Fernie 2019). Altered predation pressure under climate change, such as that of glaucous 516 

gulls (Larus hyperboreus) on little auks (Wojculanis et al. 2005), could favor decreases in lipid reserves 517 

to increase maneuverability. Obesogens could block downregulation of lipid storage under elevated 518 

predation risk, resulting in an antagonistic effect on lipid storage (left), but synergistic effect on 519 

survivorship (right) (C= contaminated, UC= uncontaminated). Conversely, Cd has disruptive effects on 520 

lipid metabolism and storage in fish, mammals and birds (Pierron et al. 2007; Larregle et al. 2008; Lucia 521 

et al. 2010), and methylmercury also interferes with lipid metabolism (Moreira et al. 2012). These effects 522 

may be magnified by climate change if warmer temperatures increase chemical toxicity, resulting in a 523 

synergistic interaction. In addition, contaminant-linked appetite suppression may block increased feeding 524 

and accumulation of energy reserves, with this effect magnifying negative effects on energy storage under 525 

low resource availability  (Groh et al. 2015).  526 

 527 

Energy allocation  528 

Assuming limited energy budgets, organisms must tradeoff allocating energy between competing 529 

functions, such as survival and reproduction (Van Noordwijk & de Jong 1986). Climate change and 530 

contaminant exposure may combine in diverse fashions to interactively affect energy allocation.  531 

Shifting investment towards self-maintenance. First, climate change might intensify energetic tradeoffs 532 

between survival and reproduction by shifting environmental conditions away from the optimum, 533 

reducing resource availability or quality, leading to mismatches between breeding phenology and 534 

resource peaks (Thomas et al. 2001), and increasing energy demands, such as immune costs. In this 535 

scenario, organisms may enter an emergency life-history stage, and reduce energy investment into 536 

reproduction (Wingfield et al. 1998; McEwen & Wingfield 2003). Contaminant exposure could lower the 537 

threshold in environmental challenge (e.g. resource shortage) at which individuals terminate reproduction, 538 

by impairing energy reserves and resource garnering capacity, leading to a negative synergistic effect. 539 

Contaminant exposure has been associated with reduced incubation attentiveness (Tartu et al. 2015), 540 
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offspring provisioning (Evers et al. 2008), and reproductive success (Tartu et al. 2016), although 541 

interactive effects with climate change-linked environmental variables remain undocumented.  542 

     Contaminant effects on reproductive effort may be linked to effects on hormones that mediate 543 

reproductive effort, including CORT, prolactin and luteinizing hormone. For instance, prolactin and Hg 544 

levels negatively correlated in two polar seabirds, the black-legged kittiwake and snow petrel 545 

(Pagodroma nivea), with breeding success in kittiwakes also suppressed (Tartu et al. 2015, 2016). 546 

Contaminant-linked disruption of hormones could undermine adjustments in reproductive effort with 547 

environmental change. Research suggests synergistic effects of environmental conditions and 548 

contamination on reproductive investment and success. For example, south polar skuas (Catharacta 549 

maccormicki) exposed to mirex (an organochlorine insecticide) and DDT reduced nest defense and 550 

displayed increased reproductive failure only in a year of high environmental stress, characterized by high 551 

baseline CORT (Goutte et al. 2018). Baseline CORT is a proxy of food availability and energetic 552 

challenge in seabirds (Kitaysky et al. 2007). Furthermore, reproductive success of Hg-exposed tree 553 

swallows declined only under warm conditions, which could be mediated by disruption of THs and 554 

thermoregulatory capacity (Hallinger & Cristol 2011). 555 

     Effects of climate change and contaminants on energy allocation may be especially pronounced in 556 

long-lived species which facultatively skip breeding. Frequency of skipping breeding increases in red-557 

footed boobies (Sula sula) in El Niño years (Cubaynes et al. 2011), and common murres (Uria aalge) in 558 

winters with high sea surface temperature (Reed et al. 2015), with both phenomena predicted to increase 559 

with climate change. Contaminated seabirds, such as Hg-exposed black-legged kittiwakes, also skip 560 

breeding more often (Tartu et al. 2013). Deteriorating conditions for breeding and concomitant increases 561 

in contaminant exposure or toxicity might additively or synergistically reduce breeding incidence and 562 

population stability, with synergistic effects potentially induced if the combination of the two stressors 563 

caused organisms to surpass a threshold past which breeding activity could not be sustained. 564 

Increased reproductive investment. Conversely, contaminated individuals might maladaptively sustain 565 

reproductive effort under poor conditions, compromising energy balance and survivorship. Behavioral 566 
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adjustments promoting self-maintenance over reproduction are mediated by elevation of GCs in 567 

vertebrates (McEwen & Wingfield 2003; Tartu et al. 2013). These responses are often adaptive, and could 568 

stabilize populations. Contaminated individuals could have a reduced threshold for downregulating 569 

reproduction, mediated by increased HPA activity. However, both Hg and POPs can reduce HPA 570 

sensitivity (Box 2). For example, Hg-exposed tree swallows displayed suppressed adrenocortical stress 571 

responses (Wada et al. 2009), which could increase the threshold for abandoning reproduction under 572 

environmental stress. Contaminant exposure could also trigger increased reproductive investment by 573 

accelerating senescence and inducing terminal reproductive effects (Koivula & Eeva 2010; Dietz et al. 574 

2019). These effects could be exacerbated by climate change-driven effects, such as increased 575 

environmental challenge or altered growth trajectories (Burraco et al. 2020).    576 

Reduced energetic costs. Climate change-linked decreases in thermoregulatory costs at high latitudes 577 

could counterbalance effects of diminished resource supply on the survival-reproduction tradeoff, 578 

allowing maintenance of reproductive effort, even given synergistic effects of resource shortage and 579 

contamination on energy supply. Indeed, warming Arctic temperatures reduced thermoregulatory costs 580 

for dunlin (Calidris alpina) chicks, allowing sustained growth despite reduced resource availability 581 

(McKinnon et al. 2013). Reduced thermoregulatory costs could favor increased reproductive effort, 582 

potentially with self-maintenance costs, but feasibility of upregulating reproductive effort could decline 583 

with contamination. 584 

 585 

Energy management strategy  586 

Interfering with EMS. Organisms can adjust the EMS through which they balance investment into BMR, 587 

AEE and DEE depending on energy availability and physiological state (Careau & Garland 2012; Halsey 588 

et al. 2019). Abundant resources may enable an independence or performance EMS. In independent 589 

energy management, no restriction on energy expenditure exists, and BMR and activity additively affect 590 

DEE. BMR does not covary with activity and positively covaries with DEE. In performance energy 591 

management, an intrinsic positive association between BMR, activity and DEE exists, and upregulating 592 
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BMR mobilizes energy for activity. Conversely, given resource shortage or intense energy demand, a 593 

limit to DEE is approached, inducing a BMR-activity tradeoff, and constrained energy management, in 594 

which BMR and DEE do not covary (Careau & Garland 2012; Halsey et al. 2019).  595 

     Contaminant exposure may interfere with animals’ capacity to manage energy use given climate 596 

change-associated challenges. First, contaminant-linked increases in BMR could prevent downregulation 597 

of BMR and constrained energy management (Fig. 3a), deeming individuals unable to compensate for 598 

energy shortage, and forcing reduced reproductive investment (Fig. 3a). In incubating black-legged 599 

kittiwakes, a decrease in BMR before hatching decreases investment into self-maintenance and increases 600 

investment into chick provisioning (Blévin et al. 2017). As aforementioned, kittiwakes exposed to PFASs 601 

displayed elevated BMR, which could compromise ability to downregulate BMR and increase 602 

reproductive investment (Blévin et al. 2017). Several studies on Arctic seabirds (although not Blévin et al. 603 

2017) document positive relationships between PFASs and THs (e.g. Ask et al. 2021), suggesting that 604 

thyroid disruption could mediate changes in metabolism and behavior (Box 1). If climate change 605 

increases energetic costs of incubation, or resource limitation, inability to modulate BMR to conserve 606 

energy could become increasingly problematic. Conversely, contaminant-linked suppression of BMR 607 

might interfere with upregulation of BMR and performance energy management (Fig. 3b). If birds must 608 

feed chicks at higher rates to compensate for reduced prey quality (Senécal et al. 2021), or increase 609 

foraging time to maintain provision rates at low prey density (Harding et al. 2007), importance of 610 

performance energy management could increase.  611 

     Furthermore, contaminant exposure might affect when individuals adopt different EMSs. For example, 612 

contaminant exposure might magnify effects of climate change-linked energy shortages, such that 613 

contaminated individuals with elevated BMRs reach a threshold in DEE and switch between 614 

independent/performance and constrained EMSs at lower AEE, and spend more time employing 615 

constrained energy management (Fig. 4), potentially reducing fitness.  616 

 617 

Future directions 618 
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We currently lack clear understanding regarding which contaminant-by-environment interactive effects 619 

result in broad-scale changes in population and ecosystem dynamics. To build a comprehensive 620 

understanding of bioenergetic outcomes and predict large scale responses, we particularly encourage 621 

research in the following areas. 622 

How do lower level effects (e.g. on MR) combine to affect higher bioenergetic (e.g. DEE) and fitness 623 

traits? Effects exerted across multiple lower level bioenergetic processes, such as BMR and activity, 624 

might combine to determine higher level effects on energy balance, DEE, and fitness. First, effects of 625 

contamination on lower level traits could combine to amplify higher level effects (Fig. 5a). Conversely, 626 

effects on lower level traits could counteract one another, dampening higher level effects (Fig. 5b). In 627 

either case, considering effects on multiple traits will aid in predicting energetic outcomes.   628 

Which species, populations, individuals? Vulnerable species’ responses will serve as fulcrums around 629 

which broader-scale contaminant-by-environment interactive effects become manifest. Thus, identifying 630 

traits that determine vulnerability is essential. High trophic level species experience biomagnification 631 

(Burger & Gochfeld 2004; Michelutti et al. 2010), and may be more sensitive to contaminant-induced 632 

effects on bioenergetics. Species also differ in evolved detoxification mechanisms, affecting sensitivity to 633 

contamination (Ikemoto et al. 2004). Furthermore, vulnerability may be higher in long-lived species due 634 

to bioaccumulation (Burger & Gochfeld 2004), and in species and populations occupying habitats or areas 635 

that serve as contaminant sinks (e.g. the Arctic; agricultural fields). Individuals may also differ in 636 

contaminant exposure due to feeding specialization and differences in spatial movement (Saaristo et al. 637 

2018; Leat et al. 2019). 638 

     With respect to sensitivity to climate change, vulnerability may be elevated in species inhabiting 639 

regions experiencing rapid change (e.g. polar regions), environments close to thermal tolerance limits, or 640 

areas lacking options for spatiotemporal shifts in range or phenology (Parmesan 2006). Range-edge 641 

populations may be pre-adapted to cope with climatic extremes (Rehm et al. 2015), but may also suffer 642 

from reduced genetic diversity, potentially limiting scope for genetic response (Eckert et al. 2008). 643 

Overlap between high vulnerability to contaminant- and climate-related stress will determine species and 644 
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populations of concern. Finally, determining physiological, behavioral and energetic characteristics that 645 

heighten sensitivity once exposure occurs will be important.  646 

When and over which timescales? Vulnerability to contaminant-by-environment interactive effects may 647 

increase during energy-intensive life history stages, or periods of environmental challenge, including 648 

winter at high latitudes (Fort et al. 2009, 2015). Research demonstrates shifts in spatiotemporal variation 649 

in energy balance with climate change-associated environmental variation (Amélineau et al. 2018; 650 

Clairbaux et al. 2021). Contaminant exposure now needs to be integrated into models. Contaminant 651 

exposure may be concentrated during particular times of the year or life history stages (Fort et al. 2014). 652 

Exposure may be higher on breeding or wintering grounds (Albert et al. 2021), and effects may increase 653 

with age due to bioaccumulation (Burger & Gochfeld 2004). Studies are needed that span annual cycles 654 

and lifespans, and explore timeframes over which effects operate. There could also be lag-times between 655 

exposure and when effects become manifest, meaning that stressors need not occur simultaneously to 656 

produce interactive effects (Jackson et al. 2021). The timeframe of stress exposure (e.g. pulse versus press 657 

disturbance; Bender et al. 1984) could also affect the nature of effects, and scope for evolutionary 658 

response. Finally, more research is needed on transgenerational effects of contaminants and 659 

environmental stress exposure. For instance, contaminant exposure may impact organisms’ capacity to 660 

respond to climate change across multiple generations through epigenetic alterations in the germline that 661 

promote inheritance of disease (Beck et al. 2022).   662 

Indirect trophic effects? Even organisms physiologically resistant to contaminant exposure or climate 663 

change may suffer effects via indirect pathways (Saaristo et al. 2018). Climate change is restructuring 664 

food webs, affecting how impacts of contaminants on one species propagate to affect others. For instance, 665 

global warming is transforming Arctic marine food webs by introducing boreal generalist fish, reducing 666 

modularity and increasing connectivity. Reduced modularity increases propagation of perturbations, such 667 

as contaminants, through food webs (Kortsch et al. 2015). 668 

Thresholds and other non-linearities? Reaction norms describing effects of contaminant exposure and 669 

environmental stress on energetic traits may be non-linear. Negligible effects may occur below thresholds 670 
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of contamination that challenge detoxification mechanisms, or within the range of environmental 671 

conditions encompassed by acclimatization responses (Fisk et al. 2005). Beyond these thresholds, 672 

energetic responses may range in form from linear to exponential, and plasticity’s ability to buffer fitness 673 

may be surpassed. Research is needed to establish whether contaminant exposure lowers thresholds at 674 

which organisms become vulnerable to environmental change, and vice versa. In addition to thresholds, 675 

other non-linearities in the impact of contaminant exposure or environmental stress deserve further 676 

attention, as they will complicate the nature of interactive effects. Examples include inverse dose-677 

response curves (Vandenberg et al. 2012), and hormetic effects (Sebastiano et al. 2022).  678 

Conclusions Climate change and contaminant exposure can have wide-ranging effects on bioenergetic 679 

traits. These effects may be additive in nature, but substantial evidence exists for both synergistic and 680 

antagonistic interactive effects. Our review revealed relative balance between antagonistic and synergistic 681 

interactions, and like other recent syntheses, suggested that unpredictable, non-additive interactions are 682 

more common than additive effects (e.g. Crain et al. 2008; Darling & Côté 2008). Prevalence of 683 

synergistic interactions was once emphasized, but it has now been suggested that synergies do not prevail 684 

among interaction types (Darling & Côté 2008; Côté et al. 2016). However, addition of a third stressor 685 

can increase prevalence of synergies (Crain et al. 2008), and different studies may employ different null 686 

models, which can affect the interaction types observed (Côté et al. 2016). Synergistic interactions are 687 

often construed as particularly problematic, since they magnify effects on focal traits. Consequentially, 688 

some have argued that conservation actions should target synergies (Côté et al. 2016; Arrigo et al. 2020). 689 

However, for bioenergetic traits, antagonistic interactions may be equally deleterious, since they can 690 

reflect suppression of responses that facilitate energy balance. Moreover, an antagonistic interaction on a 691 

bioenergetic trait may translate into a synergistic effect on reproductive success or survivorship, and 692 

interactive effects on multiple traits may act jointly to amplify or reduce fitness effects. Research on 693 

contaminant-by-climate change interactive effects on free-living organisms remains limited, with a 694 

notable shortage of research on endotherms, and Arctic endotherms in particular. Especially for these 695 

taxa, we have limited latitude to suggest which types of interactive effects are most important. However, 696 
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Arctic endotherms may be highly vulnerable to diverse climate change-by-contaminant interactive effects 697 

due to rapid warming and shifts in contaminant exposure. Predicting future ramifications of climate 698 

change and contaminant exposure on Arctic ecosystems, and globally, will depend on understanding 699 

mechanistic underpinnings of interactive effects, and how different effects will combine to affect fitness, 700 

species interactions, and community dynamics. 701 

Acknowledgements We acknowledge funding from the Horizon 2020 programme (Marie Skłodowska-702 

Curie grants 101025549, 896866), and support from the French Polar Institute (IPEV), through the 703 

ADACLIM program (388). This work contributes to projects ARCTIC-STRESSORS and ILETOP 704 

(ANR‐20‐CE34‐0006, ANR‐16‐CE34‐0005), and the international initiative ARCTOX.  705 

References 706 

Albert, C., Helgason, H. H., Brault-Favrou, M., Robertson, G. J., Descamps, S., Amélineau, F., 707 

Danielsen, J., Dietz, R., Elliott, K., Erikstad, K. E., Eulaers, I., Ezhov, A., Fitzsimmons, M. G., 708 

Gavrilo, M., Golubova, E., Grémillet, D., Hatch, S., Huffeldt, N. P., Jakubas, D., … Fort, J. 709 

(2021). Seasonal variation of mercury contamination in Arctic seabirds: A pan-Arctic assessment. 710 

Science of The Total Environment, 750, 142201. https://doi.org/10.1016/j.scitotenv.2020.142201 711 

AMAP 2021 Mercury Assessment. Summary for Policy-makers. Arctic Monitoring and Assessment 712 

Programme (AMAP). (2021a). Tromsø, Norway. 713 

AMAP Assessment 2020: POPs and Chemicals of Emerging Arctic Concern: Influence of Climate 714 

Change. Arctic Monitoring and Assessment Programme (AMAP). (2021b). Tromsø, Norway. 715 

viii+134pp. 716 

Amélineau, F., Fort, J., Mathewson, P. D., Speirs, D. C., Courbin, N., Perret, S., Porter, W. P., Wilson, R. 717 

J., & Grémillet, D. (2018). Energyscapes and prey fields shape a North Atlantic seabird wintering 718 

hotspot under climate change. Royal Society Open Science, 5(1), 171883. 719 

https://doi.org/10.1098/rsos.171883 720 

https://doi.org/10.1016/j.scitotenv.2020.142201
https://doi.org/10.1098/rsos.171883


 
 

29 

Amélineau, F., Grémillet, D., Harding, A. M. A., Walkusz, W., Choquet, R., & Fort, J. (2019). Arctic 721 

climate change and pollution impact little auk foraging and fitness across a decade. Scientific 722 

Reports, 9(1), 1014. https://doi.org/10.1038/s41598-018-38042-z 723 

Anacleto, P., Figueiredo, C., Baptista, M., Maulvault, A. L., Camacho, C., Pousão-Ferreira, P., Valente, 724 

L. M. P., Marques, A., & Rosa, R. (2018). Fish energy budget under ocean warming and flame 725 

retardant exposure. Environmental Research, 164, 186–196. 726 

https://doi.org/10.1016/j.envres.2018.02.023 727 

Ask, A. V., Jenssen, B. M., Tartu, S., Angelier, F., Chastel, O., & Gabrielsen, G. W. (2021). Per‐ and 728 

Polyfluoroalkyl Substances Are Positively Associated with Thyroid Hormones in an Arctic 729 

Seabird. Environmental Toxicology and Chemistry, 40(3), 820–831. 730 

https://doi.org/10.1002/etc.4978 731 

Bartley, T. J., McCann, K. S., Bieg, C., Cazelles, K., Granados, M., Guzzo, M. M., MacDougall, A. S., 732 

Tunney, T. D., & McMeans, B. C. (2019). Food web rewiring in a changing world. Nature 733 

Ecology & Evolution, 3(3), 345–354. https://doi.org/10.1038/s41559-018-0772-3 734 

Beck, M. L., Hopkins, W. A., Jackson, B. P., & Hawley, D. M. (2015). The effects of a remediated fly 735 

ash spill and weather conditions on reproductive success and offspring development in tree 736 

swallows. Environmental Monitoring and Assessment, 187(3), 119. 737 

https://doi.org/10.1007/s10661-015-4333-9  738 

Beck, D., Nilsson, E. E., Ben Maamar, M., & Skinner, M. K. (2022). Environmental induced 739 

transgenerational inheritance impacts systems epigenetics in disease etiology. Scientific Reports, 740 

12(1), 5452. https://doi.org/10.1038/s41598-022-09336-0 741 

Bender, E. A., Case, T. J., & Gilpin, M. E. (1984). Perturbation Experiments in Community Ecology: 742 

Theory and Practice. Ecology, 65(1), 1–13. https://doi.org/10.2307/1939452 743 

Blévin, P., Tartu, S., Ellis, H. I., Chastel, O., Bustamante, P., Parenteau, C., Herzke, D., Angelier, F., & 744 

Gabrielsen, G. W. (2017). Contaminants and energy expenditure in an Arctic seabird: 745 

Organochlorine pesticides and perfluoroalkyl substances are associated with metabolic rate in a 746 

https://doi.org/10.1038/s41598-018-38042-z
https://doi.org/10.1016/j.envres.2018.02.023
https://doi.org/10.1002/etc.4978
https://doi.org/10.1038/s41559-018-0772-3
https://doi.org/10.1007/s10661-015-4333-9
https://doi.org/10.1038/s41598-022-09336-0
https://doi.org/10.2307/1939452


 
 

30 

contrasted manner. Environmental Research, 157, 118–126. 747 

https://doi.org/10.1016/j.envres.2017.05.022 748 

Blix, A. S. (2016). Adaptations to polar life in mammals and birds. Journal of Experimental Biology, 749 

219(8), 1093–1105. https://doi.org/10.1242/jeb.120477 750 

Bou Zerdan, M., Moussa, S., Atoui, A., & Assi, H. I. (2021). Mechanisms of Immunotoxicity: Stressors 751 

and Evaluators. International Journal of Molecular Sciences, 22(15), 8242. 752 

https://doi.org/10.3390/ijms22158242 753 

Bouton, S. N., Frederick, P. C., Spalding, M. G., & McGill, H. (1999). Effects of chronic, low 754 

concentrations of dietary methylmercury on the behavior of juvenile great egrets. Environmental 755 

Toxicology and Chemistry, 18(9), 1934–1939. https://doi.org/10.1002/etc.5620180911 756 

Boratyński, Z., Mousseau, T. A., & Møller, A. P. (2021). Individual quality and phenology mediate the 757 

effect of radioactive contamination on body temperature in Chernobyl barn swallows. Ecology 758 

and Evolution, 11(13), 9039–9048. https://doi.org/10.1002/ece3.7742 759 

Bradley, M. J., Kutz, S. J., Jenkins, E., & O’Hara, T. M. (2005). The potential impact of climate change 760 

on infectious diseases of Arctic fauna. International Journal of Circumpolar Health, 64(5), 468–761 

477. https://doi.org/10.3402/ijch.v64i5.18028 762 

Branca, J. J. V., Pacini, A., Gulisano, M., Taddei, N., Fiorillo, C., & Becatti, M. (2020). Cadmium-763 

Induced Cytotoxicity: Effects on Mitochondrial Electron Transport Chain. Frontiers in Cell and 764 

Developmental Biology, 8, 604377. https://doi.org/10.3389/fcell.2020.604377 765 

Brekke, B., & Gabrielsen, G. (1994). Assimilation efficiency of adult Kittiwakes and Brünnich’s 766 

Guillemots fed Capelin and Arctic Cod. Polar Biology, 14(4). 767 

https://doi.org/10.1007/BF00239177  768 

Burger, J., & Gochfeld, M. (2004). Marine Birds as Sentinels of Environmental Pollution. EcoHealth, 769 

1(3). https://doi.org/10.1007/s10393-004-0096-4 770 

https://doi.org/10.1016/j.envres.2017.05.022
https://doi.org/10.1242/jeb.120477
https://doi.org/10.3390/ijms22158242
https://doi.org/10.1002/etc.5620180911
https://doi.org/10.1002/ece3.7742
https://doi.org/10.3402/ijch.v64i5.18028
https://doi.org/10.3389/fcell.2020.604377
https://doi.org/10.1007/BF00239177
https://doi.org/10.1007/s10393-004-0096-4


 
 

31 

Burraco, P., Duarte, L. J., & Gomez-Mestre, I. (2013). Predator-induced physiological responses in 771 

tadpoles challenged with herbicide pollution. Current Zoology, 59(4), 475–484. 772 

https://doi.org/10.1093/czoolo/59.4.475 773 

Burraco, P., Orizaola, G., Monaghan, P., & Metcalfe, N. B. (2020). Climate change and ageing in 774 

ectotherms. Global Change Biology, 26(10), 5371–5381. https://doi.org/10.1111/gcb.15305 775 

Burton, T., Killen, S. S., Armstrong, J. D., & Metcalfe, N. B. (2011). What causes intraspecific variation 776 

in resting metabolic rate and what are its ecological consequences? Proceedings of the Royal 777 

Society B: Biological Sciences, 278(1724), 3465–3473. https://doi.org/10.1098/rspb.2011.1778 778 

Bustnes, J. O., Tveraa, T., Varpe, Ø., Henden, J. A., & Skaare, J. U. (2007). Reproductive performance 779 

and organochlorine pollutants in an Antarctic marine top predator: The south polar skua. 780 

Environment International, 33(7), 911–918. https://doi.org/10.1016/j.envint.2007.04.010 781 

Bustnes, J. O., Moe, B., Herzke, D., Hanssen, S. A., Nordstad, T., Sagerup, K., Gabrielsen, G. W., & 782 

Borgå, K. (2010). Strongly increasing blood concentrations of lipid-soluble organochlorines in 783 

high arctic common eiders during incubation fast. Chemosphere, 79(3), 320–325. 784 

https://doi.org/10.1016/j.chemosphere.2010.01.026 785 

Calisi, A., Lionetto, M. G., Sanchez-Hernandez, J. C., & Schettino, T. (2011). Effect of heavy metal 786 

exposure on blood haemoglobin concentration and methemoglobin percentage in Lumbricus 787 

terrestris. Ecotoxicology, 20(4), 847–854. https://doi.org/10.1007/s10646-011-0641-1 788 

Calow, P. (1991). Physiological costs of combating chemical toxicants: Ecological implications. 789 

Comparative Biochemistry and Physiology Part C: Comparative Pharmacology, 100(1–2), 3–6. 790 

https://doi.org/10.1016/0742-8413(91)90110-F 791 

Campero, M., Slos, S., Ollevier, F., & Stoks, R. (2007). Sublethal pesticide concentrations and predation 792 

jointly shape life history: behavioral and physiological mechanisms. Ecological Applications, 793 

17(7), 2111–2122. https://doi.org/10.1890/07-0442.1 794 

https://doi.org/10.1093/czoolo/59.4.475
https://doi.org/10.1111/gcb.15305
https://doi.org/10.1098/rspb.2011.1778
https://doi.org/10.1016/j.envint.2007.04.010
https://doi.org/10.1016/j.chemosphere.2010.01.026
https://doi.org/10.1007/s10646-011-0641-1
https://doi.org/10.1016/0742-8413(91)90110-F
https://doi.org/10.1890/07-0442.1


 
 

32 

Careau, V., & Garland, T. (2012). Performance, Personality, and Energetics: Correlation, Causation, and 795 

Mechanism. Physiological and Biochemical Zoology, 85(6), 543–571. 796 

https://doi.org/10.1086/666970 797 

Castriota, F., Zushin, P.-J. H., Sanchez, S. S., Phillips, R. V., Hubbard, A., Stahl, A., Smith, M. T., Wang, 798 

J.-C., & La Merrill, M. A. (2020). Chronic arsenic exposure impairs adaptive thermogenesis in 799 

male C57BL/6J mice. American Journal of Physiology-Endocrinology and Metabolism, 318(5), 800 

E667–E677. https://doi.org/10.1152/ajpendo.00282.2019 801 

Charmantier, A., McCleery, R. H., Cole, L. R., Perrins, C., Kruuk, L. E. B., & Sheldon, B. C. (2008). 802 

Adaptive Phenotypic Plasticity in Response to Climate Change in a Wild Bird Population. 803 

Science, 320(5877), 800–803. https://doi.org/10.1126/science.1157174 804 

Chastel, O., Fort, J., Ackerman, J. T., Albert, C., Angelier, F., Basu, N., Blévin, P., Brault-Favrou, M., 805 

Bustnes, J. O., Bustamante, P., Danielsen, J., Descamps, S., Dietz, R., Erikstad, K. E., Eulaers, I., 806 

Ezhov, A., Fleishman, A. B., Gabrielsen, G. W., Gavrilo, M., … Yannic, G. (2022). Mercury 807 

contamination and potential health risks to Arctic seabirds and shorebirds. Science of The Total 808 

Environment, 844, 156944. https://doi.org/10.1016/j.scitotenv.2022.156944 809 

Chaulk, K. G., Robertson, G. J., & Montevecchi, W. A. (2007). Landscape features and sea ice influence 810 

nesting common eider abundance and dispersion. Canadian Journal of Zoology, 85(3), 301–309. 811 

https://doi.org/10.1139/Z07-006 812 

Choy, E. S., Campbell, K. L., Berenbrink, M., Roth, J. D., & Loseto, L. L. (2019). Body condition 813 

impacts blood and muscle oxygen storage capacity of free-living beluga whales ( Delphinapterus 814 

leucas ). Journal of Experimental Biology, jeb.191916. https://doi.org/10.1242/jeb.191916 815 

Choy, E. S., O’Connor, R. S., Gilchrist, H. G., Hargreaves, A. L., Love, O. P., Vézina, F., & Elliott, K. H. 816 

(2021). Limited heat tolerance in a cold-adapted seabird: Implications of a warming Arctic. 817 

Journal of Experimental Biology, 224(13), jeb242168. https://doi.org/10.1242/jeb.242168 818 

Clairbaux, M., Cheung, W. W. L., Mathewson, P., Porter, W., Courbin, N., Fort, J., Strøm, H., Moe, B., 819 

Fauchald, P., Descamps, S., Helgason, H., Bråthen, V. S., Merkel, B., Anker‐Nilssen, T., 820 

https://doi.org/10.1086/666970
https://doi.org/10.1152/ajpendo.00282.2019
https://doi.org/10.1126/science.1157174
https://doi.org/10.1016/j.scitotenv.2022.156944
https://doi.org/10.1139/Z07-006
https://doi.org/10.1242/jeb.191916
https://doi.org/10.1242/jeb.242168


 
 

33 

Bringsvor, I. S., Chastel, O., Christensen‐Dalsgaard, S., Danielsen, J., Daunt, F., … Grémillet, D. 821 

(2021). Meeting Paris agreement objectives will temper seabird winter distribution shifts in the 822 

North Atlantic Ocean. Global Change Biology, 27(7), 1457–1469. 823 

https://doi.org/10.1111/gcb.15497 824 

Clarke, A., & Pörtner, H.-O. (2010). Temperature, metabolic power and the evolution of endothermy. 825 

Biological Reviews, no-no. https://doi.org/10.1111/j.1469-185X.2010.00122.x 826 

Côté, I. M., Darling, E. S., & Brown, C. J. (2016). Interactions among ecosystem stressors and their 827 

importance in conservation. Proceedings of the Royal Society B: Biological Sciences, 283(1824), 828 

20152592. https://doi.org/10.1098/rspb.2015.2592 829 

Crain, C. M., Kroeker, K., & Halpern, B. S. (2008). Interactive and cumulative effects of multiple human 830 

stressors in marine systems. Ecology Letters, 11(12), 1304–1315. https://doi.org/10.1111/j.1461-831 

0248.2008.01253.x  832 

Cubaynes, S., Doherty, P. F., Schreiber, E. A., & Gimenez, O. (2011). To breed or not to breed: A 833 

seabird’s response to extreme climatic events. Biology Letters, 7(2), 303–306. 834 

https://doi.org/10.1098/rsbl.2010.0778 835 

Cuyler, L. C., & Øritsland, N. A. (1993). Metabolic strategies for winter survival by Svalbard reindeer. 836 

Canadian Journal of Zoology, 71(9), 1787–1792. https://doi.org/10.1139/z93-254 837 

Darling, E. S., & Côté, I. M. (2008). Quantifying the evidence for ecological synergies. Ecology Letters, 838 

11(12), 1278–1286. https://doi.org/10.1111/j.1461-0248.2008.01243. 839 

Debier, C., Chalon, C., Le Bœuf, B. J., de Tillesse, T., Larondelle, Y., & Thomé, J.-P. (2006). 840 

Mobilization of PCBs from blubber to blood in northern elephant seals (Mirounga angustirostris) 841 

during the post-weaning fast. Aquatic Toxicology, 80(2), 149–157. 842 

https://doi.org/10.1016/j.aquatox.2006.08.002 843 

De Groef, B., Van der Geyten, S., Darras, V. M., & Kühn, E. R. (2006). Role of corticotropin-releasing 844 

hormone as a thyrotropin-releasing factor in non-mammalian vertebrates. General and 845 

Comparative Endocrinology, 146(1), 62–68. https://doi.org/10.1016/j.ygcen.2005.10.014 846 

https://doi.org/10.1111/gcb.15497
https://doi.org/10.1111/j.1469-185X.2010.00122.x
https://doi.org/10.1098/rspb.2015.2592
https://doi.org/10.1111/j.1461-0248.2008.01253.x
https://doi.org/10.1111/j.1461-0248.2008.01253.x
https://doi.org/10.1098/rsbl.2010.0778
https://doi.org/10.1139/z93-254
https://doi.org/10.1111/j.1461-0248.2008.01243
https://doi.org/10.1016/j.aquatox.2006.08.002
https://doi.org/10.1016/j.ygcen.2005.10.014


 
 

34 

Demine, Renard, & Arnould. (2019). Mitochondrial Uncoupling: A Key Controller of Biological 847 

Processes in Physiology and Diseases. Cells, 8(8), 795. https://doi.org/10.3390/cells8080795 848 

Desforges, J.-P. W., Sonne, C., Levin, M., Siebert, U., De Guise, S., & Dietz, R. (2016). Immunotoxic 849 

effects of environmental pollutants in marine mammals. Environment International, 86, 126–139. 850 

https://doi.org/10.1016/j.envint.2015.10.00 851 

Dietz, R., Letcher, R. J., Desforges, J.-P., Eulaers, I., Sonne, C., Wilson, S., Andersen-Ranberg, E., Basu, 852 

N., Barst, B. D., Bustnes, J. O., Bytingsvik, J., Ciesielski, T. M., Drevnick, P. E., Gabrielsen, G. 853 

W., Haarr, A., Hylland, K., Jenssen, B. M., Levin, M., McKinney, M. A., … Víkingsson, G. 854 

(2019). Current state of knowledge on biological effects from contaminants on arctic wildlife and 855 

fish. Science of The Total Environment, 696, 133792. 856 

https://doi.org/10.1016/j.scitotenv.2019.133792 857 

Dillon, M. E., Wang, G., & Huey, R. B. (2010). Global metabolic impacts of recent climate warming. 858 

Nature, 467(7316), 704–706. https://doi.org/10.1038/nature09407 859 

Divoky, G. J., Lukacs, P. M., & Druckenmiller, M. L. (2015). Effects of recent decreases in arctic sea ice 860 

on an ice-associated marine bird. Progress in Oceanography, 136, 151–161. 861 

https://doi.org/10.1016/j.pocean.2015.05.010 862 

Douglas, T. K., Cooper, C. E., & Withers, P. C. (2017). Avian torpor or alternative thermoregulatory 863 

strategies for overwintering? Journal of Experimental Biology, 220(7), 1341–1349. 864 

https://doi.org/10.1242/jeb.154633 865 

Eamer, J. (2013). Life Linked to Ice: A guide to sea-ice-associated biodiversity in this time of rapid 866 

change. CAFF Assessment Series No. 10. Conservation of Arctic Flora and Fauna. 867 

Eckbo, N., Le Bohec, C., Planas-Bielsa, V., Warner, N. A., Schull, Q., Herzke, D., Zahn, S., Haarr, A., 868 

Gabrielsen, G. W., & Borgå, K. (2019). Individual variability in contaminants and physiological 869 

status in a resident Arctic seabird species. Environmental Pollution, 249, 191–199. 870 

https://doi.org/10.1016/j.envpol.2019.01.025 871 

https://doi.org/10.3390/cells8080795
https://doi.org/10.1016/j.envint.2015.10.00
https://doi.org/10.1016/j.scitotenv.2019.133792
https://doi.org/10.1038/nature09407
https://doi.org/10.1016/j.pocean.2015.05.010
https://doi.org/10.1242/jeb.154633
https://doi.org/10.1016/j.envpol.2019.01.025


 
 

35 

Ecke, F., Singh, N. J., Arnemo, J. M., Bignert, A., Helander, B., Berglund, Å. M. M., Borg, H., Bröjer, C., 872 

Holm, K., Lanzone, M., Miller, T., Nordström, Å., Räikkönen, J., Rodushkin, I., Ågren, E., & 873 

Hörnfeldt, B. (2017). Sublethal Lead Exposure Alters Movement Behavior in Free-Ranging 874 

Golden Eagles. Environmental Science & Technology, 51(10), 5729–5736. 875 

https://doi.org/10.1021/acs.est.6b06024 876 

Eckert, C. G., Samis, K. E., & Lougheed, S. C. (2008). Genetic variation across species’ geographical 877 

ranges: The central–marginal hypothesis and beyond. Mol. Ecol., 17, 1170–1188. 878 

https://doi.org/10.1111/j.1365-294X.2007.03659.x 879 

Ehrsam, M., Knutie, S. A., & Rohr, J. R. (2016). The herbicide atrazine induces hyperactivity and 880 

compromises tadpole detection of predator chemical cues. Environmental Toxicology and 881 

Chemistry, 35(9), 2239–2244. https://doi.org/10.1002/etc.3377 882 

Elliott, K. H., Chivers, L. S., Bessey, L., Gaston, A. J., Hatch, S. A., Kato, A., Osborne, O., Ropert-883 

Coudert, Y., Speakman, J. R., & Hare, J. F. (2014). Windscapes shape seabird instantaneous 884 

energy costs but adult behavior buffers impact on offspring. Movement Ecology, 2(1), 17. 885 

https://doi.org/10.1186/s40462-014-0017-2 886 

Elliott, K. H., Ricklefs, R. E., Gaston, A. J., Hatch, S. A., Speakman, J. R., & Davoren, G. K. (2013). 887 

High flight costs, but low dive costs, in auks support the biomechanical hypothesis for 888 

flightlessness in penguins. Proceedings of the National Academy of Sciences, 110(23), 9380–889 

9384. https://doi.org/10.1073/pnas.1304838110 890 

Esparza, I., Elliott, K. H., Choy, E. S., Braune, B. M., Letcher, R. J., Patterson, A., & Fernie, K. J. (2022). 891 

Mercury, legacy and emerging POPs, and endocrine-behavioural linkages: Implications of Arctic 892 

change in a diving seabird. Environmental Research, 212, 113190. 893 

https://doi.org/10.1016/j.envres.2022.113190 894 

Evers, D. C., Savoy, L. J., DeSorbo, C. R., Yates, D. E., Hanson, W., Taylor, K. M., Siegel, L. S., Cooley, 895 

J. H., Bank, M. S., Major, A., Munney, K., Mower, B. F., Vogel, H. S., Schoch, N., Pokras, M., 896 

Goodale, M. W., & Fair, J. (2008). Adverse effects from environmental mercury loads on 897 

https://doi.org/10.1021/acs.est.6b06024
https://doi.org/10.1111/j.1365-294X.2007.03659.x
https://doi.org/10.1002/etc.3377
https://doi.org/10.1186/s40462-014-0017-2
https://doi.org/10.1073/pnas.1304838110
https://doi.org/10.1016/j.envres.2022.113190


 
 

36 

breeding common loons. Ecotoxicology, 17(2), 69–81. https://doi.org/10.1007/s10646-007-0168-898 

7 899 

Fisk, A. T., de Wit, C. A., Wayland, M., Kuzyk, Z. Z., Burgess, N., Letcher, R., Braune, B., Norstrom, R., 900 

Blum, S. P., Sandau, C., Lie, E., Larsen, H. J. S., Skaare, J. U., & Muir, D. C. G. (2005). An 901 

assessment of the toxicological significance of anthropogenic contaminants in Canadian arctic 902 

wildlife. Science of The Total Environment, 351–352, 57–93. 903 

https://doi.org/10.1016/j.scitotenv.2005.01.051 904 

Fort, J., Grémillet, D., Traisnel, G., Amélineau, F., & Bustamante, P. (2016). Does temporal variation of 905 

mercury levels in Arctic seabirds reflect changes in global environmental contamination, or a 906 

modification of Arctic marine food web functioning? Environmental Pollution, 211, 382–388. 907 

https://doi.org/10.1016/j.envpol.2015.12.061 908 

Fort, J., Lacoue-Labarthe, T., Nguyen, H. L., Boué, A., Spitz, J., & Bustamante, P. (2015). Mercury in 909 

wintering seabirds, an aggravating factor to winter wrecks? Science of The Total Environment, 910 

527–528, 448–454. https://doi.org/10.1016/j.scitotenv.2015.05.018 911 

Fort, J., Robertson, G. J., Grémillet, D., Traisnel, G., & Bustamante, P. (2014). Spatial Ecotoxicology: 912 

Migratory Arctic Seabirds Are Exposed to Mercury Contamination While Overwintering in the 913 

Northwest Atlantic. Environmental Science & Technology, 48(19), 11560–11567. 914 

https://doi.org/10.1021/es504045g 915 

Fort, J., Porter, W. P., & Grémillet, D. (2009). Thermodynamic modelling predicts energetic bottleneck 916 

for seabirds wintering in the northwest Atlantic. Journal of Experimental Biology, 212(15), 2483–917 

2490. https://doi.org/10.1242/jeb.032300 918 

Frainer, A., Primicerio, R., Kortsch, S., Aune, M., Dolgov, A. V., Fossheim, M., & Aschan, M. M. 919 

(2017). Climate-driven changes in functional biogeography of Arctic marine fish communities. 920 

Proceedings of the National Academy of Sciences, 114(46), 12202–12207. 921 

https://doi.org/10.1073/pnas.1706080114 922 

https://doi.org/10.1007/s10646-007-0168-7
https://doi.org/10.1007/s10646-007-0168-7
https://doi.org/10.1016/j.scitotenv.2005.01.051
https://doi.org/10.1016/j.envpol.2015.12.061
https://doi.org/10.1016/j.scitotenv.2015.05.018
https://doi.org/10.1021/es504045g
https://doi.org/10.1242/jeb.032300
https://doi.org/10.1073/pnas.1706080114


 
 

37 

Gandar, A., Jean, S., Canal, J., Marty-Gasset, N., Gilbert, F., & Laffaille, P. (2016). Multistress effects on 923 

goldfish (Carassius auratus) behavior and metabolism. Environmental Science and Pollution 924 

Research, 23(4), 3184–3194. https://doi.org/10.1007/s11356-015-5147-6 925 

Gaston, A. J., Gilchrist, H. G., Mallory, M. L., & Smith, P. A. (2009). Changes in Seasonal Events, Peak 926 

Food Availability, and Consequent Breeding Adjustment in a Marine Bird: A Case of Progressive 927 

Mismatching. The Condor, 111(1), 111–119. https://doi.org/10.1525/cond.2009.080077 928 

Gauthier, G., Bêty, J., & Hobson, K. A. (2003). Are greater snow geese capital breeders? New evidence 929 

from a stable-isotope model. Ecology, 84(12), 3250–3264. https://doi.org/10.1890/02-0613 930 

Gerson, A. R., Cristol, D. A., & Seewagen, C. L. (2019). Environmentally relevant methylmercury 931 

exposure reduces the metabolic scope of a model songbird. Environmental Pollution, 246, 790–932 

796. https://doi.org/10.1016/j.envpol.2018.12.072 933 

Gerson, A. R., McKechnie, A. E., Smit, B., Whitfield, M. C., Smith, E. K., Talbot, W. A., McWhorter, T. 934 

J., & Wolf, B. O. (2019). The functional significance of facultative hyperthermia varies with body 935 

size and phylogeny in birds. Functional Ecology, 33(4), 597–607. https://doi.org/10.1111/1365-936 

2435.13274 937 

Gilg, O., Kovacs, K. M., Aars, J., Fort, J., Gauthier, G., Grémillet, D., Ims, R. A., Meltofte, H., Moreau, 938 

J., Post, E., Schmidt, N. M., Yannic, G., & Bollache, L. (2012). Climate change and the ecology 939 

and evolution of Arctic vertebrates: Climate change impacts on Arctic vertebrates. Annals of the 940 

New York Academy of Sciences, 1249(1), 166–190. https://doi.org/10.1111/j.1749-941 

6632.2011.06412.x 942 

Gonzalez, P., Dominique, Y., Massabuau, J. C., Boudou, A., & Bourdineaud, J. P. (2005). Comparative 943 

Effects of Dietary Methylmercury on Gene Expression in Liver, Skeletal Muscle, and Brain of the 944 

Zebrafish ( Danio rerio ). Environmental Science & Technology, 39(11), 3972–3980. 945 

https://doi.org/10.1021/es0483490 946 

Goutte, A., Meillère, A., Barbraud, C., Budzinski, H., Labadie, P., Peluhet, L., Weimerskirch, H., Delord, 947 

K., & Chastel, O. (2018). Demographic, endocrine and behavioral responses to mirex in the South 948 

https://doi.org/10.1007/s11356-015-5147-6
https://doi.org/10.1525/cond.2009.080077
https://doi.org/10.1890/02-0613
https://doi.org/10.1016/j.envpol.2018.12.072
https://doi.org/10.1111/1365-2435.13274
https://doi.org/10.1111/1365-2435.13274
https://doi.org/10.1111/j.1749-6632.2011.06412.x
https://doi.org/10.1111/j.1749-6632.2011.06412.x
https://doi.org/10.1021/es0483490


 
 

38 

polar skua. Science of The Total Environment, 631–632, 317–325. 949 

https://doi.org/10.1016/j.scitotenv.2018.02.326 950 

Grémillet, D., Fort, J., Amélineau, F., Zakharova, E., Le Bot, T., Sala, E., & Gavrilo, M. (2015). Arctic 951 

warming: Nonlinear impacts of sea‐ice and glacier melt on seabird foraging. Global Change 952 

Biology, 21(3), 1116–1123. https://doi.org/10.1111/gcb.12811 953 

Grémillet, D., Lescroël, A., Ballard, G., Dugger, K. M., Massaro, M., Porzig, E. L., & Ainley, D. G. 954 

(2018). Energetic fitness: Field metabolic rates assessed via 3D accelerometry complement 955 

conventional fitness metrics. Functional Ecology, 32(5), 1203–1213. 956 

https://doi.org/10.1111/1365-2435.13074 957 

Groh, K. J., Carvalho, R. N., Chipman, J. K., Denslow, N. D., Halder, M., Murphy, C. A., Roelofs, D., 958 

Rolaki, A., Schirmer, K., & Watanabe, K. H. (2015). Development and application of the adverse 959 

outcome pathway framework for understanding and predicting chronic toxicity: II. A focus on 960 

growth impairment in fish. Chemosphere, 120, 778–792. 961 

https://doi.org/10.1016/j.chemosphere.2014.10.006 962 

Grue, C. E., v. N. Powell, G., & McChesney, M. J. (1982). Care of Nestlings by Wild Female Starlings 963 

Exposed to an Organophosphate Pesticide. The Journal of Applied Ecology, 19(2), 327. 964 

https://doi.org/10.2307/2403470 965 

Grün, F., & Blumberg, B. (2009). Endocrine disrupters as obesogens. Molecular and Cellular 966 

Endocrinology, 304(1–2), 19–29. https://doi.org/10.1016/j.mce.2009.02.018 967 

Guglielmo, C. G. (2018). Obese super athletes: Fat-fueled migration in birds and bats. Journal of 968 

Experimental Biology, 221(Suppl_1), jeb165753. https://doi.org/10.1242/jeb.165753 969 

Hallinger, K. K., & Cristol, D. A. (2011). The role of weather in mediating the effect of mercury exposure 970 

on reproductive success in tree swallows. Ecotoxicology, 20(6), 1368–1377. 971 

https://doi.org/10.1007/s10646-011-0694-1 972 

Hallman, T. A., & Brooks, M. L. (2016). Metal-mediated climate susceptibility in a warming world: 973 

Larval and latent effects on a model amphibian: Toxicant-mediated thermal susceptibility in a 974 

https://doi.org/10.1016/j.scitotenv.2018.02.326
https://doi.org/10.1111/gcb.12811
https://doi.org/10.1111/1365-2435.13074
https://doi.org/10.1016/j.chemosphere.2014.10.006
https://doi.org/10.2307/2403470
https://doi.org/10.1016/j.mce.2009.02.018
https://doi.org/10.1242/jeb.165753
https://doi.org/10.1007/s10646-011-0694-1


 
 

39 

warming world. Environmental Toxicology and Chemistry, 35(7), 1872–1882. 975 

https://doi.org/10.1002/etc.3337 976 

Halsey, L. G., Green, J. A., Twiss, S. D., Arnold, W., Burthe, S. J., Butler, P. J., Cooke, S. J., Grémillet, 977 

D., Ruf, T., Hicks, O., Minta, K. J., Prystay, T. S., Wascher, C. A. F., & Careau, V. (2019). 978 

Flexibility, variability and constraint in energy management patterns across vertebrate taxa 979 

revealed by long‐term heart rate measurements. Functional Ecology, 33(2), 260–272. 980 

https://doi.org/10.1111/1365-2435.13264 981 

Hani, Y. M. I., Turies, C., Palluel, O., Delahaut, L., Gaillet, V., Bado-nilles, A., Porcher, J.-M., Geffard, 982 

A., & Dedourge-geffard, O. (2018). Effects of chronic exposure to cadmium and temperature, 983 

alone or combined, on the threespine stickleback (Gasterosteus aculeatus): Interest of digestive 984 

enzymes as biomarkers. Aquatic Toxicology, 199, 252–262. 985 

https://doi.org/10.1016/j.aquatox.2018.04.006 986 

Harding, A. M. A., Piatt, J. F., Schmutz, J. A., Shultz, M. T., Pelt, T. I. V., Kettle, A. B., & Speckman, S. 987 

G. (2007). Prey density and the behavioral flexibility of a marine predator: the common murre ( 988 

uria aalge ). Ecology, 88(8), 2024–2033. https://doi.org/10.1890/06-1695.1 989 

Helberg, M., Bustnes, J. O., Erikstad, K. E., Kristiansen, K. O., & Skaare, J. U. (2005). Relationships 990 

between reproductive performance and organochlorine contaminants in great black-backed gulls 991 

(Larus marinus). Environmental Pollution, 134(3), 475–483. 992 

https://doi.org/10.1016/j.envpol.2004.09.006 993 

Hetem, R. S., Fuller, A., Maloney, S. K., & Mitchell, D. (2014). Responses of large mammals to climate 994 

change. Temperature (Austin, Tex.), 1(2), 115–127. https://doi.org/10.4161/temp.29651 995 

Holmstrup, M., Bindesbøl, A.-M., Oostingh, G. J., Duschl, A., Scheil, V., Köhler, H.-R., Loureiro, S., 996 

Soares, A. M. V. M., Ferreira, A. L. G., Kienle, C., Gerhardt, A., Laskowski, R., Kramarz, P. E., 997 

Bayley, M., Svendsen, C., & Spurgeon, D. J. (2010). Interactions between effects of 998 

environmental chemicals and natural stressors: A review. Science of The Total Environment, 999 

408(18), 3746–3762. https://doi.org/10.1016/j.scitotenv.2009.10.067 1000 

https://doi.org/10.1002/etc.3337
https://doi.org/10.1111/1365-2435.13264
https://doi.org/10.1016/j.aquatox.2018.04.006
https://doi.org/10.1890/06-1695.1
https://doi.org/10.1016/j.envpol.2004.09.006
https://doi.org/10.4161/temp.29651
https://doi.org/10.1016/j.scitotenv.2009.10.067


 
 

40 

Hooper, M. J., Ankley, G. T., Cristol, D. A., Maryoung, L. A., Noyes, P. D., & Pinkerton, K. E. (2013). 1001 

Interactions between chemical and climate stressors: A role for mechanistic toxicology in 1002 

assessing climate change risks. Environmental Toxicology and Chemistry, 32(1), 32–48. 1003 

https://doi.org/10.1002/etc.2043 1004 

Hopkins, W. (2002). Effects of food ration on survival and sublethal responses of lake chubsuckers 1005 

(Erimyzon sucetta) exposed to coal combustion wastes. Aquatic Toxicology, 57(3), 191–202. 1006 

https://doi.org/10.1016/S0166-445X(01)00208-9 1007 

Ikemoto, T., Kunito, T., Tanaka, H., Baba, N., Miyazaki, N., & Tanabe, S. (2004). Detoxification 1008 

Mechanism of Heavy Metals in Marine Mammals and Seabirds: Interaction of Selenium with 1009 

Mercury, Silver, Copper, Zinc, and Cadmium in Liver. Archives of Environmental Contamination 1010 

and Toxicology, 47(3). https://doi.org/10.1007/s00244-004-3188-9 1011 

IPCC. (2021). Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the 1012 

Sixth Assessment Report of the Intergovernmental Panel on Climate Change. Masson-Delmotte, 1013 

V., Zhai, P., Pirani, A., Connors, S.L., Péan, C., Berger, S., et al.  (eds.). Cambridge University 1014 

Press. 1015 

Iverson, S. A., Gilchrist, H. G., Smith, P. A., Gaston, A. J., & Forbes, M. R. (2014). Longer ice-free 1016 

seasons increase the risk of nest depredation by polar bears for colonial breeding birds in the 1017 

Canadian Arctic. Proceedings of the Royal Society B: Biological Sciences, 281(1779), 20133128. 1018 

https://doi.org/10.1098/rspb.2013.3128 1019 

Jackson, M. C., Pawar, S., & Woodward, G. (2021). The Temporal Dynamics of Multiple Stressor 1020 

Effects: From Individuals to Ecosystems. Trends in Ecology & Evolution, 36(5), 402–410. 1021 

https://doi.org/10.1016/j.tree.2021.01.005 1022 

Jakubas, D., Trudnowska, E., Wojczulanis-Jakubas, K., Iliszko, L., Kidawa, D., Darecki, M., Błachowiak-1023 

Samołyk, K., & Stempniewicz, L. (2013). Foraging closer to the colony leads to faster growth in 1024 

little auks. Marine Ecology Progress Series, 489, 263–278. https://doi.org/10.3354/meps10414 1025 

https://doi.org/10.1002/etc.2043
https://doi.org/10.1016/S0166-445X(01)00208-9
https://doi.org/10.1007/s00244-004-3188-9
https://doi.org/10.1098/rspb.2013.3128
https://doi.org/10.1016/j.tree.2021.01.005
https://doi.org/10.3354/meps10414


 
 

41 

Jalčová, M., & Dvorožňáková, E. (2014). Effect of heavy metal intoxication on macrophage metabolic 1026 

activity of mice infected with Ascaris suum. Helminthologia, 51(3), 171–180. 1027 

https://doi.org/10.2478/s11687-014-0226-7 1028 

Janssens, L., Dinh Van, K., Debecker, S., Bervoets, L., & Stoks, R. (2014). Local adaptation and the 1029 

potential effects of a contaminant on predator avoidance and antipredator responses under global 1030 

warming: A space‐for‐time substitution approach. Evolutionary Applications, 7(3), 421–430. 1031 

https://doi.org/10.1111/eva.12141 1032 

Janssens, L., & Stoks, R. (2012). How does a pesticide pulse increase vulnerability to predation? 1033 

Combined effects on behavioral antipredator traits and escape swimming. Aquatic Toxicology, 1034 

110–111, 91–98. https://doi.org/10.1016/j.aquatox.2011.12.019 1035 

Jayasundara, N. (2017). Ecological significance of mitochondrial toxicants. Toxicology, 391, 64–74. 1036 

https://doi.org/10.1016/j.tox.2017.07.015 1037 

Jenssen, B. M. (2006). Endocrine-Disrupting Chemicals and Climate Change: A Worst-Case 1038 

Combination for Arctic Marine Mammals and Seabirds? Environmental Health Perspectives, 1039 

114(Suppl 1), 76–80. https://doi.org/10.1289/ehp.8057 1040 

Jimeno, B., Hau, M., & Verhulst, S. (2018). Corticosterone levels reflect variation in metabolic rate, 1041 

independent of ‘stress.’ Scientific Reports, 8(1), 13020. https://doi.org/10.1038/s41598-018-1042 

31258-z 1043 

Karell, P., Ahola, K., Karstinen, T., Valkama, J., & Brommer, J. E. (2011). Climate change drives 1044 

microevolution in a wild bird. Nature Communications, 2(1), 208. 1045 

https://doi.org/10.1038/ncomms1213 1046 

Kim, J.-H., Park, H.-J., Kim, K.-W., & Kang, J.-C. (2017). Oxidative stress and non-specific immune 1047 

responses in juvenile black sea bream, Acanthopagrus schlegelii, exposed to waterborne zinc. 1048 

Fisheries and Aquatic Sciences, 20(1), 11. https://doi.org/10.1186/s41240-017-0056-x 1049 

https://doi.org/10.2478/s11687-014-0226-7
https://doi.org/10.1111/eva.12141
https://doi.org/10.1016/j.aquatox.2011.12.019
https://doi.org/10.1016/j.tox.2017.07.015
https://doi.org/10.1289/ehp.8057
https://doi.org/10.1038/s41598-018-31258-z
https://doi.org/10.1038/s41598-018-31258-z
https://doi.org/10.1038/ncomms1213
https://doi.org/10.1186/s41240-017-0056-x


 
 

42 

Kobiela, M. E., Cristol, D. A., & Swaddle, J. P. (2015). Risk-taking behaviours in zebra finches affected 1050 

by mercury exposure. Animal Behaviour, 103, 153–160. 1051 

https://doi.org/10.1016/j.anbehav.2015.02.024 1052 

Koivula, M. J., & Eeva, T. (2010). Metal-related oxidative stress in birds. Environmental Pollution, 1053 

158(7), 2359–2370. https://doi.org/10.1016/j.envpol.2010.03.013 1054 

Kortsch, S., Primicerio, R., Fossheim, M., Dolgov, A. V., & Aschan, M. (2015). Climate change alters the 1055 

structure of arctic marine food webs due to poleward shifts of boreal generalists. Proceedings of 1056 

the Royal Society B: Biological Sciences, 282(1814), 20151546. 1057 

https://doi.org/10.1098/rspb.2015.1546 1058 

Larregle, E. V., Varas, S. M., Oliveros, L. B., Martinez, L. D., Antón, R., Marchevsky, E., & Giménez, 1059 

M. S. (2008). Lipid metabolism in liver of rat exposed to cadmium. Food and Chemical 1060 

Toxicology, 46(5), 1786–1792. https://doi.org/10.1016/j.fct.2008.01.018 1061 

Lavoie, R. A., Kyser, T. K., & Campbell, L. M. (2012). Migration patterns affect biomagnifying 1062 

contaminant concentrations in fish-eating birds. Integrated Environmental Assessment and 1063 

Management, 8(1), 200–201. https://doi.org/10.1002/ieam.1251 1064 

Leat, E. H. K., Bourgeon, S., Hanssen, S. A., Petersen, A., Strøm, H., Bjørn, T. H., Gabrielsen, G. W., 1065 

Bustnes, J. O., Furness, R. W., Haarr, A., & Borgå, K. (2019). The effect of long-range transport, 1066 

trophic position and diet specialization on legacy contaminant occurrence in great skuas, 1067 

Stercorarius skua, breeding across the Northeast Atlantic. Environmental Pollution, 244, 55–65. 1068 

https://doi.org/10.1016/j.envpol.2018.10.005 1069 

Leemans, M., Couderq, S., Demeneix, B., & Fini, J.-B. (2019). Pesticides With Potential Thyroid 1070 

Hormone-Disrupting Effects: A Review of Recent Data. Frontiers in Endocrinology, 10, 743. 1071 

https://doi.org/10.3389/fendo.2019.00743 1072 

Leon, L. R. (2008). Thermoregulatory responses to environmental toxicants: The interaction of thermal 1073 

stress and toxicant exposure. Toxicology and Applied Pharmacology, 233(1), 146–161. 1074 

https://doi.org/10.1016/j.taap.2008.01.012 1075 

https://doi.org/10.1016/j.anbehav.2015.02.024
https://doi.org/10.1016/j.envpol.2010.03.013
https://doi.org/10.1098/rspb.2015.1546
https://doi.org/10.1016/j.fct.2008.01.018
https://doi.org/10.1002/ieam.1251
https://doi.org/10.1016/j.envpol.2018.10.005
https://doi.org/10.3389/fendo.2019.00743
https://doi.org/10.1016/j.taap.2008.01.012


 
 

43 

Li, A. J., Leung, P. T. Y., Bao, V. W. W., Lui, G. C. S., & Leung, K. M. Y. (2015). Temperature-1076 

dependent physiological and biochemical responses of the marine medaka Oryzias melastigma 1077 

with consideration of both low and high thermal extremes. Journal of Thermal Biology, 54, 98–1078 

105. https://doi.org/10.1016/j.jtherbio.2014.09.011 1079 

Lovvorn, J. R., & Gillingham, M. P. (1996). A spatial energetics model of cadmium accumulation by 1080 

diving ducks. Archives of Environmental Contamination and Toxicology, 30(2), 241–251. 1081 

https://doi.org/10.1007/BF00215804 1082 

Lovvorn, J. R., Grebmeier, J. M., Cooper, L. W., Bump, J. K., & Richman, S. E. (2009). Modeling marine 1083 

protected areas for threatened eiders in a climatically changing Bering Sea. Ecological 1084 

Applications, 19(6), 1596–1613. https://doi.org/10.1890/08-1193.1 1085 

Lucia, M., André, J.-M., Gonzalez, P., Baudrimont, M., Bernadet, M.-D., Gontier, K., Maury-Brachet, R., 1086 

Guy, G., & Davail, S. (2010). Effect of dietary cadmium on lipid metabolism and storage of 1087 

aquatic bird Cairina moschata. Ecotoxicology, 19(1), 163–170. https://doi.org/10.1007/s10646-1088 

009-0401-7 1089 

Lurgi, M., López, B. C., & Montoya, J. M. (2012). Novel communities from climate change. 1090 

Philosophical Transactions of the Royal Society B: Biological Sciences, 367(1605), 2913–2922. 1091 

https://doi.org/10.1098/rstb.2012.0238 1092 

Macdonald, R. W., Harner, T., & Fyfe, J. (2005). Recent climate change in the Arctic and its impact on 1093 

contaminant pathways and interpretation of temporal trend data. Science of The Total 1094 

Environment, 342(1–3), 5–86. https://doi.org/10.1016/j.scitotenv.2004.12.059 1095 

Macrury, N. K., & Johnson, B. M. (1999). Sublethal responses of largemouth bass to parasites and 1096 

organochlorines. Environmental Toxicology and Chemistry, 18(5), 998–1006. 1097 

https://doi.org/10.1002/etc.5620180527 1098 

Magalhães, L., de Montaudouin, X., Figueira, E., & Freitas, R. (2018). Interactive effects of 1099 

contamination and trematode infection in cockles biochemical performance. Environmental 1100 

Pollution, 243, 1469–1478. https://doi.org/10.1016/j.envpol.2018.09.102 1101 

https://doi.org/10.1016/j.jtherbio.2014.09.011
https://doi.org/10.1007/BF00215804
https://doi.org/10.1890/08-1193.1
https://doi.org/10.1007/s10646-009-0401-7
https://doi.org/10.1007/s10646-009-0401-7
https://doi.org/10.1098/rstb.2012.0238
https://doi.org/10.1016/j.scitotenv.2004.12.059
https://doi.org/10.1002/etc.5620180527
https://doi.org/10.1016/j.envpol.2018.09.102


 
 

44 

Magozzi, S., & Calosi, P. (2015). Integrating metabolic performance, thermal tolerance, and plasticity 1102 

enables for more accurate predictions on species vulnerability to acute and chronic effects of 1103 

global warming. Global Change Biology, 21(1), 181–194. https://doi.org/10.1111/gcb.12695 1104 

Marentette, J. R., & Balshine, S. (2012). Altered Prey Responses in Round Goby from Contaminated 1105 

Sites. Ethology, 118(9), 812–820. https://doi.org/10.1111/j.1439-0310.2012.02071.x 1106 

Marteinson, S. C., & Fernie, K. J. (2019). Is the current-use flame retardant, DBE-DBCH, a potential 1107 

obesogen? Effects on body mass, fat content and associated behaviors in American kestrels. 1108 

Ecotoxicology and Environmental Safety, 169, 770–777. 1109 

https://doi.org/10.1016/j.ecoenv.2018.11.104 1110 

Marteinson, S. C., Marcogliese, D. J., & Verreault, J. (2017). Multiple stressors including contaminant 1111 

exposure and parasite infection predict spleen mass and energy expenditure in breeding ring-1112 

billed gulls. Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology, 1113 

200, 42–51. https://doi.org/10.1016/j.cbpc.2017.06.005 1114 

McEwen, B. S., & Wingfield, J. C. (2003). The concept of allostasis in biology and biomedicine. 1115 

Hormones and Behavior, 43(1), 2–15. https://doi.org/10.1016/S0018-506X(02)00024-7 1116 

McKechnie, A. E. (2008). Phenotypic flexibility in basal metabolic rate and the changing view of avian 1117 

physiological diversity: A review. Journal of Comparative Physiology B, 178(3), 235–247. 1118 

https://doi.org/10.1007/s00360-007-0218-8 1119 

McKechnie, A. E., & Lovegrove, B. G. (2002). Avian Facultative Hypothermic Responses: A Review. 1120 

The Condor, 104(4), 705–724. https://doi.org/10.1093/condor/104.4.705 1121 

McKechnie, A. E., & Wolf, B. O. (2019). The Physiology of Heat Tolerance in Small Endotherms. 1122 

Physiology, 34(5), 302–313. https://doi.org/10.1152/physiol.00011.2019 1123 

McKinney, M. A., Iverson, S. J., Fisk, A. T., Sonne, C., Rigét, F. F., Letcher, R. J., Arts, M. T., Born, E. 1124 

W., Rosing-Asvid, A., & Dietz, R. (2013). Global change effects on the long-term feeding 1125 

ecology and contaminant exposures of East Greenland polar bears. Global Change Biology, 1126 

19(8), 2360–2372. https://doi.org/10.1111/gcb.12241 1127 

https://doi.org/10.1111/gcb.12695
https://doi.org/10.1111/j.1439-0310.2012.02071.x
https://doi.org/10.1016/j.ecoenv.2018.11.104
https://doi.org/10.1016/j.cbpc.2017.06.005
https://doi.org/10.1016/S0018-506X(02)00024-7
https://doi.org/10.1007/s00360-007-0218-8
https://doi.org/10.1093/condor/104.4.705
https://doi.org/10.1152/physiol.00011.2019
https://doi.org/10.1111/gcb.12241


 
 

45 

McKinnon, L., Nol, E., & Juillet, C. (2013). Arctic-nesting birds find physiological relief in the face of 1128 

trophic constraints. Scientific Reports, 3(1), 1816. https://doi.org/10.1038/srep01816 1129 

Meehl, G. A., & Tebaldi, C. (2004). More Intense, More Frequent, and Longer Lasting Heat Waves in the 1130 

21st Century. Science, 305(5686), 994–997. https://doi.org/10.1126/science.1098704 1131 

Melnes, M., Gabrielsen, G. W., Herzke, D., Sagerup, K., & Jenssen, B. M. (2017). Dissimilar effects of 1132 

organohalogenated compounds on thyroid hormones in glaucous gulls. Environmental Research, 1133 

158, 350–357. https://doi.org/10.1016/j.envres.2017.06.007 1134 

Meredith, M. (2019). Polar Regions (IPCC Special Report on the Ocean and Cryosphere in a Changing 1135 

Climate). 1136 

Merivee, E., Tooming, E., Must, A., Sibul, I., & Williams, I. H. (2015). Low doses of the common alpha-1137 

cypermethrin insecticide affect behavioural thermoregulation of the non-targeted beneficial 1138 

carabid beetle Platynus assimilis (Coleoptera: Carabidae). Ecotoxicology and Environmental 1139 

Safety, 120, 286–294. https://doi.org/10.1016/j.ecoenv.2015.06.013 1140 

Michelutti, N., Blais, J. M., Mallory, M. L., Brash, J., Thienpont, J., Kimpe, L. E., Douglas, M. S. V., & 1141 

Smol, J. P. (2010). Trophic position influences the efficacy of seabirds as metal biovectors. 1142 

Proceedings of the National Academy of Sciences, 107(23), 10543–10548. 1143 

https://doi.org/10.1073/pnas.1001333107 1144 

Monclús, L., Ballesteros-Cano, R., De La Puente, J., Lacorte, S., & Lopez-Bejar, M. (2018). Influence of 1145 

persistent organic pollutants on the endocrine stress response in free-living and captive red kites 1146 

(Milvus milvus). Environmental Pollution, 242, 329–337. 1147 

https://doi.org/10.1016/j.envpol.2018.06.086 1148 

Moreira, E. L., de Oliveira, J., Dutra, M. F., Santos, D. B., Goncalves, C. A., Goldfeder, E. M., de Bem, 1149 

A. F., Prediger, R. D., Aschner, M., & Farina, M. (2012). Does Methylmercury-Induced 1150 

Hypercholesterolemia Play a Causal Role in Its Neurotoxicity and Cardiovascular Disease? 1151 

Toxicological Sciences, 130(2), 373–382. https://doi.org/10.1093/toxsci/kfs252 1152 

https://doi.org/10.1038/srep01816
https://doi.org/10.1126/science.1098704
https://doi.org/10.1016/j.envres.2017.06.007
https://doi.org/10.1016/j.ecoenv.2015.06.013
https://doi.org/10.1073/pnas.1001333107
https://doi.org/10.1016/j.envpol.2018.06.086
https://doi.org/10.1093/toxsci/kfs252


 
 

46 

Muscogiuri, G., Barrea, L., Laudisio, D., Savastano, S., & Colao, A. (2017). Obesogenic endocrine 1153 

disruptors and obesity: Myths and truths. Archives of Toxicology, 91(11), 3469–3475. 1154 

https://doi.org/10.1007/s00204-017-2071-1 1155 

Nie, Y., Wang, Z., Yu, S., Liu, Y., Zhang, L., Liu, R., Zhou, Z., Zhu, W., & Diao, J. (2022). Combined 1156 

effects of abamectin and temperature on the physiology and behavior of male lizards (Eremias 1157 

argus): Clarifying adaptation and maladaptation. Science of The Total Environment, 837, 155794. 1158 

https://doi.org/10.1016/j.scitotenv.2022.155794 1159 

Norin, T., & Metcalfe, N. B. (2019). Ecological and evolutionary consequences of metabolic rate 1160 

plasticity in response to environmental change. Philosophical Transactions of the Royal Society 1161 

B: Biological Sciences, 374(1768), 20180180. https://doi.org/10.1098/rstb.2018.0180 1162 

Noyes, P. D., McElwee, M. K., Miller, H. D., Clark, B. W., Van Tiem, L. A., Walcott, K. C., Erwin, K. 1163 

N., & Levin, E. D. (2009). The toxicology of climate change: Environmental contaminants in a 1164 

warming world. Environment International, 35(6), 971–986. 1165 

https://doi.org/10.1016/j.envint.2009.02.006 1166 

O’Connor, R. S., Le Pogam, A., Young, K. G., Robitaille, F., Choy, E. S., Love, O. P., Elliott, K. H., 1167 

Hargreaves, A. L., Berteaux, D., Tam, A., & Vézina, F. (2021). Limited heat tolerance in an 1168 

Arctic passerine: Thermoregulatory implications for cold‐specialized birds in a rapidly warming 1169 

world. Ecology and Evolution, 11(4), 1609–1619. https://doi.org/10.1002/ece3.7141 1170 

Olsen, D., Evers, C., DeSorbo, C. (2000) Effect of methylated mercury on the diving frequency of the 1171 

Common Loon. Journal of Ecological Research, 2, 67-72.  1172 

Op de Beeck, L., Verheyen, J., & Stoks, R. (2018). Competition magnifies the impact of a pesticide in a 1173 

warming world by reducing heat tolerance and increasing autotomy. Environmental Pollution, 1174 

233, 226–234. https://doi.org/10.1016/j.envpol.2017.10.071 1175 

Oswald, S. A., & Arnold, J. M. (2012). Direct impacts of climatic warming on heat stress in endothermic 1176 

species: Seabirds as bioindicators of changing thermoregulatory constraints. Integrative Zoology, 1177 

7(2), 121–136. https://doi.org/10.1111/j.1749-4877.2012.00287.x 1178 

https://doi.org/10.1007/s00204-017-2071-1
https://doi.org/10.1016/j.scitotenv.2022.155794
https://doi.org/10.1098/rstb.2018.0180
https://doi.org/10.1016/j.envint.2009.02.006
https://doi.org/10.1002/ece3.7141
https://doi.org/10.1016/j.envpol.2017.10.071
https://doi.org/10.1111/j.1749-4877.2012.00287.x


 
 

47 

Parmesan, C. (2006). Ecological and Evolutionary Responses to Recent Climate Change. Annual Review 1179 

of Ecology, Evolution, and Systematics, 37(1), 637–669. 1180 

https://doi.org/10.1146/annurev.ecolsys.37.091305.110100 1181 

Perić-Mataruga, V., Petković, B., Ilijin, L., Mrdaković, M., Dronjak Čučaković, S., Todorović, D., & 1182 

Vlahović, M. (2017). Cadmium and high temperature effects on brain and behaviour of 1183 

Lymantria dispar L. caterpillars originating from polluted and less-polluted forests. Chemosphere, 1184 

185, 628–636. https://doi.org/10.1016/j.chemosphere.2017.07.050 1185 

Peterson, S. H., Ackerman, J. T., Crocker, D. E., & Costa, D. P. (2018). Foraging and fasting can 1186 

influence contaminant concentrations in animals: An example with mercury contamination in a 1187 

free-ranging marine mammal. Proceedings of the Royal Society B: Biological Sciences, 1188 

285(1872), 20172782. https://doi.org/10.1098/rspb.2017.2782 1189 

Pierron, F., Baudrimont, M., Bossy, A., Bourdineaud, J., Brethes, D., Elie, P., & Massabuau, J. (2007). 1190 

Impairment of lipid storage by cadmium in the European eel (Anguilla anguilla). Aquatic 1191 

Toxicology, 81(3), 304–311. https://doi.org/10.1016/j.aquatox.2006.12.014 1192 

Piggott, J. J., Townsend, C. R., & Matthaei, C. D. (2015). Reconceptualizing synergism and antagonism 1193 

among multiple stressors. Ecology and Evolution, 5(7), 1538–1547. 1194 

https://doi.org/10.1002/ece3.1465 1195 

Polischuk, S. C., Norstrom, R. J., & Ramsay, M. A. (2002). Body burdens and tissue concentrations of 1196 

organochlorines in polar bears (Ursus maritimus) vary during seasonal fasts. Environmental 1197 

Pollution, 118(1), 29–39. https://doi.org/10.1016/S0269-7491(01)00278-0 1198 

Preston, B. L., Cecchine, G., & Snell, T. W. (1998). Effects of pentachlorophenol on predator avoidance 1199 

behavior of the rotifer Brachionus calyciflorus. Aquatic Toxicology, 44(3), 201–212. 1200 

https://doi.org/10.1016/S0166-445X(98)00074-5 1201 

Prestrud, P. (1991). Adaptation by the Arctic fox (Alopex lagopus) to the polar winter. Arctic, 44, 132-1202 

138. 1203 

https://doi.org/10.1146/annurev.ecolsys.37.091305.110100
https://doi.org/10.1016/j.chemosphere.2017.07.050
https://doi.org/10.1098/rspb.2017.2782
https://doi.org/10.1016/j.aquatox.2006.12.014
https://doi.org/10.1002/ece3.1465
https://doi.org/10.1016/S0269-7491(01)00278-0
https://doi.org/10.1016/S0166-445X(98)00074-5


 
 

48 

Quiroga, L. B., Sanabria, E. A., Fornés, M. W., Bustos, D. A., & Tejedo, M. (2019). Sublethal 1204 

concentrations of chlorpyrifos induce changes in the thermal sensitivity and tolerance of anuran 1205 

tadpoles in the toad Rhinella arenarum? Chemosphere, 219, 671–677. 1206 

https://doi.org/10.1016/j.chemosphere.2018.12.059 1207 

Rabaiotti, D., & Woodroffe, R. (2019). Coping with climate change: Limited behavioral responses to hot 1208 

weather in a tropical carnivore. Oecologia, 189(3), 587–599. https://doi.org/10.1007/s00442-018-1209 

04329-1 1210 

Reed, T. E., Harris, M. P., & Wanless, S. (2015). Skipped breeding in common guillemots in a changing 1211 

climate: Restraint or constraint? Frontiers in Ecology and Evolution, 3. 1212 

https://doi.org/10.3389/fevo.2015.00001 1213 

Rehm, E. M., Olivas, P., Stroud, J., & Feeley, K. J. (2015). Losing your edge: Climate change and the 1214 

conservation value of range‐edge populations. Ecology and Evolution, 5(19), 4315–4326. 1215 

https://doi.org/10.1002/ece3.1645 1216 

Riddell, D. J., Culp, J. M., & Baird, D. J. (2005). Behavioral responses to sublethal cadmium exposure 1217 

within an experimental aquatic food web. Environmental Toxicology and Chemistry, 24(2), 431. 1218 

https://doi.org/10.1897/04-026R.1 1219 

Rogers, S. A., Robbins, C. T., Mathewson, P. D., Carnahan, A. M., Manen, F. T., Haroldson, M. A., 1220 

Porter, W. P., Rogers, T. R., Soule, T., & Long, R. A. (2021). Thermal constraints on energy 1221 

balance, behaviour and spatial distribution of grizzly bears. Functional Ecology, 35(2), 398–410. 1222 

https://doi.org/10.1111/1365-2435.13727 1223 

Routti, H., Atwood, T. C., Bechshoft, T., Boltunov, A., Ciesielski, T. M., Desforges, J.-P., Dietz, R., 1224 

Gabrielsen, G. W., Jenssen, B. M., Letcher, R. J., McKinney, M. A., Morris, A. D., Rigét, F. F., 1225 

Sonne, C., Styrishave, B., & Tartu, S. (2019). State of knowledge on current exposure, fate and 1226 

potential health effects of contaminants in polar bears from the circumpolar Arctic. Science of 1227 

The Total Environment, 664, 1063–1083. https://doi.org/10.1016/j.scitotenv.2019.02.030 1228 

https://doi.org/10.1016/j.chemosphere.2018.12.059
https://doi.org/10.1007/s00442-018-04329-1
https://doi.org/10.1007/s00442-018-04329-1
https://doi.org/10.3389/fevo.2015.00001
https://doi.org/10.1002/ece3.1645
https://doi.org/10.1897/04-026R.1
https://doi.org/10.1111/1365-2435.13727
https://doi.org/10.1016/j.scitotenv.2019.02.030


 
 

49 

Ruuskanen, S., Hsu, B.-Y., & Nord, A. (2021). Endocrinology of thermoregulation in birds in a changing 1229 

climate. Molecular and Cellular Endocrinology, 519, 111088. 1230 

https://doi.org/10.1016/j.mce.2020.111088 1231 

Saaristo, M., Brodin, T., Balshine, S., Bertram, M. G., Brooks, B. W., Ehlman, S. M., McCallum, E. S., 1232 

Sih, A., Sundin, J., Wong, B. B. M., & Arnold, K. E. (2018). Direct and indirect effects of 1233 

chemical contaminants on the behaviour, ecology and evolution of wildlife. Proceedings of the 1234 

Royal Society B: Biological Sciences, 285(1885), 20181297. 1235 

https://doi.org/10.1098/rspb.2018.1297 1236 

Sandland, G. J., & Carmosini, N. (2006). Combined effects of a herbicide (atrazine) and predation on the 1237 

life history of a pond snail, physa gyrina--Short Communication. Environmental Toxicology and 1238 

Chemistry, 25(8), 2216. https://doi.org/10.1897/05-596R.1 1239 

Sapolsky, R. M., Romero, L. M., & Munck, A. U. (2000). How Do Glucocorticoids Influence Stress 1240 

Responses? Integrating Permissive, Suppressive, Stimulatory, and Preparative Actions. Endocrine 1241 

Reviews, 21(1), 55–89. https://doi.org/10.1210/edrv.21.1.0389 1242 

Scholander, P. F., Hock, R., Walters, V., & Irving, L. (1950). Adaptation to cold in arctic and tropical 1243 

mammals and birds in relation to body temperature, insulation, and basal metabolic rate. The 1244 

Biological Bulletin, 99(2), 259–271. https://doi.org/10.2307/1538742 1245 

Sebastiano, M., Messina, S., Marasco, V., & Costantini, D. (2022). Hormesis in ecotoxicological studies: 1246 

A critical evolutionary perspective. Current Opinion in Toxicology, 29, 25–30. 1247 

https://doi.org/10.1016/j.cotox.2022.01.002 1248 

Seebacher, F., White, C. R., & Franklin, C. E. (2015). Physiological plasticity increases resilience of 1249 

ectothermic animals to climate change. Nature Climate Change, 5(1), 61–66. 1250 

https://doi.org/10.1038/nclimate2457 1251 

Seewagen, C. L. (2020). The threat of global mercury pollution to bird migration: Potential mechanisms 1252 

and current evidence. Ecotoxicology, 29(8), 1254–1267. https://doi.org/10.1007/s10646-018-1253 

1971-z 1254 

https://doi.org/10.1016/j.mce.2020.111088
https://doi.org/10.1098/rspb.2018.1297
https://doi.org/10.1897/05-596R.1
https://doi.org/10.1210/edrv.21.1.0389
https://doi.org/10.2307/1538742
https://doi.org/10.1016/j.cotox.2022.01.002
https://doi.org/10.1038/nclimate2457
https://doi.org/10.1007/s10646-018-1971-z
https://doi.org/10.1007/s10646-018-1971-z


 
 

50 

Senécal, S., Riva, J.-C., O’Connor, R. S., Hallot, F., Nozais, C., & Vézina, F. (2021). Poor prey quality is 1255 

compensated by higher provisioning effort in passerine birds. Scientific Reports, 11(1), 11182. 1256 

https://doi.org/10.1038/s41598-021-90658-w 1257 

Sheldon, B. C., & Verhulst, S. (1996). Ecological immunology: Costly parasite defences and trade-offs in 1258 

evolutionary ecology. Trends in Ecology & Evolution, 11(8), 317–321. 1259 

https://doi.org/10.1016/0169-5347(96)10039-2 1260 

Smith, R. A., Albonaimi, S. S., Hennin, H. L., Gilchrist, H. G., Fort, J., Parkinson, K. J. L., Provencher, J. 1261 

F., & Love, O. P. (2022). Exposure to cumulative stressors affects the laying phenology and 1262 

incubation behaviour of an Arctic-breeding marine bird. Science of The Total Environment, 807, 1263 

150882. https://doi.org/10.1016/j.scitotenv.2021.150882 1264 

Sokolova, I., & Lannig, G. (2008). Interactive effects of metal pollution and temperature on metabolism 1265 

in aquatic ectotherms: Implications of global climate change. Climate Research, 37(2–3), 181–1266 

201. https://doi.org/10.3354/cr00764 1267 

Sonne, C. (2010). Health effects from long-range transported contaminants in Arctic top predators: An 1268 

integrated review based on studies of polar bears and relevant model species. Environment 1269 

International, 36(5), 461–491. https://doi.org/10.1016/j.envint.2010.03.002 1270 

Speakman, J. R. (2018). Obesity and thermoregulation. In Handbook of Clinical Neurology (Vol. 156, pp. 1271 

431–443). Elsevier. https://doi.org/10.1016/B978-0-444-63912-7.00026-6 1272 

Speakman, J. R., & Król, E. (2010). Maximal heat dissipation capacity and hyperthermia risk: Neglected 1273 

key factors in the ecology of endotherms: Heat dissipation limit theory. Journal of Animal 1274 

Ecology, no-no. https://doi.org/10.1111/j.1365-2656.2010.01689.x 1275 

Ste Marie, E., Grémillet, D., Fort, J., Patterson, A., Brisson-Curadeau, É., Clairbaux, M., Perret, S., 1276 

Speakman, J., & Elliott, K. H. (2022). Accelerating animal energetics: High dive costs in a small 1277 

seabird disrupt the dynamic body acceleration - energy expenditure relationship. Journal of 1278 

Experimental Biology, jeb.243252. https://doi.org/10.1242/jeb.243252 1279 

https://doi.org/10.1038/s41598-021-90658-w
https://doi.org/10.1016/0169-5347(96)10039-2
https://doi.org/10.1016/j.scitotenv.2021.150882
https://doi.org/10.3354/cr00764
https://doi.org/10.1016/j.envint.2010.03.002
https://doi.org/10.1016/B978-0-444-63912-7.00026-6
https://doi.org/10.1111/j.1365-2656.2010.01689.x
https://doi.org/10.1242/jeb.243252


 
 

51 

Stirling, I., & Derocher, A. E. (2012). Effects of climate warming on polar bears: A review of the 1280 

evidence. Global Change Biology, 18(9), 2694–2706. https://doi.org/10.1111/j.1365-1281 

2486.2012.02753.x 1282 

Suvorov, A., Girard, S., Lachapelle, S., Abdelouahab, N., Sebire, G., & Takser, L. (2009). Perinatal 1283 

Exposure to Low-Dose BDE-47, an Emergent Environmental Contaminant, Causes Hyperactivity 1284 

in Rat Offspring. Neonatology, 95(3), 203–209. https://doi.org/10.1159/000155651 1285 

Suzuki, T., Hidaka, T., Kumagai, Y., & Yamamoto, M. (2020). Environmental pollutants and the immune 1286 

response. Nature Immunology, 21(12), 1486–1495. https://doi.org/10.1038/s41590-020-0802-6 1287 

Swaddle, J. P., Diehl, T. R., Taylor, C. E., Fanaee, A. S., Benson, J. L., Huckstep, N. R., & Cristol, D. A. 1288 

(2017). Exposure to dietary mercury alters cognition and behavior of zebra finches. Current 1289 

Zoology, 63(2), 213–219. https://doi.org/10.1093/cz/zox007 1290 

Tan, H., Polverino, G., Martin, J. M., Bertram, M. G., Wiles, S. C., Palacios, M. M., Bywater, C. L., 1291 

White, C. R., & Wong, B. B. M. (2020). Chronic exposure to a pervasive pharmaceutical 1292 

pollutant erodes among-individual phenotypic variation in a fish. Environmental Pollution, 263, 1293 

114450. https://doi.org/10.1016/j.envpol.2020.114450 1294 

Tapper, S., Nocera, J. J., & Burness, G. (2020). Experimental evidence that hyperthermia limits offspring 1295 

provisioning in a temperate-breeding bird. Royal Society Open Science, 7(10), 201589. 1296 

https://doi.org/10.1098/rsos.201589 1297 

Tartu, S., Angelier, F., Wingfield, J. C., Bustamante, P., Labadie, P., Budzinski, H., Weimerskirch, H., 1298 

Bustnes, J. O., & Chastel, O. (2015). Corticosterone, prolactin and egg neglect behavior in 1299 

relation to mercury and legacy POPs in a long-lived Antarctic bird. Science of The Total 1300 

Environment, 505, 180–188. https://doi.org/10.1016/j.scitotenv.2014.10.008 1301 

Tartu, S., Bustamante, P., Angelier, F., Lendvai, Á. Z., Moe, B., Blévin, P., Bech, C., Gabrielsen, G. W., 1302 

Bustnes, J. O., & Chastel, O. (2016). Mercury exposure, stress and prolactin secretion in an 1303 

Arctic seabird: An experimental study. Functional Ecology, 30(4), 596–604. 1304 

https://doi.org/10.1111/1365-2435.12534 1305 

https://doi.org/10.1111/j.1365-2486.2012.02753.x
https://doi.org/10.1111/j.1365-2486.2012.02753.x
https://doi.org/10.1159/000155651
https://doi.org/10.1038/s41590-020-0802-6
https://doi.org/10.1093/cz/zox007
https://doi.org/10.1016/j.envpol.2020.114450
https://doi.org/10.1098/rsos.201589
https://doi.org/10.1016/j.scitotenv.2014.10.008
https://doi.org/10.1111/1365-2435.12534


 
 

52 

Tartu, S., Gabrielsen, G. W., Blévin, P., Ellis, H., Bustnes, J. O., Herzke, D., & Chastel, O. (2014). 1306 

Endocrine and Fitness Correlates of Long-Chain Perfluorinated Carboxylates Exposure in Arctic 1307 

Breeding Black-Legged Kittiwakes. Environmental Science & Technology, 48(22), 13504–13510. 1308 

https://doi.org/10.1021/es503297 1309 

Tartu, S., Goutte, A., Bustamante, P., Angelier, F., Moe, B., Clément-Chastel, C., Bech, C., Gabrielsen, 1310 

G. W., Bustnes, J. O., & Chastel, O. (2013). To breed or not to breed: Endocrine response to 1311 

mercury contamination by an Arctic seabird. Biology Letters, 9(4), 20130317. 1312 

https://doi.org/10.1098/rsbl.2013.0317 1313 

Thomas, D. W., Blondel, J., Perret, P., Lambrechts, M. M., & Speakman, J. R. (2001). Energetic and 1314 

Fitness Costs of Mismatching Resource Supply and Demand in Seasonally Breeding Birds. 1315 

Science, 291(5513), 2598–2600. https://doi.org/10.1126/science.1057487 1316 

Vallverdú-Coll, N., Mateo, R., Mougeot, F., & Ortiz-Santaliestra, M. E. (2019). Immunotoxic effects of 1317 

lead on birds. Science of The Total Environment, 689, 505–515. 1318 

https://doi.org/10.1016/j.scitotenv.2019.06.251 1319 

Van Dievel, M., Janssens, L., & Stoks, R. (2019). Additive bioenergetic responses to a pesticide and 1320 

predation risk in an aquatic insect. Aquatic Toxicology, 212, 205–213. 1321 

https://doi.org/10.1016/j.aquatox.2019.05.010 1322 

Van Noordwijk, A. J., & de Jong, G. (1986). Acquisition and Allocation of Resources: Their Influence on 1323 

Variation in Life History Tactics. The American Naturalist, 128(1), 137–142. 1324 

https://doi.org/10.1086/284547 1325 

 Vandenberg, L. N., Colborn, T., Hayes, T. B., Heindel, J. J., Jacobs, D. R., Lee, D.-H., Shioda, T., Soto, 1326 

A. M., vom Saal, F. S., Welshons, W. V., Zoeller, R. T., & Myers, J. P. (2012). Hormones and 1327 

Endocrine-Disrupting Chemicals: Low-Dose Effects and Nonmonotonic Dose Responses. 1328 

Endocrine Reviews, 33(3), 378–455. https://doi.org/10.1210/er.2011-1050 1329 

Verreault, J., Bech, C., Letcher, R. J., Ropstad, E., Dahl, E., & Gabrielsen, G. W. (2007). Organohalogen 1330 

contamination in breeding glaucous gulls from the Norwegian Arctic: Associations with basal 1331 

https://doi.org/10.1021/es503297
https://doi.org/10.1098/rsbl.2013.0317
https://doi.org/10.1126/science.1057487
https://doi.org/10.1016/j.scitotenv.2019.06.251
https://doi.org/10.1016/j.aquatox.2019.05.010
https://doi.org/10.1086/284547
https://doi.org/10.1210/er.2011-1050


 
 

53 

metabolism and circulating thyroid hormones. Environmental Pollution, 145(1), 138–145. 1332 

https://doi.org/10.1016/j.envpol.2006.03.049 1333 

Verreault, J., Skaare, J. U., Jenssen, B. M., & Gabrielsen, G. W. (2004). Effects of organochlorine 1334 

contaminants on thyroid hormone levels in Arctic breeding glaucous gulls, Larus hyperboreus. 1335 

Environmental Health Perspectives, 112(5), 532–537. https://doi.org/10.1289/ehp.6756 1336 

Vijayan, M. M., Aluru, N., Maule, A. G., & Jørgensen, E. H. (2006). Fasting Augments PCB Impact on 1337 

Liver Metabolism in Anadromous Arctic Char. Toxicological Sciences, 91(2), 431–439. 1338 

https://doi.org/10.1093/toxsci/kfj154 1339 

 Wada, H., Cristol, D. A., McNabb, F. M. A., & Hopkins, W. A. (2009). Suppressed Adrenocortical 1340 

Responses and Thyroid Hormone Levels in Birds near a Mercury-Contaminated River. 1341 

Environmental Science & Technology, 43(15), 6031–6038. https://doi.org/10.1021/es803707f 1342 

Webber, H. M., & Haines, T. A. (2003). Mercury effects on predator avoidance behavior of a forage fish, 1343 

golden shiner ( Notemigonus crysoleucas ). Environmental Toxicology and Chemistry, 22(7), 1344 

1556–1561. https://doi.org/10.1002/etc.5620220718 1345 

Weitten, M., Tissier, M. L., Robin, J.-P., & Habold, C. (2018). Dietary proteins improve hibernation and 1346 

subsequent reproduction in the European hamster, Cricetus cricetus. American Journal of 1347 

Physiology-Regulatory, Integrative and Comparative Physiology, 315(4), R848–R855. 1348 

https://doi.org/10.1152/ajpregu.00146.2018 1349 

Whitney, M. C., & Cristol, D. A. (2017). Impacts of Sublethal Mercury Exposure on Birds: A Detailed 1350 

Review. In P. de Voogt (Ed.), Reviews of Environmental Contamination and Toxicology Volume 1351 

244 (Vol. 244, pp. 113–163). Springer International Publishing. 1352 

https://doi.org/10.1007/398_2017_4 1353 

Wilson, R. P., Börger, L., Holton, M. D., Scantlebury, D. M., Gómez‐Laich, A., Quintana, F., Rosell, F., 1354 

Graf, P. M., Williams, H., Gunner, R., Hopkins, L., Marks, N., Geraldi, N. R., Duarte, C. M., 1355 

Scott, R., Strano, M. S., Robotka, H., Eizaguirre, C., Fahlman, A., & Shepard, E. L. C. (2020). 1356 

https://doi.org/10.1016/j.envpol.2006.03.049
https://doi.org/10.1289/ehp.6756
https://doi.org/10.1093/toxsci/kfj154
https://doi.org/10.1021/es803707f
https://doi.org/10.1002/etc.5620220718
https://doi.org/10.1152/ajpregu.00146.2018
https://doi.org/10.1007/398_2017_4


 
 

54 

Estimates for energy expenditure in free‐living animals using acceleration proxies: A reappraisal. 1357 

Journal of Animal Ecology, 89(1), 161–172. https://doi.org/10.1111/1365-2656.13040 1358 

Wingfield, J. C., Maney, D. L., Breuner, C. W., Jacobs, J. D., Lynn, S., Ramenofsky, M., & Richardson, 1359 

R. D. (1998). Ecological Bases of Hormone—Behavior Interactions: The “Emergency Life 1360 

History Stage.” American Zoologist, 38(1), 191–206. https://doi.org/10.1093/icb/38.1.191 1361 

Wojczulanis, K., Jakubas, D., & Stempniewicz, L. (2005). Changes in the Glaucous Gull Predatory 1362 

Pressure on Little Auks in Southwest Spitsbergen. Waterbirds, 28(4), 430–435. 1363 

https://doi.org/10.1675/1524-4695(2005)28[430:CITGGP]2.0.CO;2 1364 

Wrinn, K. M., Evans, S. C., & Rypstra, A. L. (2012). Predator cues and an herbicide affect activity and 1365 

emigration in an agrobiont wolf spider. Chemosphere, 87(4), 390–396. 1366 

https://doi.org/10.1016/j.chemosphere.2011.12.030 1367 

Yen, P. M. (2001). Physiological and Molecular Basis of Thyroid Hormone Action. Physiological 1368 

Reviews, 81(3), 1097–1142. https://doi.org/10.1152/physrev.2001.81.3.1097 1369 

Yin, K., Watanabe, C., Inaba, H., & Satoh, H. (1997). Growth and behavioral changes in mice prenatally 1370 

exposed to methylmercury and heat. Neurotoxicology and Teratology, 19(1), 65–71. 1371 

https://doi.org/10.1016/S0892-0362(96)00181-X 1372 

Youngentob, K. N., Lindenmayer, D. B., Marsh, K. J., Krockenberger, A. K., & Foley, W. J. (2021). 1373 

Food intake: An overlooked driver of climate change casualties? Trends in Ecology & Evolution, 1374 

36(8), 676–678. https://doi.org/10.1016/j.tree.2021.04.003 1375 

Zhao, Z.-J., Hambly, C., Shi, L.-L., Bi, Z.-Q., Cao, J., & Speakman, J. R. (2020). Late lactation in small 1376 

mammals is a critically sensitive window of vulnerability to elevated ambient temperature. 1377 

Proceedings of the National Academy of Sciences, 117(39), 24352–24358. 1378 

https://doi.org/10.1073/pnas.20089741171379 

https://doi.org/10.1111/1365-2656.13040
https://doi.org/10.1093/icb/38.1.191
https://doi.org/10.1675/1524-4695(2005)28%5b430:CITGGP%5d2.0.CO;2
https://doi.org/10.1016/j.chemosphere.2011.12.030
https://doi.org/10.1152/physrev.2001.81.3.1097
https://doi.org/10.1016/S0892-0362(96)00181-X
https://doi.org/10.1016/j.tree.2021.04.003
https://doi.org/10.1073/pnas.2008974117


 
 

55 

TABLES 1380 

Table 1. Summary of organisms, contaminant types, and environmental stressors encompassed, and contaminant-by-environment interactive 1381 
effects reported, by empirical studies. Some studies involved multiple types of contaminants, environmental stressors and classes of interactive 1382 
effects. Numbers for interactive effect classes refer to the number of studies reporting such an effect, but some studies may have reported the same 1383 
type of effect for multiple variables. Some studies did not statistically test the interactive effect (e.g. because separate experiments were conducted 1384 
under two conditions or only a one-way ANOVA was used). Of these studies, graphical depictions of results mostly allowed verification that the 1385 
interactive effect was significantly different than the additive prediction. However, in a few cases this was difficult. We note these cases in 1386 
parentheses when reporting classes of interactive effects. See Supplementary Material for the methodology of the literature review. 1387 

Bioenergetic 

domain 

Sub-domain Organism type Ecosystem type Contaminant type Environmental 

stressors 

Interactive effects (difficult to 

compare to additive prediction) 
END ECV ECIV Arctic (of 

which END) 

OTH MET POP CEAC OTH RA T PRD PAR NS PS NA PA Null/ 

ADD 

Energy supply Foraging 7 7 11 3(3) 11 11 4 1 9 13 6 5 1 7(3) 2(1) 5(1) 2(1) 13 

Energy supply Assimilation/ 

Metabolic 

Efficiency 

0 3 5 0 8 3 3 1 1 0 5 2 1 4 0 2 0 3 

Energy demand Metabolism 4 15 39 1(0) 58 37 6 2 15 4 49 2 2 8 8 16 12 22 

Energy demand Thermo-

regulation 

4 3 21 1(1) 27 3 2 10 14 5 25 1 1 7(4) 5(2) 4(1) 6(2) 8 

Energy demand Activity 2 17 15 0 34 8 5 6 14 1 21 10 2 6 6 9 4 18 

Energy demand Immune 

defense 

4 7 19 2(1) 28 18 6 2 4 1 14 2 13 5 11(1) 3 5 19 

Energy storage Energy storage 2 12 25 0 39 20 3 9 8 2 31 3 6 8(1) 5 5 3 29 

Total  23 64 135 7(5) 205 100 29 31 65 26 151 25 26 45 37 44 32 112 

END= endotherm, ECV= ectotherm vertebrate, ECIV= ectotherm invertebrate, MET= metal, POP= POP, CEAC= other contaminant of emerging Arctic concern, 1388 
OTH= other, RA= resource availability, T= temperature, PRD= predation risk, PAR= parasitism, NS= negative synergy, PS= positive synergy, NA= negative 1389 
antagony, PA= positive antagony, Null= non-significant 1390 
 1391 

 1392 

 1393 

 1394 
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FIGURE LEGENDS 1395 

 1396 

Figure 1. The effects of climate change-associated stressors and contaminants on bioenergetic traits may 1397 

be additive, with individuals differing in contaminant load displaying parallel reaction norms across 1398 

environmental gradients. Alternatively, effects may be interactive. First, contamination may modify the 1399 

slope of reaction norms with respect to climate-change associated stressors, as proposed by toxicant-1400 

induced climate sensitivity (Hooper et al. 2013). For example, as temperature increases endotherms may 1401 

decrease metabolic rate to conserve energy, but this response may be dampened if detoxification costs 1402 

elevate metabolic rate (a). Here, since metabolic rate changes less steeply with environmental conditions 1403 

within more contaminated individuals, antagonistic (<additive) effects result. Note that metabolic rate 1404 

may be modified when temperature either increases or decreases away from an optimal temperature, or 1405 

temperature range (thermal neutral zone), and contamination might interfere with such modulation. 1406 

Additionally, climatic stress may alter effects of contamination on bioenergetic traits, as proposed by 1407 

climate-induced toxicant sensitivity (Hooper et al. 2013) (b). Here, metabolic rate increases more steeply 1408 

with contaminant exposure at higher temperatures, which could reflect heighten toxicity and 1409 

detoxification costs, resulting in synergistic (>additive) effects. Note that climate-driven and contaminant-1410 

driven processes in reality operate simultaneously, as visualized by reaction norms in three-dimensional 1411 

space (c). We consider the potential for such interactive effects within five bioenergetic domains. These 1412 

processes may affect fitness outcomes, especially in challenging environments (bottom). 1413 

 1414 

Figure 2. Framework for classifying interactive effects between stressors when effects are in the a) same 1415 

or b) opposite directions. Single stressor effects (E1 and E2) appear below the horizonal line, and 1416 

cummulative effects classified as additive (Add), antagony (Ant), synergy (Syn), or dominant (Dom) 1417 

above. Given effects in the same direction and an additive null model (vertical line in a), classifying 1418 

effects as antagony or synergy (less or more in absolute value than the additive prediction) is 1419 

straightforward. Given effects in opposing directions, classification becomes contentious. We classified 1420 
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interactive effects as antagony if less in absolute magnitude than the single stressor effect in the same 1421 

direction (outer vertical lines in b). The effect is called positive antagony if more negative than the 1422 

additive prediction (positive effect antagonized), and negative antagony if more positive than the additive 1423 

prediction (negative effect antagonized). Some have instead labelled effects greater in magnitude than the 1424 

additive prediction and in the same direction synergy (negative antagony bar in b). We classified effects 1425 

as synergy only given an absolute magnitude greater than the single stressor effect in the same direction. 1426 

The effect was called positive synergy if greater than a positive single stressor effect, and negative 1427 

synergy if less than a negative single stressor effect. Dominant effects are of the same magnitude as one 1428 

of the single stressor effects, and can also be viewed as a form of antagony (other stressor effect is 1429 

antagonized). Framework derived from Piggott et al. 2015. 1430 

 1431 

Figure 3. Hypothetical relationships in individuals with high, versus low, contamination loads between 1432 

(a) auxiliary energy demand and BMR (top) and activity (bottom), given constrained energy management 1433 

and elevation of BMR by detoxification costs, and (b) auxiliary energy demand and BMR (top) and 1434 

activity or FMR (bottom), given performance energy management and suppression of BMR by 1435 

contamination.  1436 

 1437 

Figure 4. Hypothetical relationship between contaminant exposure and time of switching between 1438 

independent/performance and constrained energy management. When DEE is below a threshold (dashed 1439 

line, a), auxiliary energy expenditure (AEE) is unconstrained by maintenance energy expenditure (BMR), 1440 

or vice versa. As AEE increases, a threshold is reached, and reductions in AEE constrain DEE. Here, 1441 

highly contaminated individuals (HC) have higher maintenance costs (BMR), surpass the threshold at 1442 

lower AEE than individuals with low contamination loads (LC), and switch strategies sooner. The slope 1443 

of the DEE-BMR relationship for the entire period (b) lies between 1 and 0 for both types of individuals, 1444 

indicating partial energy constraint. However, the slope for HC individuals is closer to 0, indicating 1445 

greater constraint. Contaminated individuals might also switch between an independent/performance 1446 
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EMS and constrained EMS at a lower threshold of DEE (imagine shifting the dashed line in a) down, but 1447 

only for contaminated individuals), which could accentuate the difference in time between when 1448 

contaminated and uncontaminated individuals switch. Extended from figure 2 of Halsey et al. 2019. 1449 

 1450 

Figure 5. Hypothetical example of reaction norms in multiple bioenergetic traits combining to determine 1451 

reaction norms in higher level traits. Polar bears exhibit a seasonal fast during the summer and fall when 1452 

sea ice disappears, whose duration is increasing with climate change. Simultaneous reductions in BMR 1453 

and activity allow bears to reduce DEE (a; reaction norms in solid black) and survive the fast (Stirling & 1454 

Derocher 2012). However, contaminant exposure might interfere with both responses (a; reaction norms 1455 

in dashed red) by elevating basal detoxification costs and causing hyperactivity through endocrine-1456 

disrupting effects (e.g. PDBEs cause hyperactivity in rats; Suvorov et al. 2009), especially as 1457 

contaminants are released from lipid reserves in fasting bears (Polischuk et al. 2002), resulting in 1458 

sustained elevated DEE, and deleterious effects on survival. Alternatively, reaction norms in one lower 1459 

level trait may buffer against lack of response in another, maintaining the response in the higher level trait 1460 

(b). For instance, if contaminated polar bears with heightened detoxification costs are unable to suppress 1461 

BMR, activity levels may be more dramatically reduced than in uncontaminated individuals, such that a 1462 

similar reaction norm in DEE is observed in contaminated and uncontaminated individuals, potentially 1463 

serving as an adaptive buffering response to prevent starvation. 1464 


