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Abstract 19 

Municipal wastewater effluent is a major source of aquatic pollution and has potential 20 

to impact cellular energy metabolism. However, it is poorly understood whether 21 

wastewater exposure impacts whole-animal metabolism and whether this can be 22 

accommodated with adjustments in respiratory physiology. We caged bluegill sunfish 23 

(Lepomis macrochirus) for 21 days at two sites downstream (either 50 m or 830 m) from a 24 

wastewater treatment plant (WWTP). Survival was reduced in fish caged at both 25 

downstream sites compared to an uncontaminated reference site. Standard rates of O2 26 

consumption increased in fish at contaminated sites, reflecting a metabolic cost of 27 

wastewater exposure. Several physiological adjustments accompanied this metabolic cost, 28 

including an expansion of the gill surface area available for gas exchange (reduced 29 

interlamellar cell mass), a decreased blood-O2 affinity (which likely facilitates O2 30 

unloading at respiring tissues), increased respiratory capacities for oxidative 31 

phosphorylation in isolated liver mitochondria (supported by increased succinate 32 

dehydrogenase, but not citrate synthase, activity),  and decreased mitochondrial emission 33 

of reactive oxygen species (ROS). We conclude that exposure to wastewater effluent 34 

invokes a metabolic cost that leads to compensatory respiratory improvements in O2 35 

uptake, delivery, and utilization.  36 

 37 

1. Introduction 38 

Wastewater treatment plants (WWTP) do not remove all contaminants from 39 

wastewater, which leads to the release of a dynamic and complex mixture of contaminants 40 

(including pharmaceuticals and personal care products (PPCPs), pesticides, metals, and 41 
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excess nutrients) into the environment via the treated effluent (1-5). Wastewater effluent is 42 

a growing concern because many of these compounds are recognized ecological hazards 43 

that may threaten the health of aquatic wildlife (6-10). Exposure to single contaminants can 44 

impair performance, reproduction, and behaviour in fish (11-19). However, less is known 45 

about how fish physiology is impacted by the complex contaminant mixtures that typify 46 

wastewater, which could interact in synergistic ways that are hard to predict, particularly 47 

when combined with natural variability in environmental conditions (20).  48 

Metabolism and respiration provide a powerful lens to understand how 49 

contaminants influence energy flow within an organism. Metabolism, respiration, and 50 

aerobic scope (the difference between maximal and resting rates of O2 consumption) are 51 

linked to growth, reproduction, activity, functional performance, and many important 52 

behaviours (21-26). Exposure to aquatic pollution may require that energy be redirected 53 

towards detoxification and cellular protection, particularly in tissues that accumulate 54 

contaminants and/or play large roles in detoxification (e.g., liver, 27), and may thus impact 55 

whole-animal metabolism. Exposure may constrain these processes, because some 56 

contaminants cause mitochondrial dysfunction and impair energy production (28-30). 57 

Although some studies have investigated the effects of pollution on energy stores (i.e. 58 

concentrations of lipid, glycogen, and protein in tissues; 31-33), the mechanisms and 59 

functional implications on higher levels of biological organization (i.e. organ systems and 60 

whole-organism) remain unclear. This knowledge gap is best-addressed using integrative 61 

sets of bioenergetic markers that provide a mechanistic link between cellular changes and 62 

organismal metabolism.  63 
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Fish are commonly found living in effluent-dominated environments (34), possibly 64 

because they are able to invoke compensatory strategies to offset the potential metabolic 65 

costs of wastewater exposure. The purpose of our study was to elucidate the impacts of 66 

wastewater exposure on whole-animal metabolism and to understand whether fish exhibit 67 

effective respiratory and metabolic plasticity to cope with these greater demands, using 68 

bluegill sunfish (Lepomis macrochirus). Bluegill and other related centrarchid species have 69 

been used in previous ecotoxicological studies (29, 35-39) and are native across a wide 70 

range of North America (40). Bluegill were exposed to effluent from a residential WWTP 71 

that discharges into Cootes Paradise Marsh (Fig. 1), a protected wetland of western Lake 72 

Ontario that serves as an important fish breeding ground but is recognized as an 73 

International Area of Concern due to historically heavy nutrient and pollution inputs (41). 74 

Given previous work on single compounds, we expect that fish exposed to wastewater 75 

would incur a metabolic cost. If fish are able to compensate for these increased metabolic 76 

demands, then we should observe changes that improve oxygen uptake, transport, and 77 

utilization.  78 

 79 

2. Materials and methods 80 

Methods described here are an abridged version. Additional details are available in the 81 

Supporting Information.  82 

 83 

2.1 Caged exposures 84 

Bluegill sunfish (collected from Lake Opinicon, Ontario, Canada) were caged for 85 

21 days in summer 2015 at one of three field locations, two of which exposed fish to 86 
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effluent from the Dundas WWTP (43º16’2”N 79º56’37”W, Fig. 1). Dundas WWTP is a 87 

tertiary treatment plant that serves a population of ~30,000 and treats an average of 15 88 

million litres of wastewater each day (42). The treated effluent is the major source of water 89 

flowing into Desjardins Canal, which enters West Pond before joining Cootes Paradise 90 

Marsh (Fig. 1). We caged fish at sites 50 m (43º16’0”N 79º56’31”W) or 830 m (43º16’9”N 91 

79º55’59”W) downstream of the outfall pipe (“outfall” and “downstream” experimental 92 

groups, respectively) (Fig. 1). We also caged fish at a control reference site in Beverly 93 

Swamp (43º21’57”N 80º6’27”W), which is located within the headwaters for Cootes 94 

Paradise Marsh (17.4 km upstream from the outfall and the marsh).  95 

Several measures of water quality and contaminant levels were taken during these 96 

caged exposures, in conjunction with a parallel study investigating the effects of 97 

wastewater exposure on behaviour and physiology of round goby (Neogobius 98 

melanostomus) (43). We found 17 PPCPs at our wastewater-contaminated sites, including 99 

a range of antibiotics, antidepressants, beta-blockers, and hormone medications (Table S1). 100 

Only six PPCPs were found at our reference site, all at substantially lower concentrations. 101 

Water quality (temperature, dissolved oxygen, pH, conductivity, salinity, total dissolved 102 

solids, and flow) was also measured during our exposure period (Table S2). A full 103 

description of the methods and analyses of these parameters are described by McCallum et 104 

al. (43). 105 

 106 

2.3 Respirometry experiments 107 

We used stop-flow intermittent respirometry (Loligo Systems) to measure standard 108 

O2 consumption rates (MO2) and hypoxia tolerance in resting fish, using well-established 109 
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methods (44, 45). Briefly, fish were transferred to respirometry chambers (2.1 l) within 4 110 

h of arrival from the field, and were held there overnight (~18 h) with a continuous flow-111 

through supply of aerated dechlorinated tap water at 20ºC. The next morning, resting MO2 112 

was obtained in normoxia (90-100% air saturation). Hypoxia tolerance (critical PO2 and PO2 113 

at loss of equilibrium) was also measured using a stepwise progressive hypoxia protocol 114 

that is common in the literature (46). Fish were then euthanized and sampled ~18 h after 115 

respirometry measurements. 116 

 117 

2.4 Tissue contaminants 118 

 We pooled samples from all fish within each site and sampling time point to have 119 

enough tissue to measure contaminant levels in liver (~0.75 g total tissue) and gills (~1 g 120 

total tissue). We measured two synthetic musks (Galaxolide and Tonalide; commonly used 121 

to add fragrance to cosmetics and detergents) in the fish sampled after respirometry 122 

measurements. We also measured four target pharmaceuticals (sertraline and venlafaxine, 123 

both antidepressants, O-dm-venlafaxine, a breakdown product of venlafaxine, and 124 

metoprolol, a β-blocker) in a separate set of fish sampled immediately upon removal from 125 

caged exposures (see Supporting methods). We extracted and identified these compounds 126 

following previously described methods (47-49).  127 

 128 

2.5 Gill morphometrics 129 

We used stereomicroscopy to analyze gill morphometrics (45, 50). Digital images 130 

were taken of all filaments on each of the four arches on one side of the fish, and the lengths 131 

and number of filaments on each arch were measured using ImageJ (51). The measured 132 
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values of total filament number and total filament length (sum of all filament lengths across 133 

all four arches) were multiplied by 2 to account for there being two sides of the fish.  134 

The first gill arch was prepared for histological analyses after stereomicroscopy. 135 

Gills were sectioned using a cryostat and then stained with eosin and haematoxylin. 136 

Brightfield microscopy images were taken across the entire gill arch from each fish, and 137 

we measured total lamellar height, exposed lamellar height, interlamellar cell mass height, 138 

and lamellar thickness for ~8 lamellae using ImageJ (51). Lamellar density was also 139 

quantified as the number of lamellae per length of filament. Gill surface density was 140 

measured using Nikon NIS-Elements D software (Version 4.30) as the length of total 141 

surface per length of filament. 142 

 143 

2.6 Haemoglobin-O2 binding 144 

Haemoglobin-O2 affinity (P50, the PO2 at which haemoglobin is 50% saturated) was 145 

determined in lysate of red blood cells using Hemox Analyser and software (TCS 146 

Scientific, New Hope, Pennsylvania, USA) at pH 7.0 and 7.4 at a temperature of 25ºC, as 147 

recommended by the manufacturer. We calculated pH sensitivity as the difference in P50 148 

per unit change in pH.  149 

 150 

2.7 Mitochondrial physiology 151 

Mitochondria were isolated from liver using established methods that have been 152 

described previously (52, 53), and then used for high-resolution respirometry and 153 

fluorometry (Oxygraph-2k with O2k-Fluorescence module, Oroboros Instruments, 154 

Innsbruck, Austria) at 20°C (Supporting Information; Fig. S1). Mitochondrial respiration 155 
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(rate of O2 consumption) was measured during oxidative phosphorylation (oxphos, P) and 156 

during uncoupling to assess electron transport capacity (E). We used substrates of complex 157 

I (PPM or EPM with pyruvate, P, and malate, M; PPMG or EPMG with P, M, and glutamate, 158 

G), complex II (PS(Rot) or ES(Rot) with succinate, S, and complex I inhibitor rotenone, Rot), 159 

and both complexes I and II (PPMGS or EPMGS with P, M, G, S).  Rates of reactive oxygen 160 

species (ROS) emission were measured fluorometrically, concurrent with oxphos 161 

measurements.  162 

 We also measured lipid peroxidation as a marker of oxidative damage (as the 163 

formation of Fe(III)-xylenol orange complex) (53, 54), and the maximal activities (Vmax) 164 

of metabolic enzymes citrate synthase (CS) and succinate dehydrogenase (SDH) at 25ºC 165 

(53), in isolated liver mitochondria. EROD (ethoxyresorufin-O-deethylase) activity was 166 

measured fluorometrically in liver tissue at 25ºC (55, 56). 167 

 168 

2.11 Statistical analyses 169 

Data were analysed using R (version 3.2.4; 57). Survival was analysed using a 170 

binomial generalized linear mixed effects model (GLMM; glmmadmb package, 58). Site 171 

and exposure week were set as fixed effects, and cage ID and deployment date were set as 172 

random effects. Likelihood ratio tests (LRTs) were used to test for the main effects of site 173 

and duration of exposure, followed by Dunnett’s post-hoc tests (multcomp package, 59) to 174 

compare each exposure site to the reference site. All remaining data, unless otherwise 175 

noted, were analysed with linear mixed effects model (LMM; lme4 package, 60) using 176 

exposure site as a fixed effect, body mass as a covariate, and deployment date as a random 177 

effect. LRTs were used to test for the main effects of exposure site and body mass, followed 178 
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by Dunnett’s post-hoc tests. In the analyses of MO2 and organ masses (Table S3), the 179 

absolute values (mmol O2 h-1 and g, respectively) were used in statistical analyses (because 180 

body mass was accounted for as a covariate), but are reported normalized to body mass 181 

(i.e., mmol O2 h-1 kg-1 and % body mass, respectively) to facilitate comparison with the 182 

literature. Mitochondrial respiration and ROS emission were analysed with the additional 183 

fixed effects of respiratory state and its interaction with exposure site. Haemoglobin P50 184 

was analysed with the additional fixed effects of pH and the interaction between exposure 185 

site and pH. In each case, interaction terms were dropped from the LMM if they were not 186 

significant. Principal component analysis was used to characterize overall physiological 187 

variation across exposure sites (Fig. S2, Table S4). Data are reported as means ± standard 188 

error mean (s.e.m.) and results with p < 0.05 were considered significant. 189 

 190 

3. Results 191 

3.1 Survival 192 

Survival remained high at the reference site (97.5 ± 2.5% survival after 21 days) 193 

but was significantly lower at the downstream (70.0 ± 10.2%) and outfall sites (43.5 ± 194 

17.5%, Fig. 2). However, body mass of surviving fish was similar across groups (in g: 195 

reference, 82.0 ± 8.7; downstream, 81.9 ± 11.7; outfall, 84.6 ± 11.0; LRTsite χ2 = 0.027, p 196 

= 0.99). 197 

 198 

3.2 Markers of contamination 199 

Bluegill exposed to wastewater effluent accumulated the synthetic musks Tonalide 200 

and Galaxolide in their tissues, consistent with the overall pattern of waterborne PPCP 201 
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exposure (Table S1). Galaxolide (1,3,4,6,7,8-hexahydro-4,6,6,7,8,8-hexa-202 

methylcyclopenta[g]-2-benzopyrane, HHCB) was detected at highest levels at the outfall 203 

site (4.97 ng g-1 fresh weight), followed by the downstream site (4.35), and was undetected 204 

at the reference site, and was found at much higher concentrations in the liver than in the 205 

gill (outfall, 0.57; downstream, 0.2; reference, not detected). Tonalide (7-acetyl-206 

1,1,3,4,4,6-hexa-methyl-tetra hydronaphthalene, AHTN) exhibited a similar pattern but 207 

was only detected in the liver at the outfall (1.49 ng g fresh weight-1) and downstream (0.7) 208 

sites. None of the four pharmaceuticals assayed (venlafaxine and its metabolite O-dm-209 

venlafaxine, sertraline, and metoprolol) were detected in any bluegill from any sites, 210 

potentially because the relatively high solubility of these compounds prevented their 211 

bioaccumulation (9, 61). EROD activity was similar across fish from the reference (7.45 ± 212 

1.32 pmol resorufin min-1 mg protein-1, n = 9), downstream (4.83 ± 1.66, n = 8), and outfall 213 

(8.28 ± 2.25, n = 6) sites (LRTsite χ2 = 3.47, p = 0.18), suggesting that fish were not exposed 214 

to aryl hydrocarbons such as polyaromatic hydrocarbons or polychlorinated biphenyls (62). 215 

 216 

3.3 Metabolism and hypoxia tolerance 217 

Bluegill caged at the downstream and outfall sites exhibited 30-36% higher standard 218 

rates of O2 consumption (MO2) than fish caged at the reference site (Fig. 3). However, 219 

wastewater exposure did not have a significant effect on hypoxia tolerance. Critical PO2 220 

(Pcrit) was similar across sites (in kPa: reference, 3.50 ± 0.19, n = 10; downstream, 4.33 ± 221 

0.34, n = 10; outfall, 4.24 ± 0.81, n = 7; LRTsite χ2 = 2.45, p = 0.29), as was the PO2 at which 222 

fish lost equilibrium during progressive hypoxia (in kPa: reference, 0.494 ± 0.092, n = 10; 223 

downstream, 0.412 ± 0.088, n = 7; outfall, 0.336 ± 0.027, n = 6; LRTsite χ2 = 1.89, p = 0.39).  224 
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 225 

3.4 Gill morphometrics and histology 226 

Wastewater exposure increased the respiratory surface area of the gills (Fig. 4). The 227 

height of exposed lamellae was 20-45% greater in fish from the downstream and outfall 228 

sites than those from the reference site (Fig. 4F), due largely to a 17-29% reduction in the 229 

height of interlamellar cell mass (Fig. 4E). Fish from the outfall site also had slightly 230 

thinner (Fig. 4H) and longer (Fig. 4D) lamellae, whereas fish from the downstream site had 231 

a modest increase in lamellar density (Fig. 4G). Collectively, these changes increased gill 232 

surface density (i.e., length of gill surface per length of filament) by 22% in fish from the 233 

downstream and outfall sites compared to control fish (Fig. 4I). These changes likely 234 

increased the overall surface area of the gills, because there were no differences in average 235 

filament length (in mm: reference, 3.69 ± 0.21; downstream, 3.60 ± 0.31; outfall, 3.88 ± 236 

0.32; LRTsite χ2 = 0.82, p = 0.66), total filament length (in mm: reference, 5179 ± 326; 237 

downstream, 4872 ± 523; outfall, 5535 ± 493; LRTsite χ2 = 1.34, p = 0.51), and total filament 238 

number (reference, 1376 ± 28; downstream, 1335 ± 41; outfall, 1412 ± 38; LRTsite χ2 = 239 

1.97, p = 0.37) between sites (nreference = 10, ndownstream = 9, noutfall = 7). 240 

 241 

3.5 Haematology 242 

Blood-O2 binding was altered in response to wastewater exposure (Fig. 5). P50 (the PO2 243 

at which haemoglobin was 50% saturated) at pH 7.0 was higher in bluegill from the outfall 244 

site compared to other groups (Fig. 5A), as was the pH sensitivity of O2 binding (Fig. 5B). 245 

Haematocrit was higher in bluegill from the outfall site (38.0 ± 2.4 %, n = 7, p = 0.023) 246 

than the downstream (31.2 ± 1.6, n = 10, p = 0.97) and reference sites (31.7 ± 1.7, n = 10) 247 
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(LRTsite χ2 = 8.57, p = 0.014), but blood haemoglobin content did not vary across sites (Fig. 248 

5C).  249 

 250 

3.6 Mitochondrial respiration  251 

Wastewater exposure altered the physiology of liver mitochondria (Fig. 6). 252 

Mitochondrial respiratory capacities for oxidative phosphorylation (oxphos, P) were ~10% 253 

higher in fish caged at the outfall (Fig. 6A). As expected, there was a significant main effect 254 

of mitochondrial substrate on oxphos respiration, with respiration rates generally being 255 

higher when supported with substrates of complex I (PPM and PPMG) compared to complex 256 

II (PS(Rot)), and the highest respiration rates were observed with convergent inputs to both 257 

complexes I and II (PPMGS). Associated with the exposure-induced increases in oxphos 258 

capacity were increases in succinate dehydrogenase activity, but no change (or a slight non-259 

significant decrease) in citrate synthase activity (Table 1). Wastewater exposure also 260 

increased mitochondrial P50 (the PO2 at which mitochondrial respiration was reduced by 261 

50%) but had no significant effects on respiratory capacities for electron transport (as 262 

indicated by respiration in the presence of the uncoupler CCCP) or leak respiration rates 263 

with (LT) or without (LN) ATP (Table 1). 264 

 265 

3.7 ROS emission rates and oxidative stress 266 

Rates of mitochondrial ROS emission were reduced by 10-30% in fish exposed to 267 

wastewater compared to those from the reference site (Fig. 6B), with higher ROS emission 268 

when respiration was supported by substrates of complex I than when supported by 269 

substrates of complex II or complexes I and II. The ratios of ROS emission to oxphos 270 
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respiration were also reduced from ~0.11% in unexposed fish to 0.08% in fish exposed to 271 

wastewater at both the downstream and outfall sites (Fig. 6C).  272 

We found no evidence of mitochondrial oxidative stress with wastewater exposure 273 

(LRTsite χ2 = 0.023, p = 0.99). Levels of lipid peroxidation were similar in liver 274 

mitochondria among fish from reference (2.98 ± 0.53 nmol cumene hydroperoxide 275 

equivalents mg protein-1, n = 9), downstream (3.05 ± 0.33, p = 0.99, n = 10), and outfall 276 

(3.05 ± 0.45, p = 0.99, n = 7) sites. 277 

 278 

4. Discussion 279 

Here, we show that exposure to wastewater effluent reduces survival of bluegill 280 

sunfish (Fig. 2). Exposure also increases standard rates of aerobic metabolism (Fig. 3), 281 

which was associated with adjustments across the oxygen transport cascade that expanded 282 

the gills’ capacity for gas exchange (Fig. 4), facilitated the unloading of O2 from 283 

haemoglobin at the tissues (Fig. 5), and increased the respiratory capacity of liver 284 

mitochondria (Fig. 6). There was a significant overall effect of wastewater on physiology 285 

when considered using a principal component analysis (Fig. S2, Table S4). These 286 

beneficial adjustments in respiratory physiology could help bluegill sunfish cope with the 287 

metabolic costs associated with living in polluted environments.  288 

 289 

4.1 Metabolic costs of wastewater exposure 290 

Our results contribute to growing evidence that exposure to a range of contaminants 291 

can increase metabolic rate, as observed in numerous fish species in response to an 292 

organochloride pesticide (63), polychlorinated biphenyls (64), and metals (65, 66).  Such 293 
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integrated measures of organismal metabolism, as reflected by the rate of O2 consumption 294 

by the animal, are critical to evaluating whether there is a metabolic cost of contaminant 295 

exposure. However, although variation in some subordinate indices of metabolism (e.g., 296 

metabolite concentrations, metabolic enzyme activities) had previously suggested that this 297 

might be the case for wastewater exposure (e.g. 33, 67), the issue had rarely been explored 298 

at the organismal level. Our previous work suggested that the metabolic cost we observed 299 

in bluegill may not occur in all species, because resting MO2 was unaffected in a parallel 300 

wastewater exposure study using round goby (Neogobius melanostomus; 43), an invasive 301 

species that is now established in many parts of the bluegill’s natural range (55, 68). It is 302 

possible that caging (a necessity for assuring that individuals are continuously exposed and 303 

cannot leave the effluent stream) was stressful to fish (69), so it will be valuable to examine 304 

in future work whether wild un-caged fish exposed to wastewater also exhibit higher 305 

metabolic rates.   306 

Increases in metabolism arising from contaminant exposure could impact fitness by 307 

reducing aerobic scope (70-72). Aerobic scope, the difference between resting and 308 

maximal MO2, represents the capacity to increase aerobic metabolism to support functions 309 

such as reproduction, growth, and behaviour (24). An increase in resting MO2 without a 310 

parallel increase in maximal MO2 would reduce aerobic scope (71). This has been observed 311 

in rainbow trout exposed to copper (73) and killifish (Fundulus heteroclitus) from sites 312 

contaminated with polyaromatic hydrocarbons (74). Alternatively, some fish suffer a 313 

reduced aerobic scope due to decreases in maximal MO2, such as observed in common sole 314 

(Solea solea) exposed to petroleum (75) or in rainbow trout exposed to waterborne 315 

aluminum (65). However, it is also possible that fish suffering increases in resting MO2 316 
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could maintain (or even increase) aerobic scope with compensatory increases in maximal 317 

MO2 (64, 66). Although we did not measure maximal MO2, the respiratory adjustments of 318 

bluegill in response to wastewater exposure (discussed below) suggest that they may be 319 

able to increase maximal MO2 and offset reductions in aerobic scope. 320 

The changes in metabolism and respiratory physiology that we observed were 321 

apparent when fish were tested in clean water. Similarly, rainbow trout exposed to 322 

aluminium suffered reduced maximal MO2 and aerobic scope compared to unexposed 323 

controls when tested in clean water (65), likely because the persistent physiological effects 324 

of exposure were slow to reverse when fish were transferred to clean water for short 325 

periods. In our study, testing in clean water was essential for comparing groups in similar 326 

conditions to examine the extent to which exposure led to persistent changes in metabolism 327 

and physiology. It would be instructive to examine whether the apparent effects of exposure 328 

are compounded or otherwise altered if fish are tested in wastewater.  329 

 330 

4.2 Wastewater exposure enhanced the capacity for O2 uptake and transport 331 

Bluegill caged in wastewater increased the morphological capacity of the gills for 332 

gas exchange. This expansion of gill surface area appeared largely as a consequence of 333 

reductions in the interlamellar cell masses (ILCM) that increased the length of exposed 334 

lamellae (Fig. 4). ILCM remodelling is a highly plastic trait, allowing organisms to respond 335 

quickly to environmental stressors that increase the demand for O2 uptake (76). It is likely 336 

that the combined effects of increases in metabolism and the slightly higher water 337 

temperatures near the WWTP contributed to the expansion of gill surface area that we 338 

observed (77). The observed increases in gill surface area may come at the expense of 339 
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augmented ionoregulatory demands (due to the so called “osmorespiratory compromise”; 340 

78) and greater uptake of environmental contaminants through the gills (79-82). Some fish 341 

species instead reduce respiratory surface as a protective mechanism to limit contaminant 342 

uptake (83-85), which could reduce maximal O2 uptake and aerobic scope (65), but that 343 

clearly did not occur in the present study.  344 

Bluegill also responded to wastewater exposure by modulating haemoglobin-O2 345 

binding affinity of the blood. Haemoglobin-O2 affinity balances the demands of O2 loading 346 

and uptake at the gills (which is facilitated by an increase in affinity) and O2 unloading at 347 

the tissues (which is facilitated by a decrease in affinity) (86). In situations when respiratory 348 

O2 uptake is not compromised, a lower haemoglobin-O2 affinity is expected to augment O2 349 

transport to tissues by increasing the PO2 of blood passing through the capillaries. 350 

Therefore, the increase in haemoglobin P50 at low pH in bluegill exposed to wastewater 351 

likely facilitates O2 transport to respiring tissues (where the blood becomes more acidic), 352 

while the expansion of gill surface area helps safeguard branchial O2 loading into the blood. 353 

This appears to be an alternative strategy to improve O2 transport than increasing 354 

haemoglobin content (84).  355 

 356 

4.3 Wastewater exposure altered mitochondrial function 357 

Wastewater exposure increased the respiratory capacities for oxidative 358 

phosphorylation of liver mitochondria (Fig. 6). The observed increases occurred in concert 359 

with a change in the relative activity of succinate dehydrogenase, but not citrate synthase 360 

(Table 1). Enhancements in mitochondrial respiratory capacity and enzyme activities are 361 

known to contribute to seasonal variation in aerobic capacity in red muscle of rainbow trout 362 
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(87). The similar increases we observed in this study could increase the liver’s capacity for 363 

mitochondrial respiration and ATP synthesis, especially when combined with increases in 364 

organ size (Table S3), possibly to support the energetic demands of detoxification (88).  365 

Changes in mitochondrial quality in response to wastewater exposure were also 366 

associated with reductions in the inherent rate of mitochondrial ROS emission (Fig. 6). 367 

Oxidative stress is a common consequence of wastewater exposure in numerous fish 368 

species (89-92), and may contribute to the metabolic costs of exposure because energy is 369 

required to repair and replace damaged macromolecules (93). Compensatory adjustments 370 

to reduce oxidative stress could foreseeably arise by reducing the inherent rate of ROS 371 

production in the mitochondria or cytosol, or by increasing the activity of cellular 372 

antioxidant systems. Although the latter is a common biomarker of pollutant exposure (94), 373 

few studies have examined whether exposure is associated with compensatory reductions 374 

in mitochondrial ROS production that minimize oxidative stress. The reductions in 375 

mitochondrial ROS emission observed here may have contributed to the low incidence of 376 

lipid peroxidation in liver mitochondria of bluegill exposed to wastewater.  However, 377 

caging itself has been shown to affect cellular ROS production in fish (95), so it will be 378 

useful to examine whether similar effects on mitochondrial ROS emission are observed in 379 

wild fish exposed to wastewater.  380 

The apparent improvement in mitochondrial quality in bluegill exposed to 381 

wastewater stands in contrast to some other studies, in which contaminant exposure 382 

impaired mitochondrial respiration. Numerous environmental contaminants, especially 383 

metals, are known to disrupt mitochondrial function by impairing activities of respiratory 384 

complexes, thereby reducing aerobic capacity (96-101). Alternatively, contaminants can 385 
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uncouple oxidative phosphorylation (102), which could increase respiration rates needed 386 

to offset proton leak, and thus reduce phosphorylation efficiency. It is worth noting that the 387 

vast majority of studies that investigated mitochondrial toxicity applied contaminants 388 

directly to mitochondria (rather than exposing the whole animal), so the mitochondria in 389 

our study likely encountered much lower and environmentally relevant contaminant 390 

concentrations.  391 

 392 

4.4 Water quality 393 

Inter-site differences in water quality (Table S2) were unlikely to drive most of the 394 

physiological differences we observed. Dissolved O2 and salinity were in a normal range 395 

and the magnitude of variation was modest, so these parameters are not anticipated to 396 

induce the observed variation in MO2, gill structure, or mitochondrial respiratory capacity 397 

(45, 52, 103-105). Acclimatization to higher temperatures at the downstream and outfall 398 

sites would tend to reduce resting MO2 and mitochondrial respiratory capacity when tested 399 

at a common temperature, as they were in this study (106, 107), opposite to the differences 400 

observed here. However, as described above, it is possible that these higher temperatures 401 

could have contributed to the increase in gill respiratory surface in fish at these sites (104). 402 

Otherwise, inter-site variation in water quality is expected to have had little effect, and may 403 

have even dampened some the physiological responses to wastewater exposure.  404 

 405 

4.5 Metabolism and respiration as ecotoxicological tools 406 

Understanding bioenergetics under contaminant stress can reveal potential trade-407 

offs in allocation of a finite pool of energy, which can have important implications on 408 
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organismal and population-level function, giving reason for its application as an 409 

ecotoxicological bioindicator over the past three decades (33, 108-111). However, joint 410 

consideration of both organismal metabolism and the respiratory physiology that supports 411 

this metabolism is infrequent in aquatic toxicology. Consideration of the impacts of 412 

contaminants along the oxygen transport cascade and across multiple levels of biological 413 

organization helps elucidate mechanistic linkages between subcellular energetics and 414 

whole-organismal performance, and thus represents an integrated approach to 415 

understanding how fish are coping in modern environments (112-114). Metabolism and 416 

respiration are major themes for research into how animals cope with metabolically 417 

challenging environmental stressors (e.g., hypoxia, rising temperatures, salinity; reviews 418 

by 71, 115), and a similar approach could be used to better understand responses to 419 

wastewater stress. We show that metabolism and respiration are indeed sensitive to 420 

wastewater exposure in bluegill, invoking a suite of alterations – from biochemistry to 421 

whole organism – that improve oxygen uptake, transport, and utilization. Such mechanistic 422 

approaches can improve our understanding of and capacity to predict the impacts of aquatic 423 

pollution at organismal and population levels, and should thus be considered as an 424 

ecologically relevant bioindicator in aquatic toxicology. 425 
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Fig. S2. The effects of exposure site on the first two principal components from a 432 

principal component analysis (PCA). 433 
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Table S3. Body and organ mass (% body mass) of bluegill sunfish 438 

Table S4. Loadings onto the first two principal components from a principal component 439 

analysis. 440 

 441 

Corresponding author 442 

* dus2@mcmaster.ca 443 

 444 

Funding sources 445 

This work was supported primarily by a Natural Sciences and Engineering 446 

Research Council of Canada (NSERC) Engage Grant to G.R.S. and a Royal Bank of 447 

Canada Blue Water Fund Grant to S.B., with additional support from McMaster 448 

University, the Canadian Foundation for Innovation, and the Ontario Ministry of 449 

Research and Innovation. S.N.N.D. was supported by an Ontario Graduate 450 

Scholarship and E.S.M. was supported by a NSERC Post-Graduate Scholarship 451 

(Doctoral). G.R.S. and S.B. are supported by the Canada Research Chairs Program. 452 

 453 



 21 

Acknowledgements 454 

We are grateful for the important contributions of Tys Theÿsmeÿer and Jennifer Bowman 455 

from Royal Botanical Gardens, and Mark Bainbridge and Bert Posedowski from 456 

Hamilton Water. We would also like to thank Nicole Pranckevicius, Neal Dawson, 457 

Brittney Borowiec, Jim Sherry, Grant McClelland, Chris Metcalfe, Tamanna Sultana, 458 

Brenda Seaborn, and the operators of Dundas Wastewater Treatment Plant for feedback, 459 

technical assistance, and analytical support, along with three anonymous referees for their 460 

constructive comments on a previous version of this manuscript. 461 

 462 

References  463 

1. Brooks, B.W.; Riley, T.M.; Taylor, R.D. Water quality of effluent-dominated 464 

ecosystems: ecotoxicological, hydrological, and management considerations. 465 

Hydrobiologia 2006, 556, 365-379. 466 

2. 2. Carey, R.O.; Migliaccio, K.W. Contribution of wastewater treatment plant 467 

effluents to nutrient dynamics in aquatic systems: a review. Environ. Manage. 468 

2009, 44, 205-217. 469 

3. Environment Canada (2010). 2010 Municipal water use report: Municipal water 470 

use, 2006 statistics, http://publications.gc.ca/site/archivee-471 

archived.html?url=http://publications.gc.ca/collections/collection_2010/ec/En11-472 

2-2006-eng.pdf 473 

4. Kolpin, D.W.; Furlong, E.T.; Meyer, M.T.; Thurman, E.M.; Zaugg, S.D.; Barber, 474 

L.B.; Buxton, H.T. Pharmaceuticals, hormones, and other organic wastewater 475 

http://publications.gc.ca/site/archivee-archived.html?url=http://publications.gc.ca/collections/collection_2010/ec/En11-2-2006-eng.pdf
http://publications.gc.ca/site/archivee-archived.html?url=http://publications.gc.ca/collections/collection_2010/ec/En11-2-2006-eng.pdf
http://publications.gc.ca/site/archivee-archived.html?url=http://publications.gc.ca/collections/collection_2010/ec/En11-2-2006-eng.pdf


 22 

contaminants in U.S. Streams, 1999-2000: a national reconnaissance. Environ. 476 

Sci. Technol. 2002, 36(6), 1202-1211. 477 

5. Schwarzenbach, R.P.; Egli, T.; Hofstetter, T.B.; Von Gunten, U.; Wehrli, B. 478 

Global water pollution and human health. Annu. Rev. Environ. Resour., 2010, 35, 479 

109-136. 480 

6. Andreozzi, R.; Raffaele, M.; Nicklas, P. Pharmaceuticals in STP effluents and 481 

their solar photodegradation in aquatic environment. Chemosphere 2003, 50, 482 

1319-1330. 483 

7. Gros, M.; Petrović, M.; Ginebreda, A.; Barceló, D. Removal of pharmaceuticals 484 

during wastewater treatment and environmental risk assessment using hazard 485 

indexes. Environ. Int. 2010, 36, 15-26. 486 

8. Nikolaou, A.; Meric, S.; Fatta, D. Occurrence patterns of pharmaceuticals in water 487 

and wastewater environments.  Anal. Bioanal. Chem. 2007, 387, 1225-1234. 488 

9. Schultz, M.M.; Furlong, E.T.; Kolpin, D.W.; Werner, S.L.; Schoenfuss, H.L.; 489 

Barber, L.B.; Blazer, V.S.; Norris, D.O.; Vajda, A.M. Antidepressant 490 

pharmaceuticals in two U.S. effluent-impacted streams: occurrence and fate in 491 

water and sediment, and selective uptake in fish neural tissue. Environ. Sci. 492 

Technol., 2010, 44, 1918-1925. 493 

10. Ternes, T.A. Occurrence of drugs in German sewage treatment plants and rivers. 494 

Water Res. 1998, 32, 3245-3260. 495 

11. Scott, G.R.; Sloman, K.A. The effects of environmental pollutants on complex 496 

fish behaviour: integrating behavioural and physiological indicators of toxicity. 497 

Aquat. Toxicol. 2004, 68, 369-392 498 



 23 

12. Little, E.E.; Finger, S.E. Swimming behavior as an indicator of sublethal toxicity 499 

in fish. Environ. Toxicol. Chem. 1990, 9, 13-19. 500 

13. Bridges, C.M. Tadpole swimming performance and activity affected by acute 501 

exposure to sublethal levels of carbaryl. Environ. Toxicol. Chem., 1997, 16, 1935-502 

1939. 503 

14. Bjerselius, R.; Lundstedt-Enkel, K.; Olsén, H.; Mayer, I.; Dimberg, K. Male 504 

goldfish reproductive behaviour and physiology are severely affected by 505 

exogenous exposure to 17β-estradiol. Aquat. Toxicol. 2001, 53, 139-152. 506 

15. Nash, J.P.; Kime, D.E.; Ven, L.T.M.V. der; Wester, P.W.; Brion, F.; Maack, G.; 507 

Stahlschmidt-Allner, P.; Tyler, C.R. Long-term exposure to environmental 508 

concentrations of the pharmaceutical ethynylestradiol causes reproductive failure 509 

in fish. Environ. Health Perspect. 2004, 112, 1725-1733. 510 

16. Parrott, J.L.; Blunt, B.R. Life-cycle exposure of fathead minnows (Pimephales 511 

promelas) to an ethinylestradiol concentration below 1 ng/L reduces egg 512 

fertilization success and demasculinizes males. Environ. Toxicol. 2005, 20, 131-513 

141. 514 

17. Pettersson, I.; Arukwe, A.; Lundstedt-Enkel, K.; Mortensen, A.S.; Berg, C. 515 

Persistent sex-reversal and oviducal agenesis in adult Xenopus (Silurana) 516 

tropicalis frogs following larval exposure to the environmental pollutant 517 

ethynylestradiol. Aquat. Toxicol. 2006, 79, 356-365. 518 

18. Schwendiman, A.L.; Propper, C.R. A common environmental contaminant affects 519 

sexual behavior in the clawed frog, Xenopus tropicalis. Physiol. Behav. 2012, 520 

106, 520-526. 521 



 24 

19. Vajda, A.M.; Barber, L.B.; Gray, J.L.; Lopez, E.M.; Bolden, A.M.; Schoenfuss, 522 

H.L.; Norris, D.O. Demasculinization of male fish by wastewater treatment plant 523 

effluent. Aquat. Toxicol. 2011, 103, 213-221. 524 

20. Mothersill, C.; Mosse, I.; Seymour, C. Eds. Multiple stressors: a challenge for the 525 

future. Heidelberg: Springer, 2007. 526 

21. Biro, P.A.; Stamps, J.A. Do consistent individual differences in metabolic rate 527 

promote consistent individual differences in behavior? Trends Ecol. Evolut. 2010, 528 

25, 653-659. 529 

22. Chatelier, A.; McKenzie, D.J.; Prinet, A.; Galois, R.; Robin, J.; Zambonino, J.; 530 

Claireaux, G. Associations between tissue fatty acid composition and 531 

physiological traits of performance and metabolism in the seabass (Dicentrarchus 532 

labrax). J. Exp. Biol. 2006, 209, 3429-3439. 533 

23. Clark, T.D.; Sandblom, E.; Jutfelt, F. Aerobic scope measurements of fishes in an 534 

era of climate change: respirometry, relevance and recommendations. J. Exp. Biol. 535 

2013, 216, 2771-2782. 536 

24. McCarthy, I.D. Competitive ability is related to metabolic asymmetry in juvenile 537 

rainbow trout. J. Fish Biol. 2001 59, 1002-1014. 538 

25. Metcalfe, N.B.; Taylor, A.C.; Thorpe, J.E. Metabolic rate, social status and life-539 

history strategies in Atlantic salmon. Anim. Behav. 1995, 49, 431-436. 540 

26. Tierney, K.B.; Farrell, A.P. The relationships between fish health, metabolic rate, 541 

swimming performance and recovery in return-run sockeye salmon, 542 

Oncorhynchus nerka (Walbaum). J. Fish Dis. 2004, 27, 663-671. 543 



 25 

27. Chambers, J.E.; Yarbrough, J.D. Xenobiotic biotransformation systems in fishes. 544 

Comp. Biochem. Physiol. C Pharmacol. Toxicol. Endocrinol. 1976, 55(2), 77-84. 545 

28. Haubenstricker, M.E.; Holodnick, S.E.; Mancy, K.H.; Brabec, M.J. Rapid toxicity 546 

testing based on mitochondrial respiratory activity. Bull. Environ. Contam. 547 

Toxicol. 1990, 44, 675-680. 548 

29. Hiltibran, R.C. Effects of cadmium, zinc, manganese, and calcium on oxygen and 549 

phosphate metabolism of bluegill liver mitochondria. J. Water Pollut. Control 550 

Fed. 1971, 43, 818-823. 551 

30. Kurochkin, I.O.; Etzkorn, M.; Buchwalter, D.; Leamy, L.; Sokolova, I.M. Top-552 

down control analysis of the cadmium effects on molluscan mitochondria and the 553 

mechanisms of cadmium-induced mitochondrial dysfunction. Am. J. Physiol. 554 

Regul. Integr. Comp. Physiol. 2011, 300, R21–R31. 555 

31. Cazenave, J.; Bacchetta, C.; Rossi, A.; Ale, A.; Campana, M.; Parma, M.J. 556 

Deleterious effects of wastewater on the health status of fish: A field caging study. 557 

Ecol. Indic. 2014, 38, 104-112. 558 

32. Melvin, S.D. Short-term exposure to municipal wastewater influences energy, 559 

growth, and swimming performance in juvenile Empire Gudgeons (Hypseleotris 560 

compressa). Aquat. Toxicol. 2016, 170, 271-278. 561 

33. Smolders, R.; De Boeck, G.; Blust, R. Changes in cellular energy budget as a 562 

measure of whole effluent toxicity in zebrafish (Danio rerio). Environ. Toxicol. 563 

Chem., 2003, 22, 890-899. 564 



 26 

34. Tetreault, G.R., Brown, C.J., Bennett, C.J., Oakes, K.D., McMaster, M.E., and 565 

Servos, M.R. (2013). Fish community responses to multiple municipal wastewater 566 

inputs in a watershed. Integr. Environ. Assess. Manag., 9, 456-468. 567 

35. Lemly, A.D. Winter stress syndrome: an important consideration for hazard 568 

assessment of aquatic pollutants. Ecotoxicol. Environ. Saf. 1996, 34, 223-227. 569 

36. Brooks, B.W.; Chambliss, C.K.; Stanley, J.K.; Ramirez, A.; Banks, K.E.; 570 

Johnson, R.D.; Lewis, R.J. Determination of select antidepressants in fish from an 571 

effluent-dominated stream. Environ. Toxicol. Chem. 2005, 24, 464-469. 572 

37. Theodorakis, C.W.; D’surney, S.J.; Bickham, J.W.; Lyne, T.B.; Bradley, B.P.; 573 

Hawkins, W.E.; Farkas, W.L.; McCarthy, J.F.; Shugart, L.R. Sequential 574 

expression of biomarkers in bluegill sunfish exposed to contaminated sediment. 575 

Ecotoxicology 1992, 1, 45-73. 576 

38. Adams, S.M.; Crumby, W.D.; Greeley, M.S.; Ryon, M.G.; Schilling, E.M. 577 

Relationships between physiological and fish population responses in a 578 

contaminated stream. Environ. Toxicol. Chem. 1992, 11, 1549-1557. 579 

39. Porter, C.M.; Janz, D.M. Treated municipal sewage discharge affects multiple 580 

levels of biological organization in fish. Ecotoxicol. Environ. Saf. 2003, 54, 199-581 

206. 582 

40. Near, T.J.; J. B. Koppelman. Species diversity, phylogeny, and phylogeography of 583 

Centrarchidae. In Centrarchid fishes: Diversity, biology, and conservation. S.J. 584 

Cooke and D.P. Philipp, Eds.; Blackwell Science, 2009. 585 



 27 

41. International Joint Commission, 1999. Hamilton Harbour: Area of Concern Status 586 

Assessment. ISBN 1-894280-12-1. 587 

http://ijc.org/php/publications/html/hamhar/hamharsa.html 588 

42. City of Hamilton (Environment & Sustainable Infrastructure Division) (2011). 589 

City of Hamilton Wastewater Treatment Facilities 2011 Annual Report. URL: 590 

http://www2.hamilton.ca/ 591 

43. McCallum, E.S.; Du, S.N.N.; Vaseghi-Shanjani, M.; Choi, J.A.; Warriner, T.R.; 592 

Sultana, T.; Scott, G.R.; Balshine, S. In situ exposure to wastewater effluent 593 

reduces survival but has little effect on the behaviour or physiology of an invasive 594 

Great Lakes fish. Aquat. Toxicol. 2017, 184, 37-48. 595 

44. Svendsen, M.B.S.; Bushnell, P.G.; Steffensen, J.F. Design and setup of 596 

intermittent-flow respirometry system for aquatic organisms: how to set up an 597 

aquatic respirometry system. J. Fish Biol. 2016, 88, 26-50. 598 

45. Crans, K.D.; Pranckevicius, N.A.; Scott, G.R. Physiological tradeoffs may 599 

underlie the evolution of hypoxia tolerance and exercise performance in sunfish 600 

(Centrarchidae). J. Exp. Biol. 2015, 218, 3264-3275. 601 

46. Rogers, N.J.; Urbina, M.A.; Reardon, E.E.; McKenzie, D.J.; Wilson, R.W. A new 602 

analysis of hypoxia tolerance in fishes using a database of critical oxygen level 603 

(Pcrit). Conserv Physiol. 2016, 4(1), cow012. 604 

47. Chu, S.; Metcalfe, C.D. Analysis of paroxetine, fluoxetine and norfluoxetine in 605 

fish tissues using pressurized liquid extraction, mixed mode solid phase extraction 606 

cleanup and liquid chromatography-tandem mass spectrometry. J. Chromatogr. A, 607 

2007, 1163, 112-118. 608 

http://ijc.org/php/publications/html/hamhar/hamharsa.html
http://www2.hamilton.ca/


 28 

48. O’Toole, S.; Metcalfe, C. Synthetic musks in fish from urbanized areas of the 609 

lower Great Lakes, Canada. J. Great Lakes Res. 2006, 32, 361-369. 610 

49. Sultana, T.; Murray, C.; Ehsanul Hoque, M.; Metcalfe, C.D. Monitoring 611 

contaminants of emerging concern from tertiary wastewater treatment plants using 612 

passive sampling modelled with performance reference compounds. Environ 613 

Monit. Assess. 2016, 189, 1. 614 

50. Hughes, G.M. Measurement of gill area in fishes: practices and problems. J. Mar. 615 

Biol. Assoc. U. K. 1984, 64(3): 637-655. 616 

51. Rasband, W. S. (2014). ImageJ. Bethesda, MD, USA: US National Institutes of 617 

Health. http://rsb.info.nih.gov/ij/. 618 

52. Du, S.N.N.; Mahalingam, S.; Borowiec, B.G.; Scott, G.R. Mitochondrial 619 

physiology and reactive oxygen species production are altered by hypoxia 620 

acclimation in killifish (Fundulus heteroclitus). J. Exp. Biol. 2016, 219, 1130-621 

1138. 622 

53. Du, S.N.N.; Khajali, F.; Dawson, N.J.; Scott, G.R. Hybridization increases 623 

mitochondrial production of reactive oxygen species in sunfish. Evolution 2017, 624 

71(6), 1643-1652. 625 

54. Hermes-Lima, M.; Willmore, W.G.; Storey, K.B. Quantification of lipid 626 

peroxidation in tissue extracts based on Fe(III)xylenol orange complex formation. 627 

Free Radic. Biol. Med. 1995, 19, 271-280. 628 

55. Marentette, J.R.; Gooderham, K.L.; McMaster, M.E.; Ng, T.; Parrott, J.L.; 629 

Wilson, J.Y.; Wood, C.M.; Balshine, S. Signatures of contamination in invasive 630 

http://rsb.info.nih.gov/ij/


 29 

round gobies (Neogobius melanostomus): a double strike for ecosystem health? 631 

Ecotoxicol. Environ. Saf. 2010, 73, 1755-1764. 632 

56. McCallum, E.S.; Krutzelmann, E.; Brodin, T.; Fick, J.; Sundelin, A.; Balshine, S. 633 

Exposure to wastewater effluent affects fish behaviour and tissue-specific uptake 634 

of pharmaceuticals. Science of the Total Environment. 2017, 605-606, 578-588.   635 

57. R Core Team (2016). R: A language and environment for statistical computing. R 636 

Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-637 

project.org/. 638 

58. Fournier, D.A.; Skaug, H.J.; Ancheta, J.; Ianelli, J.; Magnusson, A.; Maunder, 639 

M.N.; Nielsen, A.; Sibert, J. AD Model Builder: using automatic differentiation 640 

for statistical inference of highly parameterized complex nonlinear models. 641 

Optim. Methods Softw. 2012, 27, 233-249. 642 

59. Hothorn, T.; Bretz, F.; Westfall, P. Simultaneous inference in general parametric 643 

models. Biom. J. 2008, 50(3), 346-363.  644 

60. Bates, D.; Maechler, M.; Bolker, B.; Walker, S. Fitting linear mixed-effects 645 

models using lme4. J. Stat Softw. 2015, 67, 1-48. arXiv:1406.5823. 646 

61. Ramirez, A.J.; Brain, R.A.; Usenko, S.; Mottaleb, M.A.; O’Donnell, J.G.; Stahl, 647 

L.L.; Wathen, J.B.; Snyder, B.D.; Pitt, J.L.; Perez-Hurtado, P.; et al. Occurrence 648 

of pharmaceuticals and personal care products in fish: Results of a national pilot 649 

study in the United States. Environ. Toxicol. Chem. 2009, 28, 2587-2597. 650 

62. Bucheli, T.D.; Fent, K. Induction of cytochrome P450 as a biomarker for 651 

environmental contamination in aquatic ecosystems. Crit. Rev. Env. Sci. Tec. 652 

1995, 25, 201-268. 653 

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


 30 

63. Beyers, D.W.; Rice, J.A.; Clements, W.H.; Henry, C.J. Estimating physiological 654 

cost of chemical exposure: integrating energetics and stress to quantify toxic 655 

effects in fish. Can. J. Fish. Aquat. Sci. 1999, 56, 814-822. 656 

64. Cannas, M.; Atzori, F.; Rupsard, F.; Bustamante, P.; Loizeau, V.; Lefrançois, C. 657 

PCBs contamination does not alter aerobic metabolism and tolerance to hypoxia 658 

of juvenile sole (Solea solea L. 1758). Aquat. Toxicol. 2013, 127, 54-60. 659 

65. Wilson, R.W.; Bergman, H.L.; Wood, C.M. Metabolic costs and physiological 660 

consequences of acclimation to aluminum in juvenile rainbow trout 661 

(Oncorhynchus mykiss). 2: gill morphology, swimming performance, and aerobic 662 

scope. Can. J. Fish. Aquat. Sci., 1994, 51, 536-544. 663 

66. McGeer, J.C.; Szebedinszky, C.; McDonald, D.G.; Wood, C.M. Effects of chronic 664 

sublethal exposure to waterborne Cu, Cd or Zn in rainbow trout. 1: Iono-665 

regulatory disturbance and metabolic costs. Aquat. Toxicol., 2000, 50, 231-243. 666 

67. Ings, J.S.; Oakes, K.D.; Vijayan, M.M.; Servos, M.R. Temporal changes in stress 667 

and tissue-specific metabolic responses to municipal wastewater effluent exposure 668 

in rainbow trout. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2012, 156(2), 669 

67-74.  670 

68. McCallum, E.S.; Charney, R.E.; Marenette, J.R.; Young, J.A.M.; Koops, M.A.; 671 

Earn, D.J.D.; Bolker, B.M.; Balshine, S. Persistence of an invasive fish 672 

(Neogobius melanostomus) in a contaminated ecosystem. Biol. Invasions 2014, 673 

16(11), 2249-2461. 674 

69. Oikari, Aimo. Caging techniques for field exposures of fish to chemical 675 

contaminants. Aquat. Toxicol. 2006, 78(4), 370-381. 676 



 31 

70. Guderley, H.; Pörtner, H.O. Metabolic power budgeting and adaptive strategies in 677 

zoology: examples from scallops and fish. Can. J. Zool. 2010, 88, 753-763. 678 

71. Claireaux, G.; Lefrançois, C. Linking environmental variability and fish 679 

performance: integration through the concept of scope for activity. Phil. Trans. R. 680 

Soc. B. 2007, 362, 2031-2041. 681 

72. Fry, F.E.J. University of Toronto. Effects of the environment on animal activity. 682 

Toronto, University of Toronto Press, 1947. 683 

73. Waiwood, K.G.; Beamish, F.W.H. Effects of copper, pH and hardness on the 684 

critical swimming performance of rainbow trout (Salmo gairdneri Richardson). 685 

Water Res. 1978, 12(8), 611-619. 686 

74. Jayasundara, N.; Fernando, P.W.; Osterberg, J.S.; Cammen, K.M.; Schutz, T.F.; 687 

DiGiulio, R.T. Cost of tolerance: physiological consequences of evolved 688 

resistance to inhabit a polluted environment in teleost fish Fundulus heteroclitus. 689 

Environ. Sci. Technol. 2017, 51(15), 8763-8772.  690 

75. Davoodi, F.; Claireaux, G. Effects of exposure to petroleum hydrocarbons upon 691 

the metabolism of the common sole Solea solea. Marine Poll. Bull. 2007, 54, 928-692 

934. 693 

76. Nilsson, G.E. Gill remodeling in fish – a new fashion or an ancient secret? J. Exp. 694 

Biol. 2007, 210, 2403-2409. 695 

77. Sollid, J.; Weber, R.E.; Nilsson, G.E. Temperature alters the respiratory surface 696 

area of crucian carp Carassius carassius and goldfish Carassius auratus. J. Exp. 697 

Biol. 2005, 208, 1109-1116. 698 



 32 

78. Sardella, B.A; Brauner, C.J. The osmo-respiratory compromise in fish: the effects 699 

of physiological state and the environment. In Fish Respiration and Environment; 700 

M.N. Fernandes, Rantin, F.T. and Glass, M.L., Eds.; Boca Raton, FL: CRC Press, 701 

2007; pp. 147-165. 702 

79. McKim, J.M.; Goeden, H.M. A direct measure of the uptake efficiency of a 703 

xenobiotic chemical across the gills of brook trout (Salvelinus fontinalis) under 704 

normoxic and hypoxic conditions. Comp. Biochem. Physiol. C Toxicol. 705 

Pharmacol. 1982, 72, 65-74. 706 

80. Blewett, T.; MacLatchy, D.L.; Wood, C.M. The effects of temperature and 707 

salinity on 17-a-ethynylestradiol uptake and its relationship to oxygen 708 

consumption in the model euryhaline teleost (Fundulus heteroclitus). Aquat. 709 

Toxicol. 2013, 127, 61-71. 710 

81. Evans, D.H.; Piermarini, P.M.; Choe, K.P. The multifunctional fish gill: dominant 711 

site of gas exchange, osmoregulation, acid-base regulation and excretion of 712 

nitrogenous waste. Physiol. Rev. 2005, 85, 97-177. 713 

82. Evans, D.H. The fish gill: site of action and model for toxic effects of 714 

environmental pollutants. Environ. Health Perspect. 1987, 71, 47-58. 715 

83. Bernet, D.; Schmidt-Posthaus, H.; Wahli, T.; Burkhardt-Holm, P. Evaluation of 716 

two monitoring approaches to assess effects of waste water disposal on 717 

histological alterations in fish. Hydrobiologia 2004, 524, 53-66. 718 

84. Farrell, A.P.; Kennedy, C.J.; Kolok, A. Effects of wastewater from an oil-sand-719 

refining operation on survival, hematology, gill histology, and swimming of 720 

fathead minnows. Can. J. Zool. 2004, 82, 1519-1527. 721 



 33 

85. Mallatt, J. Fish gill structural changes induced by toxicants and other irritants: A 722 

statistical review. Can. J. Fish. Aquat. Sci. 1985, 42, 630-648. 723 

86. Burggren, W.; McMahon, B.; Powers, D. Respiratory functions of blood. In 724 

Environmental and Metabolic Animal Physiology; C. L. Prosser, Ed.; Wiley-Liss: 725 

New York 1991; pp. 437-508. 726 

87. St-Pierre, J.; Charest, P.M.; Guderley, H. Relative contribution of quantitative and 727 

qualitative changes in mitochondria to metabolic compensation during seasonal 728 

acclimatisation of rainbow trout Oncorhynchus mykiss. J. Exp. Biol. 1998, 201, 729 

2961-2970. 730 

88. Gagnon, M.M. Metabolic disturbances in fish exposed to sodium 731 

pentachlorophenate (NaPCP) and 3,3’,4,4’,5-pentachlorobiphenyl (PCB126), 732 

individually or combined. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2002, 733 

132(4), 425-435. 734 

89. Carney Almroth, B.; Albertsson, E.; Sturve, J.; Förlin, L. Oxidative stress, evident 735 

in antioxidant defences and damage products, in rainbow trout caged outside a 736 

sewage treatment plant. Ecotoxicol.  Environ. Saf. 2008, 70, 370-378. 737 

90. Avci, A.; Kaçmaz, M.; Durak, İ. Peroxidation in muscle and liver tissues from 738 

fish in a contaminated river due to a petroleum refinery industry. Ecotoxicol.  739 

Environ. Saf. 2005, 60, 101-105. 740 

91. Sturve, J.; Almroth, B.C.; Förlin, L. Oxidative stress in rainbow trout 741 

(Oncorhynchus mykiss) exposed to sewage treatment plant effluent. Ecotoxicol.  742 

Environ. Saf. 2008, 70, 446-452. 743 



 34 

92. Lushchak, V.I. Environmentally induced oxidative stress in aquatic animals. 744 

Aquat. Toxicol. 2011, 101(1), 13-30. 745 

93. Metcalfe, N.B.; Alonso-Alvarez, C. Oxidative stress as a life-history constraint: 746 

the role of reactive oxygen species in shaping phenotypes from conception to 747 

death. Funct. Ecol. 2010, 24, 984-996. 748 

94. Doyotte, A.; Cossu, C.; Jacquin, M.-C.; Babut, M.; Vasseur, P. Antioxidant 749 

enzymes, glutathione and lipid peroxidation as relevant biomarkers of 750 

experimental or field exposure in the gills and the digestive gland of the 751 

freshwater bivalve Unio tumidus. Aquat. Toxicol., 1997, 39, 93-110. 752 

95. Le Guernic, A.; Sanchez, W.; Palluel, O.; Bado-Nilles, A.; Turies, C.; Chadili, E.; 753 

Cavalie, I.; Adam-Guillermin, C.; Porcher, J.-M.; Geffard, A.; Betoulle, S.; 754 

Gagnaire, B. In situ experiments to assess effects of constraints linked to caging 755 

on ecotoxicity biomarkers of the three-spined stickleback (Gasterosteus aculeatus 756 

L.). Fish Physiol. Biochem. 2016, 42(2), 643-657. 757 

96. Adiele, R.C.; Stevens, D.; Kamunde, C. Differential inhibition of electron 758 

transport chain enzyme complexes by cadmium and calcium in isolated rainbow 759 

trout (Oncorhynchus mykiss) hepatic mitochondria. Toxicol. Sci. 2012, 127(1), 760 

110-119. 761 

97. Sokol, R.J.; Devereaux, M.W.; O’Brien, K.; Khandwala, R.A.; Loehr, J.P. 762 

Abnormal hepatic mitochondrial respiration and cytochrome c oxidase activity in 763 

rats with long-term copper overload. Gastroenterology 1993, 105, 178-187. 764 



 35 

98.  Garceau, N.; Pichaud, N.; Couture, P. Inhibition of goldfish mitochondrial 765 

metabolism by in vitro exposure to Cd, Cu and Ni. Aquat. Toxicol. 2010, 98(2), 766 

107-112. 767 

99. Rajotte, J.W.; Couture, P. Effects of environmental metal contamination on the 768 

condition, swimming performance, and tissue metabolic capacities of wild yellow 769 

perch (Perca flavescens). Can. J. Fish. Aquat. Sci. 2002, 59, 1296-1304. 770 

100. Rodrigues, E.; Feijó-Oliveira, M.; Suda, C.N.K.; Vani, G.S.; Donatti, L.; 771 

Rodrigues, E.; Lavrado, H.P. Metabolic responses of the Antarctic fishes 772 

Notothenia rossii and Notothenia coriiceps to sewage pollution. Fish Physiol. 773 

Biochem. 2015, 41, 1205-1220. 774 

101. Adiele, R.C.; Stevens, D.; Kamunde, C. Reciprocal enhancement of uptake and 775 

toxicity of cadmium and calcium in rainbow trout (Oncorhynchus mykiss) liver 776 

mitochondria. Aquat. Toxicol. 2010, 96(4), 319-327. 777 

102. Wallace, K.B.; Starkov, A.A. Mitochondrial targets of drug toxicity. Annu. Rev. 778 

Pharmacol. Toxicol. 2000, 40, 353-388. 779 

103. Greco, A.M.; Gilmour, K.M.; Fenwick, J.C.; Perry, S.F. The effects of softwater 780 

acclimation on respiratory gas transfer in the rainbow trout Oncorhynchus mykiss. 781 

J Exp Biol. 1995, 198, 2557-2567. 782 

104. Sollid, J.; Angelis, P.D.; Gundersen, K.; Nilsson, G.E. Hypoxia induces adaptive 783 

and reversible gross morphological changes in crucian carp gills. J. Exp. Biol. 784 

2003, 206, 3667-3673. 785 



 36 

105. Greco, A.M.; Fenwick, J.C.; Perry, S.F. The effects of soft-water acclimation on 786 

gill structure in the rainbow trout Oncorhynchus mykiss. Cell Tissue Res. 1996, 787 

285, 75-82. 788 

106. Johnston, I.; Dunn, J. Temperature acclimation and metabolism in ectotherms 789 

with particular reference to teleost fish. Symp Soc Exp Biol. 1987, 41. 67-93. 790 

107. Chung, D.J.; Schulte, P.M. Mechanisms and costs of mitochondrial thermal 791 

acclimation in a eurythermal killifish (Fundulus heteroclitus). J. Exp. Biol. 2015, 792 

218, 1621-1631. 793 

108. McKenney Jr., C.L.; Matthews E. Alterations in the energy metabolism of an 794 

estuarine mysid (Mysidopsis bahia) as indicators of stress from chronic pesticide 795 

exposure. Mar. Environ. Res. 1990, 30(1), 1-19. 796 

109.  De Coen, W.M.; Janssen, C.R. The use of biomarkers in Daphnia magna toxicity 797 

testing. IV. Cellular energy allocation: a new methodology to assess the energy 798 

budget of toxicant-stressed Daphnia populations. J. Aquat. Ecosyst. Stress 799 

Recovery, 1977, 6(1), 43-55.  800 

110.  Amiard-Triquet, C.; Amiard, J.-C.; Rainbow, P. Ecological biomarkers; CRC 801 

Press, USA, 2012. 802 

111.  Giesy, J.P; Graney, R.L. Recent developments in and intercomparisons of acute 803 

and chronic bioassays and bioindicators. Hydrobiologia 1989, 188/189, 21-60 804 

112. Forbes, V.E.; Palmqvist, A.; Bach, L. The use and misuse of biomarkers in 805 

ecotoxicology. Environ. Toxicol. Chem., 2006, 25, 272-280. 806 



 37 

113. Adams, S.M.; Greeley, M.S.; Ryon, M.G. Evaluating effects of contaminants on 807 

fish health at multiple levels of biological organization: extrapolating from lower 808 

to higher levels. Hum. Ecol. Risk. Assess. 2000, 6(1), 15-27. 809 

114. McKenzie, D.J.; Axelsson, M.; Chabot, D.; Claireaux, G.; Cooke, S.J.; Corne, 810 

R.A.; Boeck, G.D.; Domenici, P.; Guerreiro, P.M.; Hamer, B. et al. Conservation 811 

physiology of marine fishes: state of the art and prospects for policy. Conserv. 812 

Physiol. 2016, 4, cow046. 813 

115. Sokolova, I.M.; Frederich, M.; Bagwe, R.; Lannig, G.; Sukhotin, A.A. Energy 814 

homeostasis as an integrative tool for assessing limits of environmental stress 815 

tolerance in aquatic invertebrates. Marine Environ. Res., 2012, 79, 1–15.  816 



 38 

Tables 817 

 818 
Table 1. Properties of mitochondria isolated from the liver of bluegill sunfish. Data are 819 
presented as mean ± s.e.m. (n).  820 

 Reference Downstream Outfall 
Succinate dehydrogenase 

(SDH, µmol mg protein-1 min-1) 
0.013 ± 0.001 (9) 0.015 ± 0.002 (10) 0.017 ± 0.002* (6) 

Citrate synthase  
(CS, µmol mg protein-1 min-1) 

0.141 ± 0.015 (8) 0.118 ± 0.008 (10) 0.127 ± 0.014 (6) 

P50 (kPa) 0.033 ± 0.003 (9) 0.046 ± 0.004* (9) 0.047 ± 0.002* (7) 
Respiratory capacity for electron transport (E, pmol O2 mg protein-1 s-1) 

EPM (Complex I) 458.5 ± 33.4 (9) 464.7 ± 39.7 (9) 464.2 ± 54.7 (7) 
EPMG (Complex I) 638.9 ± 51.8 (9) 618.8 ± 41.3 (9) 657.5 ± 62.3 (7) 
ES(Rot) (Complex II) 429.1 ± 36.7 (9) 450.7 ± 30.7 (9) 510.2 ± 40.7 (7) 
EPMGS (Complex I+II) 754.9 ± 58.0 (9) 740.8 ± 48.7 (9) 797.7 ± 74.7 (7) 

Leak respiration with ATP 
(LT, pmol O2 mg protein-1 s-1) 

310.5 ± 33.7 (9) 278.8 ± 17.2 (9) 259.3 ± 23.9 (7) 

Leak respiration without ATP  
(LN, pmol O2 mg protein-1 s-1) 

38.47 ± 5.25 (9) 38.07 ± 3.81 (9) 40.31 ± 4.81 (7) 

* represents a significant difference from reference site; SDH, LRTsite χ2 = 6.81, p = 821 

0.033 (downstream, p = 0.066; outfall, p = 0.044); CS, LRTsite χ2 = 2.37, p = 0.31; P50, 822 

LRTsite χ2 = 9.81, p = 0.007 (downstream, p = 0.012; outfall, p = 0.013); E, LRTsite χ2 = 823 

3.34, p = 0.19; LRTstate χ2 = 72.9, p < 0.0001 (downstream, p = 0.98; outfall, p = 0.20); 824 

LT, LRTsite χ2 = 2.14, p = 0.34; LN, LRTsite χ2 = 1.20, p = 0.55. Respiratory capacity for 825 

electron transport (E) was assessed with substrates of complex I (EPM with pyruvate, P, 826 

and malate, M; EPMG with P, M, and glutamate, G), complex II (ES(Rot) with succinate, S, 827 

and complex I inhibitor rotenone, Rot), and both complexes I and II (EPMGS with P, M, G, 828 

S).   829 

  830 
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Figure legends 831 

 832 

Fig. 1. Location of study area and sites of caged exposures. Bluegill sunfish were 833 

caged for 21 days (1) 50 m from the outfall of a wastewater treatment plant (WWTP) that 834 

provides tertiary treatment to the municipality of Dundas, (2) 830 m further downstream 835 

in an effluent-dominated canal, or (3) at a clean reference site (17.4 km northwest of the 836 

WWTP in Flamborough, ON, Canada).  837 

 838 

Fig. 2. Wastewater exposure decreased survival of bluegill sunfish. Bluegill sunfish 839 

were caged at the outfall of a wastewater treatment plant, further downstream, or at an 840 

uncontaminated reference site for 21 days. * represents significant differences between 841 

fish from the reference site (LRTsite χ2 = 14.23, p = 0.0008; LRTweek χ2 = 3.73, p = 0.15; 842 

Dunnett’s post-hoc: downstream, p = 0.015; outfall, p = 0.002). 843 

 844 

Fig. 3. Standard rates of O2 consumption increased in resting bluegill sunfish 845 

exposed to wastewater effluent. Bluegill caged at the downstream (n = 10) and outfall 846 

sites (n = 7) had significantly higher rates of aerobic metabolism than fish caged at the 847 

reference site (n = 10). *represents significant differences from the reference site (LRTsite 848 

χ2 = 8.37, p = 0.015; Dunnett’s post-hoc: downstream, p = 0.038; outfall, p = 0.012) 849 

 850 

Fig. 4. Bluegill remodelled their gills in response to wastewater exposure. 851 

Representative images of gills from bluegill caged at (A) reference, (B) downstream, and 852 

(C) outfall sites for 21 days (scale bar represents 1 mm). (D) Total lamellar height was 853 



 40 

highest in bluegill from the outfall site (LRTsite χ2 = 4.18, p = 0.12; Dunnett’s post-hoc: 854 

downstream, p = 0.62; outfall, p = 0.039). (E) Height of interlamellar cell mass (ILCM) 855 

was lower after wastewater exposure (LRTsite χ2 = 6.63, p = 0.036), and the reductions in 856 

the downstream and outfall sites approached statistical significance in Dunnett’s post-hoc 857 

tests (downstream, p = 0.057; outfall, p = 0.053). (F) Exposed lamellar height (the 858 

difference between heights of total lamellae and ILCM) increased in bluegill caged at 859 

downstream and outfall sites (LRTsite χ2 = 22.3, p < 0.0001; Dunnett’s post-hoc: 860 

downstream, p = 0.001; outfall, p < 0.0001). (G) Lamellar density (LRTsite χ2 = 8.50, p = 861 

0.014; Dunnett’s post-hoc: downstream, p = 0.006; outfall, p = 0.32) and (H) lamellar 862 

thickness (LRTsite χ2 = 6.34, p = 0.04; Dunnett’s post-hoc: downstream, p = 0.94; outfall, 863 

p = 0.02) varied with caging exposures. (I) Gill surface density increased in bluegill 864 

caged at the downstream and outfall sites (LRTsite χ2 = 19.1, p < 0.0001; Dunnett’s post-865 

hoc: downstream, p < 0.0001; outfall, p < 0.0001). *represents significant differences 866 

from the reference site (nreference = 9, ndownstream = 9, noutfall = 7)  867 

 868 

Fig. 5. Haemoglobin-oxygen binding affinity was reduced in response to wastewater 869 

exposure at the outfall site. (A) The P50 of haemoglobin (the partial pressure of oxygen 870 

at which haemoglobin is 50% saturated) was measured in the lysate of frozen red blood 871 

cells and was highest in bluegill caged at the outfall site at pH 7.0 (LRTsite χ2 = 20.2, p < 872 

0.0001; Dunnett’s post-hoc: downstream, p = 0.63; outfall, p = 0.0003; nreference = 7, 873 

ndownstream = 6, noutfall = 7). P50 was higher at pH 7.0 compared to pH 7.4 (LRTpH χ2 = 874 

139.9, p < 0.0001). (B) pH sensitivity of haemoglobin (measured as the change in P50 875 

between pH 7.0 and 7.4 and normalized to 1.0 pH unit) was significantly higher in 876 
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bluegill caged at the outfall site (LRTsite χ2 = 7.82, p = 0.020; Dunnett’s post-hoc: 877 

downstream, p = 0.63; outfall, p = 0.013, n the same as above). (C) Blood haemoglobin 878 

content was similar across all exposure sites (LRTsite χ2 = 0.98, p = 0.61); nreference = 10, 879 

ndownstream = 10, noutfall = 6). *represents significant differences from the reference site  880 

 881 

Fig. 6. Wastewater exposure affected the physiology of isolated liver mitochondria. 882 

(A) Bluegill had higher respiratory capacities for oxidative phosphorylation after 21 days 883 

of exposure to wastewater effluent (LRTsite χ2 = 7.59, p = 0.022; LRTstate χ2 = 83.0, p < 884 

0.0001; Dunnett’s post-hoc: downstream, p = 0.39; outfall, p = 0.011). (B) ROS emission 885 

rates were reduced in mitochondria from bluegill caged at the downstream and outfall 886 

sites (LRTsite χ2 = 24.6, p < 0.0001; LRTstate χ2 = 35.0, p < 0.0001; Dunnett’s post-hoc: 887 

downstream, p < 0.0001; outfall, p < 0.0001). (C) ROS emission relative to oxphos 888 

respiration were also lower in the downstream and outfall sites (LRTsite χ2 = 31.0, p < 889 

0.0001; LRTstate χ2 = 49.7, p < 0.0001; Dunnett’s post-hoc: downstream, p < 0.0001; 890 

outfall, p < 0.0001). Measurements were made during oxidative phosphorylation (oxphos, 891 

P) with substrates of complex I (CI; PPM with pyruvate, P, and malate, M; PPMG with P, 892 

M, and glutamate, G), complex II (CII; PS(Rot) with succinate, S, and complex I inhibitor 893 

rotenone, Rot), and both complexes I and II (CI+II; PPMGS with P, M, G, S).  *represents 894 

significant differences from the reference site (nreference = 9, ndownstream = 9, noutfall = 7).  895 

  896 
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S1. Detailed Material and Methods 17 

 18 

S1.1 Fish collection and housing 19 

We caught bluegill sunfish (mean body mass ± s.e.m.: 82.6 ± 5.9 g, range: 34.4-140.3 20 

g) by angling at Lake Opinicon, Ontario, Canada (44.559°N, -76.328ºW) in May 2015. 21 

Fish were then transported in aerated bins to McMaster University and housed in 500 l 22 

flow-through tanks supplied with dechlorinated tap water from City of Hamilton (~18ºC, 23 

water quality previously reported (1, 2) with a photoperiod of 12 h:12 h light:dark. Fish 24 

were fed four times each week with a mix of commercially purchased beef heart and squid 25 

and were held in these conditions for at least two weeks before being caged in the field (see 26 

below). All procedures were conducted in accordance with guidelines set out by the 27 

Canadian Council on Animal Care, and were approved by the McMaster University Animal 28 

Research Ethics Board. 29 

 30 

S1.2 Caging exposures 31 

The cages we used to hold the fish were 114 l plastic containers (Rubbermaid®; 81 32 

cm wide, 44.5 cm deep, 51 cm high), drilled with approximately 100 large holes (3 cm 33 

diameter) to permit water flow. Each cage was chained to a concrete block to secure the 34 

cage in the water column and floats were attached to the lid to help maintain a small (~5 35 

cm) air space. We had five replicate cages per site (starting with 8 fish per cage) and the 36 

start date of exposure for each replicate was staggered over five weeks, such that fish from 37 

one cage from each site was deployed/tested each week. Therefore, our total exposure 38 
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period lasted from June 15 to August 6, 2015. During this time, we provided food (a mix 39 

of squid and cow heart) to the fish once per week, to supplement the food they received 40 

from the water column. After the exposure, fish were transported back to McMaster 41 

University in dechlorinated tap water for respirometry experiments (see below) or 42 

immediate sampling. 43 

 44 

S1.3 Hypoxia tolerance 45 

Resting O2 consumption rates (MO2) were measured using stop-flow intermittent 46 

respirometry at each O2 tension (PO2) of a stepwise hypoxia exposure, in which PO2 was 47 

reduced every 20 min by 10% air saturation. When O2 levels reached 10% air saturation, 48 

the chambers were closed and fish were allowed to consume the remaining oxygen in the 49 

chamber until loss of equilibrium (LOE) was reached (at which point the PO2 at LOE was 50 

recorded). Afterwards, the fish was quickly removed from the chamber, allowed to recover, 51 

and was maintained in aerated water for ~18 h until they were terminally sampled (see 52 

below). The critical PO2 (Pcrit) was the PO2 at which fish transformed from being an 53 

oxyregulator (MO2 is independent of PO2) to oxyconformer (MO2 is dependent on PO2), and 54 

was calculated using Regress software (3). 55 

 56 

S1.4 Sampling 57 

Fish were always sampled ~18 h after completing the respirometry experiment. 58 

Fish were euthanized with a cerebral concussion, the tail was severed, and blood was 59 
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immediately collected in heparanized capillary tubes. A portion of blood (6 µl) was used 60 

to measure haemoglobin content using Drabkin’s reagent (Sigma-Aldrich), and the 61 

remaining blood was centrifuged for 2.5 min to measure haematocrit. The packed red blood 62 

cells were frozen in liquid N2 and stored at -80ºC for later measurements of Hb-O2 binding. 63 

Brain, spleen, and liver were excised and weighed. Half of the liver was used immediately 64 

for mitochondrial isolation, and the other half was immediately frozen in liquid N2 and then 65 

stored at -80ºC for later use in enzymes assays or contaminant analyses (see below). Gills 66 

were carefully removed: one side was frozen in liquid N2 and stored at -80ºC for later use 67 

in contaminant analyses, while the other side was stored in fixative (274 mol l-1 NaOH, 30 68 

mol l-1 Na2HPO4, 5.4 mol l-1 KCl, 3 mol l-1 KH2PO4, 2% paraformaldehyde, 2% 69 

glutaraldehyde; pH 7.8) for at least 48 h until used for morphometric and histological 70 

analyses. 71 

A small subset of fish from each site were not used in metabolic or respiratory 72 

analyses and were sampled immediately upon arrival at McMaster University from the 73 

field for contaminant analyses (reference, n = 9; downstream, n = 4; outfall, n = 2). We 74 

excised liver and gills, immediately froze the tissues in liquid N2, and then stored them at 75 

-80ºC until contaminant analyses were conducted (methods below).  76 

 77 

S1.5 Tissue contaminants 78 

Tissues for pharmaceutical and synthetic musk analyses were freeze dried, then 79 

homogenized using a mortar and pestle. Pharmaceuticals were extracted from 80 

homogenized tissues by pressurized liquid extraction with an ASE 300 instrument (Dionex, 81 
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Toronto, Ontario, Canada), diluted with deionized water, and then cleaned using a MCX 82 

solid phase extraction cartridge, evaporated, then dissolved in 400 µl of MeOH. A Q-Trap 83 

liquid chromatography and tandem mass spectrometry (LC-MS/MS) system with an 84 

atmospheric pressure chemical ionization source and a Series 1100 HPLC binary solvent 85 

delivery system were used to analyse the sample in positive ion mode. The sample was 86 

separated using chromatography (Genesis C18 column). Pharmaceuticals were quantified 87 

using an internal standard (based on a nine-point calibration scale). 88 

Synthetic musks were extracted from homogenized tissues using pressurized liquid 89 

extraction, filtered through 12 g of sodium sulfate, and concentrated using a rotary 90 

evaporator to ~1 ml. Gel permeation chromatography was used to isolate the analyte 91 

fraction containing the musks, which was then cleaned with Florisil chromatography. 92 

Finally, gas chromatography (Varian 3800, Varian, Palo Alto, California, USA) paired 93 

with an ion trap mass selective detector (Varian Saturn 2200) were used with electron 94 

impact ionization, and operated in selected ion storage mode. Chromatographic retention 95 

time and ion ratios were used to identify musks, and peak areas were quantified using an 96 

external standard (four-point calibration). One procedural blank was used for each set of 97 

tissues (liver or gill) and for each class of contaminants (pharmaceuticals or musks).  98 

 99 

S1.6 Preparation of gills for histological analyses 100 

After images from all gill arches were collected using stereomicroscopy, the first 101 

gill arch was submerged in 30% sucrose (in 137 mol l-1 NaOH, 15.2 mol l-1 Na2HPO4, 2.7 102 

mol l-1 KCl, 1.5 mol l-1 KH2PO4; pH 7.8) for ~24 h and then frozen in embedding medium 103 
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(Shandon Cryomatrix, ThermoFisher Scientific). Frozen blocks were sectioned (5 µm) at -104 

20ºC in a cryostat (Leica CM 1860) and air dried for at least 2 h at room temperature. 105 

Sections were stained for hematoxylin and eosin by dehydrating sections in 95% ethanol, 106 

incubating in Gills II haematoxylin for ~45 s, and then incubating in eosin for ~15 s, with 107 

rinses in distilled water between each step. Sections were then dehydrated in progressively 108 

increasing concentrations of ethanol (up to 100%), followed by xylene. Sections were 109 

mounted with Permount (Fisher Scientific, Hampton, New Hampshire, USA) and 110 

coverslipped. We systematically selected and imaged ~15 sections so as to assure that we 111 

analyzed images that were spread throughout and represented the entirety of the first gill 112 

arch from each fish. Images were analyzed using a Nikon Eclipse E800 light microscope 113 

(Nikon Instruments, Melville, New York, USA). Preliminary measurements verified that 114 

this number of images was sufficient to obtain a stable mean value for each trait.  115 

 116 

S1.7 Haemoglobin-O2 binding 117 

Haemoglobin O2 dissociation curves were determined for the lysate of frozen red blood 118 

cells using Hemox Analyser and software (TCS Scientific, New Hope, Pennsylvania, USA). 119 

Red blood cell lysate (10 µl) was added to 5 ml of assay buffer solution, which consisted 120 

of 50 mmol l−1 tris, 50 mmol l−1 KCl, 5 mmol l−1 EDTA, 0.1% bovine serum albumin 121 

(BSA), and 0.2% anti-foaming agent (polydimethylsiloxane emulsion; TCS Scientific). 122 

 123 

S1.8 Mitochondrial isolation 124 
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Fresh liver tissue (~0.5 g) was finely diced in 10 ml of ice-cold isolation buffer (in 125 

mmol l-1 unless otherwise stated: 250 sucrose, 50 KCl, 25 KH2PO4, 10 hepes, 0.5 EGTA, 126 

and 1.5% mass:volume fatty-acid free BSA; pH 7.4). We gently homogenized the tissue 127 

on ice with six passes of a loose-fitting Potter-Elvehjem homogenizer at 100 r.p.m. The 128 

homogenate was centrifuged at 600g for 10 min at 4°C, and the supernatant was filtered 129 

through glass wool, and then centrifuged at 6000g for 10 min at 4°C (the same conditions 130 

for all future centrifugations). We gently rinsed and re-suspended the pellet in 10 ml of 131 

fresh isolation buffer, then centrifuged. The pellet was then rinsed and re-suspended in 10 132 

ml ml of storage buffer (same as the isolation buffer, but without BSA and with 2 mmol l-133 

1 each of pyruvate and malate), and centrifuged again. The final pellet was re-suspended in 134 

500 µl of storage buffer. Half of the mitochondrial isolate was stored for a short period on 135 

ice until respiration and ROS emission experiments (see below), and the other half was 136 

frozen at -80ºC for later assays of lipid peroxidation and enzyme activities (see below). 137 

Mitochondrial protein content was measured in the isolate using the Bradford assay (Bio-138 

Rad, Mississauga, ON, Canada).  139 

 140 

S1.9 Mitochondrial physiology 141 

Respiration (rate of O2 consumption) and ROS emission rates of mitochondria were 142 

measured in 2 ml of respiration buffer (in mmol l-1: 110 sucrose, 60 K-lactobionate, 20 143 

taurine, 20 Hepes, 10 KH2PO4, 3 MgCl2·6H2O, 0.5 EGTA, 1.5% mass:volume fatty-acid 144 

free BSA; pH 7.4). ROS was detected as the fluorescence of resorufin (excitation 145 

wavelength of 525 nm and AmR filter set, Oroboros Instruments), which is produced from 146 

hydrogen peroxide (H2O2) and Ampliflu Red (Sigma-Aldrich) in a reaction catalysed by 147 

horseradish peroxidase. This was accomplished by adding superoxide dismutase (22.5 U 148 
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ml-1; to catalyse the formation of H2O2 from the superoxide produced by mitochondria), 149 

horseradish peroxidase (3 U ml-1), and Ampliflu Red (15 µmol l-1) to the respiration buffer. 150 

We calibrated the resorufin signal (at the beginning and end of the following protocol) with 151 

additions of exogenous H2O2 to measure ROS emission as the molar rate of H2O2 release 152 

from mitochondria.   153 

 Mitochondrial physiology was measured as follows (Supplementary Fig. 1). 154 

Mitochondria (0.6 mg of mitochondrial protein) were added to the respiration buffer, and 155 

leak respiration (LN) was measured with complex I substrates pyruvate and malate (2 mmol 156 

l-1 each) but without adenylates. We then added 125 µmol l-1 ADP, and measured leak 157 

respiration in the presence of ATP (LT) after the mitochondria had converted all of the ADP 158 

into ATP. Saturating levels of ADP (1250 µmol l-1) were added to stimulate maximal 159 

pyruvate oxidation (PPM). The capacities for oxphos via complex I (PPMG) and complexes 160 

I+II (PPMGS) were then determined by adding glutamate (10 mmol l-1) then succinate (10 161 

mmol l-1), respectively. Oxphos respiration via complexes I+II was maintained until all O2 162 

was consumed (to assess mitochondrial O2 kinetics), and anoxic conditions were 163 

maintained for 5 min. PO2 was raised slightly to measure respiration immediately after 164 

anoxia, and then after a stable reading was achieved, the medium was fully oxygenated. 165 

Rotenone (0.5 µmol l-1), an inhibitor of complex I, was added to measure oxphos capacity 166 

via complex II (PS(Rot)). The above mitochondrial physiology experiment was performed 167 

twice for each fish, once without and once with the addition of carbonyl cyanide m-chloro 168 

phenyl hydrazine (CCCP) after the first addition of maximal ADP. CCCP is used to 169 

uncouple respiration (and is added until maximal stimulation, 0.5-2 µmol l-1) so capacities 170 

for electron transport (rather than for oxphos) could be measured. Data are expressed per 171 
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mg mitochondrial protein. Mitochondrial O2 kinetics were analyzed using DatLab 2 172 

software (Oroboros Instruments) to measure maximal mitochondrial respiration (Jmax), 173 

mitochondrial O2 affinity (P50, the PO2 at which respiration is inhibited by 50%). 174 

 175 

S1.10 Enzyme assays 176 

 Maximal activities (Vmax) of the metabolic enzymes citrate synthase (CS) and 177 

succinate dehydrogenase (SDH) were measured in mitochondrial isolates at 25ºC using a 178 

SpectraMax Plus 384 microplate reader. Mitochondria were homogenized and diluted 25-179 

fold in 50 mmol l-1 KH2PO4 (pH 7.0). We determined CS activity as the reduction of DTNB 180 

(5,5’-dithiobis-(2-nitrobenzoic acid; extinction coefficient [ε] of 14.15 l mmol-1 cm-1 at 412 181 

nm), in an assay mixture containing 0.15 mmol l-1 acetyl-coA, 0.15 mmol l-1 DTNB, and 182 

0.5 mmol l-1 oxaloacetate. SDH activity was determined as the reduction of DCPIP (2,6-183 

dichlorophenolindophenol; ε of 21.9 l mmol-1 cm-1 at 600 nm), in an assay mixture 184 

containing 20 mmol l-1 succinate, 0.3 mmol l-1 KCN, 0.05 mmol l-1 DCPIP, 0.05 mmol l-1 185 

decylubiquinone.  186 

EROD (ethoxyresorufin-O-deethylase) activity was measured fluorometrically in 187 

liver tissue following previously described methods (4, 5). Liver tissue was homogenized 188 

in four volumes of homogenization buffer (50 mmol l-1 tris, 0.15 mol l-1 KCl, pH 7.4) using 189 

an electric homogenizer in pulses totalling 12 s. The S9 fraction (which contains 190 

microsomes and cytosol) was isolated by centrifugation at 750g for 10 min, and then at 191 

12,000g for 10 min. 10 µl of supernatant was loaded into a black 96-well plate and 7-192 

ethoxyresorufin (dissolved in methanol (400 mmol l-1) and diluted to 2.67 umol l-1 in 50 193 
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mmol l-1 tris, 0.1 mmol l-1 NaCl; pH 7.8) was added to a concentration of 2 µmol l-1. The 194 

reaction was initiated by adding NADPH (1.33 mmol l-1) and Vmax was read over 10 min 195 

in a fluorometric microplate reader (SpectraMax Gemini XPS, Molecular Devices, 196 

Sunnyvale CA, USA) at excitation and emission wavelengths of 530 and 590 nm, 197 

respectively. Protein content was measured on the S9 fraction using the Bradford assay, 198 

and EROD activity was expressed as pmol of resorufin formed per min per mg protein.  199 

Activities of CS, SDH, and EROD were assayed in triplicate as the difference in 200 

activity between samples with and without a key reagent (oxaloacetate, succinate, and 201 

NADPH, respectively). Preliminary experiments confirmed that substrate concentrations 202 

were saturating. 203 

 204 

S1.11 Lipid peroxidation 205 

Isolated mitochondria were homogenized for 1 min in methanol (1:5 v:v) in an ice-206 

cold glass tissue grinder, then centrifuged at 1000g for 5 min. The supernatant was stored 207 

on ice while a cuvette containing distilled water, 0.25 mmol l-1 FeSO4, 25 mmol l-1 sulfuric 208 

acid, and 0.1 mmol l-1 xylenol orange (added in this order) was allowed to react for 30 min. 209 

After this time period, the homogenate was added and given 2 h to react and an initial 210 

absorbance reading was taken at 580 nm using SpectraMax Plus 384 microplate reader 211 

(Molecular Devices, Sunnyvale, California, USA). Cumene peroxide (0.005 mmol l-1) was 212 

then added to the cuvette and allowed to react for 40 min, and a final reading was taken at 213 

580 nm. Lipid peroxidation is standardized to and reported as cumene hydroperoxide 214 

equivalents, and is expressed per mg of mitochondrial protein.  215 
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 216 

S1.12 Supplementary statistical analyses 217 

We conducted a principal component analysis (PCA, “vegan” package, 6) on all response 218 

variables except some secondary measures that were used to calculate more important 219 

ones that are in the analysis, or those derived from other variables already in the analyses. 220 

A full list of the variables included in the PCA is in Table S4. We imputed missing values 221 

in the dataset using a single imputation approach with partial mean matching (“mice” 222 

package, 7). All response variables were continuous, inspected for linearity and skew, 223 

then standardized to unit variance before the PCA analysis. We tested the effect of 224 

exposure site on the first two principal components (PC1 and PC2) using a linear mixed 225 

effect model, with deployment week as a random effect (“lme4” package, 8). 226 

227 
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 228 

Fig. S1. Representative experiments of mitochondria isolated from liver of bluegill 229 
sunfish to measure (A) respiration during oxidative phosphorylation and (B) 230 
electron transport capacity during uncoupled respiration. (A) Reactive oxygen 231 
species (ROS) emission rates (not pictured) were measured in parallel by fluorometry 232 
(see Materials and Methods above). Measurements were taken at 20ºC. (LN and LT, leak 233 
respiration in the absence and presence of ATP, respectively; PPM or EPM, oxidative 234 
phosphorylation (P) or electron transport capacity (E, induced by uncoupling 235 
mitochondria with CCCP) with pyruvate and malate; PPMG or EPMG, P or E with pyruvate, 236 
malate, and glutamate; PPMGS or EPMGS, P or E with pyruvate, malate, glutamate, and 237 
succinate; and P(S(Rot) or E(S(Rot), P or E with succinate and rotenone) 238 

  239 
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 240 

Fig. S2. The effects of exposure site on the first two principal components from a 241 
principal component analysis (PCA). (A) Exposure site did not affect PC1 scores 242 
(LRTsite χ2 = 1.25, p = 0.53), which accounted for 28.0% of the variation. (B) Exposure 243 
site had a significant effect on PC2 scores (LRTsite χ2 = 7.01, p = 0.03) with fish from the 244 
outfall having higher PC2 scores than fish from the reference site (Dunnet’s post-hoc, p = 245 
0.025). Fish from the downstream site also tended to have higher PC2 scores than fish 246 
from the reference site, but this was not statistically significant (Dunnet’s post-hoc, p = 247 
0.10). PC2 accounted for 19.7% of the variation. (C) Biplot of PC2 versus PC1, in which 248 
small individual symbols represent individual data, and larger symbols represent means ± 249 
s.e.m.  250 
  251 
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Table S1. Average estimated time-weighted concentrations (ng l-1) of waterborne 252 
pharmaceuticals and personal care products at a clean reference site, near the outfall of a 253 
tertiary wastewater treatment plant, or further downstream.  254 

Concentrations were determined using passive polar organic chemical integrative 255 

samplers (POCIS) deployed at sites of caged fish (refer to Fig. 1 for map; n = 3 replicates 256 

per site). ND, not detected; < LOQ, detected, but below limit of quantification; -- 257 

excluded from analyses.   258 

Compound Class Reference Downstream Outfall 
Caffeine food 73.8 742.5 752.4 
Sucralose food 9.9 2996.0 3130.6 
Trimethoprim anti-biotic ND 4.7 8.03 
Sulfamethoxazole anti-biotic 0.3 2.5 3.5 
Carbamazepine anti-seizure <LOQ 54.9 55.1 
Acetaminophen analgesic 0.7 4.5 7.6 
Ibuprofen anti-inflammatory 6.0 20.3 31.0 
Gemfibrozil lipid regulator ND 1.3 2.9 
Naproxen anti-inflammatory 1.1 30.2 27.9 
Triclosan antibacterial ND -- ND 
Estrone (E1) hormone ND <LOQ <LOQ 
Estradiol (E2) hormone ND ND N 
Androstenedione hormone <LOQ 2.0 2.32 
Testosterone hormone ND <LOQ <LOQ 
Venlafaxine antidepressant <LOQ 50.7 59.3 
O-dm-venlafaxine metabolite <LOQ 18.3 36.4 
N-dm-venlafaxine metabolite ND 4.3 6.9 
Sertraline antidepressant ND 0.4 1.9 
dm-sertrailne metabolite ND ND ND 
Citalopram antidepressant ND ND ND 
Fluoxetine antidepressant ND ND ND 
Atenolol beta-blocker ND 10.9 21.5 
Metoprolol beta-blocker ND 5.7 6.7 
Propanolol beta-blocker ND 4.7 3.3 
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Table S2. Water quality measures taken weekly over 21 d of caged exposures (n = 7). 259 

 Reference Downstream Outfall 

Temperature (°C) 17.4 ± 0.70 22.95 ± 0.41 21.73 ± 0.39 

Dissolved oxygen (mg/L) 5.48 ± 0.56 8.84 ± 0.82 11.28 ± 1.15 

pH 8.00 ± 0.16 8.00 ± 0.11 7.95 ± 0.17 

Conductivity (μS) 695.57 ± 30.38 1283.87 ± 40.42 1243.37 ± 41.82 

Salinity (ppm) 315.71 ± 14.06 600.50 ± 19.33 581.38 ± 20.07 

TDS (ppm) 494.71 ± 21.19 910.38 ± 28.72 883.38 ± 30.31 

Flow (m/sec) 0.021 ± 0.0096 0.017 ± 0.0030 0.016 ± 0.0030 

  260 
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Table S3. Body and organ mass (% body mass) of bluegill sunfish. Data reported as 261 
mean ± s.e.m. (n).  262 

  Reference Downstream Outfall 

Body mass (g) 82.0 ± 8.7 (10) 81.9 ± 11.7 (10) 84.6 ± 11.0 (7) 

Liver 0.722 ± 0.086 (10) 1.124 ± 0.122 (9) 0.756 ± 0.047 (7) 

Heart 0.073± 0.006 (10) 0.096 ± 0.007 (9) 0.089 ± 0.006 (7) 

Spleen 0.099± 0.017 (10) 0.129 ± 0.018 (10) 0.080 ± 0.015 (7) 

Brain 0.203± 0.018 (10) 0.230 ± 0.023 (10) 0.210 ± 0.026 (7) 

Body mass, LRTsite χ2 = 0.027, p = 0.99; liver, LRTsite χ2 = 6.19, p = 0.045 (downstream, 263 

p = 0.057; outfall, p = 0.99); heart, LRTsite χ2 = 4.10, p = 0.13; spleen, LRTsite χ2 = 3.81, p 264 

= 0.15; brain, LRTsite χ2 = 0.78, p = 0.68. 265 

266 
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Table S4. Loadings onto the first two principal components from a principal component 267 
analysis. 268 

Response PC1  PC2  

Body mass 0.67 0.08 
Liver mass 0.59 0.05 
Heart mass 0.62 0.22 
Spleen mass 0.31 -0.17 
Brain mass 0.59 0.24 
Resting O2 consumption rate 0.70 0.21 
Total filament length 0.52 0.24 
Gill surface density 0.41 0.38 
Haematocrit 0.46 0.00 
Haemoglobin content -0.12 0.04 
Haemoglobin P50 at pH 7 0.25 0.35 
Haemoglobin P50 at pH 7.4 -0.06 0.10 
Respiratory capacity for oxphos: PPM -0.68 0.24 
Respiratory capacity for oxphos: PPMG -0.64 0.47 
Respiratory capacity for oxphos: PS(Rot) -0.46 0.65 
Respiratory capacity for oxphos: PPMGS -0.66 0.56 
Mitochondrial ROS emission rates: PPM -0.63 -0.39 
Mitochondrial ROS emission rates: PPMG -0.59 -0.43 
Mitochondrial ROS emission rates: PS(Rot) -0.67 -0.43 
Mitochondrial ROS emission rates: PPMGS -0.59 -0.39 
ROS emission : respiratory capacity for oxphos: PPM -0.07 -0.55 
ROS emission : respiratory capacity for oxphos: PPMG -0.19 -0.78 
ROS emission : respiratory capacity for oxphos: PS(Rot) -0.17 -0.80 
ROS emission : respiratory capacity for oxphos: PPMGS -0.11 -0.75 
Lipid peroxidation -0.28 0.21 
Succinate dehydrogenase activity 0.50 0.43 
Citrate synthase activity -0.24 -0.05 
Mitochondrial P50 0.21 0.56 
Respiratory capacity for electron transport: EPM -0.62 0.33 
Respiratory capacity for electron transport: EPMG -0.64 0.51 
Respiratory capacity for electron transport: ES(Rot) -0.37 0.60 
Respiratory capacity for electron transport: EPMGS -0.63 0.53 
Leak respiration LT -0.6 0.24 
Leak respiration LN -0.65 0.30 
Critical PO2 0.04 0.18 
PO2 at loss of equilibrium  0.28 0.14 
EROD activity -0.22 -0.09 
 269 

  270 
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