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Abstract

This research aimed to characterize and compare the subchronic impacts of Cu to a Cu, Cd, and Zn mixture in early life
stages of rainbow trout (Oncorhynchus mykiss) by examining uptake, survival, growth, development, and histopathology
parameters. To accomplish this, rainbow trout were exposed for 31 days from eyed embryos to the swim-up fry life stage to
waterborne Cu (31, 47, 70, and 104 pg/L) individually or as mixture containing Cd (4.1, 6.2, 9.3, and 14 pg/L) and Zn (385,
578, 867, and 1300 pg/L). Exposures elicited pronounced effects on survival when Cu was administered as a mixture
(LCy5 =329 ug/LL Cu) versus individually (LCy5=46.3 ug/L. Cu). Mixtures of Cu, Cd, and Zn also elicited more
pronounced sublethal toxicity relative to equivalent Cu treatments with respect to reduced yolk sac resorption and increased
incidence and/or severity of gill, liver, and kidney lesions. Our findings of reduced body weight (EC,g, ¢, = 55.0 ug/L Cu;
ECio, cutcd+zn = 58.9 ug/L Cu), yolk sac resorption (LOEC¢, =70 ug/L Cu; LOEC¢y+cd+zn = 70 ug/L Cu), coelomic fat
(LOEC¢, =47 pg/L. Cu; LOECcuicdizn=70pg/L Cu), and increased hepatocellular cytoplasmic vacuolation
(LOEC¢, =70 ug/L. Cu; LOECcy cdizn =47 ug/L Cu) collectively indicate a complicated metabolic interference by
metals in exposed fish. These lethal and sublethal effects observed in the laboratory could translate to reduced survival and
fitness of wild salmonid populations inhabiting waterbodies receiving wastewater or runoff containing multiple metals at
elevated concentrations.
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Introduction

Metal pollution is a global issue that is mainly caused by
anthropogenic activities, most notably associated with
urbanization and industry, especially metal mining
(Tchounwou et al. 2012; Jones 2018). Although some
metals (e.g., Cu, Zn, Fe, Mo, Mn, Se, and Co) are essential
for biological processes in animals in trace amounts, metals
can bioaccumulate, are not biodegradable, and are a health
concern for aquatic biota inhabiting waterbodies con-
taminated with metals (Byrne et al. 2012; Taslima et al.
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2022). Regulations and legislation exist for some metals in
the form of concentration limits in environmental matrices
for the protection of ecosystems (e.g., Canadian water
quality guidelines; Canadian Council of Ministers of the
Environment (CCME) 2007) which are primarily derived
from laboratory-based animal toxicity tests with individual
metals. However, aquatic organisms are most often exposed
to multiple metals simultaneously in the natural environ-
ment, yet the toxic effects of metal mixtures to most aquatic
wildlife is poorly understood (Saibu et al. 2018).

In prolonged exposure scenarios (e.g., subchronic or
chronic), it has been demonstrated that individual admin-
istration of metals results in systemic distribution via cir-
culation, and tissue accumulation beyond manageable
thresholds causes a plethora of adverse health effects in fish
that manifest below acutely lethal concentrations (Farrell
et al. 2011; Paul and Small 2021; Brix et al. 2022).
Although the mechanisms underlying the toxic effects of
individual metals are not fully elucidated, a large body of
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evidence reinforces the notion that labile metals, including
Cu, Cd, and Zn (Ratn et al. 2018; Santos et al. 2019; Shekh
et al. 2019), interact with cellular targets and cause oxida-
tive stress (e.g., lipid peroxidation, protein carbonylation,
DNA damage, and general damage to cellular functions)
which is likely to affect the physical condition of fish in the
long-term (Baldwin et al. 2003; Farrell et al. 2011, 2012;
Lushchak 2011; Al-Bairuty et al. 2013; Heydarnejad et al.
2013; Cunningham and McGeer 2016; Santos et al. 2019).

Although decades of research have been devoted to
investigating the effects of multi-metal mixtures in aquatic
biota, there is a need to study the toxicokinetic and tox-
icodynamic interactions that occur in the presence of mul-
tiple metals more thoroughly, especially the sublethal
effects of low concentration, chronic exposures. Indeed, a
substantial number of studies have examined the uptake/
accumulation and toxic effects of metal mixtures (see
reviews: Norwood et al. 2003; Vijver et al. 2011; Meyer
et al. 2015), but most of these studies report acutely toxic
effects and definitive patterns regarding interactive metal
toxicity have not emerged. It is unclear whether the dis-
crepancies between the conclusions drawn from controlled
laboratory experiments are due to the metal combination,
exposure duration, species, developmental stage, or end-
point assessed (Meyer et al. 2015; Van Genderen et al.
2015). For example, for mixtures containing Cu, Cd, and/or
Zn, there is evidence of increased toxicity (Brinkman and
Woodling 2014; Song et al. 2014; Driessnack et al. 2016),
but also evidence of decreased toxicity (Chouchene et al.
2011, 2016) and no interactions (Marr et al. 1995; Dethloff
et al. 1999) when administered in binary mixtures versus
single metal constituents in fish. Nevertheless, with several
studies demonstrating pronounced subchronic toxicity of
Cu-Zn and Cu-Cd binary mixtures in fish (i.e., reduced
survival and growth in brown trout (Salmo trutta; 126-day
Cu-Zn exposure; Brinkman and Woodling 2014), impaired
reproduction in fathead minnows (Pimephales promelas;
21-day Cu-Cd exposure; Driessnack et al. 2016), altered
body condition and lipid metabolism in javelin gobies
(Synechogobius hasta; 30-day Cu-Cd exposure; Song et al.
2014)), and histopathological changes concomitant with an
increased oxidative stress in rare minnows (Gobiocypris
rarus; 7-day Cu-Cd exposure; Wu et al. 2019), it is evident
that Cu, Cd, and/or Zn pose increased risks to fish health
when administered as mixtures compared to individual
metals. Profound ecosystem-level impacts due to metal
mixture exposures observed downstream of existing and
especially decommissioned metal mines in Canada (e.g.,
Britannia Mine, BC, Canada; Barry et al. 2000; Zis et al.
2004; Levings et al. 2005) are evident based on decades of
studies reporting fish population declines and poor fish
health in biomonitoring surveys (e.g., reduced fish survival,
growth, and reproductive success; Environment Canada
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2012; Environment and Climate Change Canada 2015).
However, methodologies aimed at multi-metal mixture risk
assessments are not adequately established in regulatory
frameworks (Van Genderen et al. 2015). Ultimately, toxi-
city data evaluating the adverse effects of metal mixtures in
laboratory and field scenarios using consistent/standardized
methods on a range of fish species, and beyond acute
duration, is necessary to more accurately determine the
sublethal effect thresholds of metal mixtures that translate
into significant risks to fish populations.

The co-occurrence and concentrations of metals (e.g., Cd,
Pb, Cr, Hg, Zn, Cu, Ni, Al, Fe, Mn, As, and Co) have
reportedly increased over time on a global scale via numerous
anthropogenic sources (Zhou et al. 2020). For example, Cu,
Cd, and Zn have increased greater than twenty-fold over the
last five decades based on assessments of polluted freshwater
waterbodies across five continents, with mean concentrations
reported to increase from 5.9 pg/L Cu, 0.8 g/ Cd, and
522 pg/L Zn in the 1970s to 120.0 ug/L Cu, 25.3 pg/L Cd,
and 1180.1 ug/LL Zn in 2017 (Zhou et al. 2020). In British
Columbia, background concentrations of Cu, Cd, and Zn were
reported as high as 71 pg/L Cu, 8.6 ug/L Cd, and 20 pg/L. Zn
in highly mineralized pristine freshwater environments
(CCME 2014, 2018, 2021; B.C. MOE 2019, 2022). One study
in North America reported metal concentrations downstream
of a decommissioned metal mine ranging from 524600 ug/L
Cu, 1.2-10.7 pg/L Cd, and 140-1471 pg/L Zn depending on
distance from a source of acid-mine drainage (Vermont, USA;
Balistrieri et al. 2007). Another study conducted within an
urban Canadian setting (Greater Vancouver, British Columbia)
reported that streams receiving urban runoff contained Cu, Cd,
and Zn at concentrations as high as 404 ug/L Cu, 10 pg/L Cd,
and 1250 ug/L. Zn (Huang and Gergel 2022). Indeed, metals
often exist as mixtures at concentrations that frequently exceed
environmental quality guidelines which are conversely derived
on an individual-metal basis. With the paucity of toxicity data
available with respect to controlled experiments examining
environmentally relevant metal mixture exposure scenarios,
the adverse health risks to aquatic wildlife inhabiting these
waters are largely uncertain.

Salmonids are a primary concern with respect to the
environmental impacts of metal contamination in North
America because their habitat often overlaps accessible
mineral reserves and mining tenures, in addition to urban
and industrial areas (Sergeant et al. 2022). Among 70
naturally occurring metals, Cu is one of the most ubiquitous
metal contaminants of concern, and its large-scale extrac-
tion combined with frequent anthropogenic inputs into
North American waterways justifies extensive past efforts
and continued research to better characterize this metal’s
toxicity, with and without common metal co-contaminants
such as Cd and Zn (Vijver et al. 2011; Van Genderen et al.
2015; B.C. MOE 2019). In Canada, under the Fisheries Act
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as of 2012 (https://laws-lois.justice.gc.ca/eng/acts/f-14/),
metal and diamond mines are required to conduct envir-
onmental effects monitoring studies to determine the
potential impacts of mine effluents discharged into the
aquatic environment. These field-based studies report on the
toxic effects of whole mine effluents in fish, invertebrates,
and plants that frequently manifest as reductions in survival,
growth, and reproductive success (Environment Canada
2012; Environment and Climate Change Canada 2015),
though uncertainty remains as to how metals interact to
modulate organism responses and this makes a priori
assessments of metal mixture toxicity an ongoing challenge
(Meyer et al. 2015). Interestingly, relatively few studies
have investigated the comparative subchronic toxicity of
metal mixtures in fish using concurrent metal mixture and
single metal exposure experiments (Ouellet et al. 2013;
Song et al. 2014; Driessnack et al. 2016, 2017), and very
few studies have discretely examined the subchronic effects
of Cu, Cd, and Zn mixtures in sensitive early developmental
stages of salmonids (Brinkman and Woodling 2014).
Considering the projected increases in the global production
of metals, including Cu, Cd, and Zn (Jasansky et al. 2023),
and the ubiquitous occurrence of multiple metals con-
taminating aquatic ecosystems worldwide, studies aimed at
further characterizing the plethora of toxic effects of metal
mixtures are necessary steps to ensure accurate risk
assessments and appropriately derive protective environ-
mental quality criteria and standards. Therefore, the objec-
tive of the present study was to compare and characterize
the subchronic lethal and sublethal toxic effects of Cu and a
mixture of Cu, Cd, and Zn in sensitive early life stages of
rainbow trout by examining survival, growth, development,
and tissue pathology.

Material and methods
Test organism

All-female triploid rainbow trout (Oncorhynchus mykiss)
eyed embryos (Jumper strain, Kamloops, BC) were
obtained from Troutlodge (Bonney Lake, WA, USA). Eggs
were fertilized by the supplier on April 10, 2019, and
embryos were received at Simon Fraser University (Bur-
naby, BC) on May 10, 2019. The accumulated thermal units
(ATUs; mean daily temperature (°C) multiplied by days
post fertilization (dpf)) of eyed embryos were approxi-
mately 300°-days (30 dpf) at the initiation of the exposure.
All live organism work adhered to the Simon Fraser Uni-
versity Animal Care Protocol 1290B-18 and Simon Fraser
University is accredited by the Canadian Council on Animal
Care; moribund fish or fish exhibiting signs of pain and
distress were euthanized accordingly.

Chemicals

All chemicals and reagents were obtained from ThermoFisher
Scientific (Burnaby, BC, Canada) unless otherwise stated.
Exposure water was prepared using dechlorinated municipal
tap water amended with technical grade salts to achieve
moderately hard water between 80 and 100 mg/L CaCO; with
a slightly alkaline pH (Environment Canada 2007). Con-
centrated metal stock solutions were prepared with stoichio-
metric equivalents of metal salts (CuSO,, CdCl,, and ZnSO,)
for the highest test concentration. These solutions were sub-
sequently used to make 1.5-fold serial dilutions to achieve
stocks for the lower metal test concentrations. Stock solutions
were stored in the dark at 4-6 °C. Fish exposure water was
then prepared by adding 5 mL of the concentrated stock metal
solution to 20L of moderately hard dilution water. The
waterborne metal exposure experiments included the follow-
ing treatments: a moderately hard water control; a Cu only
concentration series (31, 47, 70, and 104 pug/L Cu); and a metal
mixture concentration series comprised of Cu (31, 47, 70, and
104 pg/L), Cd (4.1, 6.2, 9.3, and 14 ug/L), and Zn (385, 578,
867, and 1300 pg/L). Test concentrations were selected to
reflect an environmentally relevant range that were expected to
cause adverse apical responses spanning no effects, sublethal
effects, and lethal effects (Wang et al. 2014). While test con-
centrations were above long-term Canadian Water Quality
Guidelines (CCME 2014; 0.8 pg/LL Cu, 0.14 pg/L Cd, and
10 pg/L Zn based on water chemistry measured in the present
study; i.e., 86.6mg/L. CaCOs; water hardness, 8.11 pH,
1.31 mg/L dissolved organic carbon, 15.7 mg/L Ca, 11.7 mg/L.
Mg, 284 mg/L Na, 2.56 mg/L K, 4.54mg/L Cl, 70 mg/L
CaCO; alkalinity), the lowest test concentrations do reflect
natural metal concentration ranges reported in Canadian
freshwater systems. In addition, the high test concentrations
were near the maximum allowable effluent discharge limits
specified in the Metal and Diamond Mining Effluent Reg-
ulations (MDMER, Schedule 4; monthly mean concentrations
for mines operational before and after June, 2021, respectively,
are 100 and 300 pug/L for Cu and 400 and 500 pg/L for Zn)
and common discharge limits set under the B.C. Environ-
mental Management Act (SBC 2003, ¢ 53 EMA; e.g., see
B.C. Gazette Authority 2016).

Rainbow trout laboratory exposure to metals

The metal exposure experiments were initiated when rain-
bow trout were at the eyed embryo life stage and continued
for 31 days until ~90% of the control fish had reached the
swim-up fry development stage (i.e., when visual inspection
indicated complete yolk sac reabsorption; 61 dpf or 678°-
days). These waterborne exposure experiments were con-
ducted with an experimental design adapted from the
Environment Canada protocol Biological Test Method:
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Toxicity Tests Using Early Life Stages of Salmonid Fish
(Rainbow Trout) (Environment Canada 1998). Metal treat-
ments were administered in quadruplicate 10 L glass test
vessels filled with 6 L of exposure water. Thirty eyed
embryos were randomly allocated to each replicate vessel.
The temperature was regulated at 12 °C by circulating
chilled water through a four-chamber water bath system
assembled in a randomized complete block design. Test
vessels were supplied with constant aeration and a period of
complete darkness was implemented until one week after
the control fish hatched, at which point a 16:8-hour light
(100-500 1lux) to dark photoperiod was implemented. For
each replicate, the overall health, hatching, and survival of
individuals were visually monitored twice daily. Water
changes were completed three-times-weekly by renewing
80% of the volume with freshly prepared control water or
metal solutions. Water quality, including dissolved oxygen
(DO), conductivity, temperature, and pH, was measured
before and after water renewals in a single replicate vessel
within each treatment group. Ammonia was measured
weekly using the Salicylate Method (Hach Canada, London,
Ontario; Catalog No. 2668000-CA). To analytically verify
nominal metal concentrations and water hardness (as
CaCO;) for all treatment groups including the control,
60mL of water was collected immediately after water
renewal from a single replicate test vessel per treatment
group and submitted to ALS Environmental (Burnaby, BC,
Canada) for analysis. Inductively coupled plasma mass
spectrometry (ICP-MS) was performed on unfiltered and
filtered (0.45 pm syringe filters) water samples to measure
total and dissolved metals, respectively (Martin et al. 1994;
EPA 1998).

Fish were sacrificed with a lethal dose of tricaine
methanesulphonate (MS222; Western Chemical, Ferndale,
WA) buffered with sodium bicarbonate to pH 7. Wet weight
(wwt), fork length, deformities, and developmental stage
were recorded for individual fish. Development was eval-
uated based on visual external survey of yolk sac resorption
and categorized as having: 1, a completely resorbed yolk
sac where the abdomen was completely covered by a fully
formed epidermis; 2, a lack of epidermis joining at the mid-
ventral longitudinal plane of the fish and some visible yel-
low or orange yolk; or 3, a lack of epidermis joining at the
mid-ventral longitudinal plane of the fish and prominent
protruding yellow or orange yolk sac, as depicted in Fig. S1
(Hegeman and Marlatt 2021). Two fish per replicate vessel
were pooled as a single composite sample (n =4 samples
per treatment) and then submitted to ALS Environmental
(Burnaby, BC) for whole-body metals analysis by induc-
tively coupled plasma mass spectrometry (EPA 1998). An
additional two fish per replicate test vessel (n=8 per
treatment) were submitted for tissue processing. Due to high
mortality and insufficient tissue quantities, the highest metal
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mixture treatment was excluded from microscopic analysis
and both the highest Cu only and metal mixture treatments
were excluded from tissue metal analyses.

Histopathology

In a subset of two euthanized fish per replicate test vessel
(n =8 per treatment; excluding 104 + 14 + 1300 ug/L Cu
+Cd+Zn treated fish), an incision was made along the
ventral body wall, 10% neutral buffered formalin (NBF)
was directly applied to the gills via a syringe, and then the
whole fish were immersed in 10% NBF. Formalin-fixed fish
were dehydrated, embedded in paraffin wax, step sectioned
along the sagittal plane (5 pm thickness), and stained with
hematoxylin and eosin (H&E) by Wax-It Histology Ser-
vices Inc. (Vancouver, BC). Glass slides containing multi-
ple step sections through the whole bodies of 64 fish were
evaluated microscopically by a board-certified veterinary
pathologist. For every examined fish, the severity of each
microscopic finding was scored as follows: absent (0),
minimal (1), mild (2), moderate (3), or marked (4). When a
microscopic finding was observed in more than one step
section in the same fish, the most severe lesion was scored.
Pertinent microscopic findings in the gills, liver, kidney, and
coelomic cavity are presented and discussed.

Data analysis

All statistical analyses used to evaluate the lethal and sub-
lethal toxicity of metal treatments in early life stage rainbow
trout were performed in the R Studio Environment (R Core
Team 2022). Data were initially analyzed by plotting the
individual responses as a function of treatment concentra-
tion; outliers were evaluated by Tukey’s outlier rule and
only omitted if deemed sufficiently unusual based on bio-
logical grounds (OECD 2016). Data for each endpoint was
tested for normality and equal variances using Shapiro-Wilk
and Levene’s homogeneity of variance procedures. Data
that did not satisfy parametric assumptions were log-
transformed and retested. Where relevant, model diag-
nostics and validation were performed with the R package
DHARMa (Hartig 2021) using residual plots, quantile-
quantile plots, Kolmogorov—Smirnov tests for normality,
and Levene’s test for equal variance. Evidence of an effect
was accepted at the 5% level for all statistical analyses
(p<0.05).

Generalized linear mixed models (GLMM; binomial
distribution, logit link) were used to test if metal treatments
affected cumulative survival (R package lme4; Bolker et al.
2009; Bates et al. 2015). Linear mixed models (LMM;
Ime4) were performed on the weight, length, and Fulton’s
condition factor (weight x 100 + length®; Fulton 1904) for
non-deformed individuals. Application of GLMMs and
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Table 1 Summary of water
quality parameters prior to 80%

water renewals during a 31-day
experiment exposing early life
stage Oncorhynchus mykiss to
Cu only or a Cu, Cd, and Zn
mixture

Parameter n Mean Minimum Maximum Standard deviation
Temperature (°C) 117 12.2 11.6 13.0 0.25

pH 117 8.11 7.14 8.40 0.16

Dissolved oxygen (mg/L) 117 10.00 8.78 10.43 0.25
Conductivity (uS/cm) 117 312.4 291 334 11.3

Unionized ammonia (ug/L) 36 9.8 <DL 20.3 4.7

Water quality measurements from one of four replicate vessels per treatment were taken three-times-weekly,
except for ammonia (unionized) which was measured weekly. Values are presented for n total measurements
and summarized across all treatment groups

Table 2 Water metal

concentrations from 31-day Treatment Cu (we/h) Cd (ue/l) Zn (ug/L)

experiments exposing early life nom. total dis. nom. total dis. nom. total  dis.

stage Oncorhynchus mykiss to

four test concentrations of Cu Control 0 0.9 07 O 0.01 0.007 O <3 1

only and four test concentrations Cu only 31 298 27 0 0.01 0008 0O <3 2

of a Cu, Cd, and Zn metal

mixture 47 444 388 O 0.03 0.02 0 <3 2
70 685 612 0 0.01 0.01 0 <3 2
104 985 895 O 0.01 0.01 0 <3 2

Cu, Cd, and Zn mixture 31 29.7 265 4.1 4 39 385 361 344

47 43.0 394 62 5.8 5.8 578 538 526
70 655 56.1 93 8.3 8 867 836 777
104 982 859 140 13.1 13.1 1300 1320 1190

Target nominal (nom.) concentrations are presented for each metal treatment in comparison to total (tot.) and
dissolved (dis.) values measured in a single replicate vessel per treatment following 80% water renewal

LMMs followed procedures outlined by Bolker et al. (2009)
and Bates et al. (2015) with the general syntax: response ~
treatment + block + (1ltank), where the non-independence
of observations within replicate vessels was preserved with
a tank random effect and block was included as a fixed
effect given the small number of levels (n = 4). The median
lethal concentration (LC,), sublethal effect concentration
(ECy), time to mortality (LTy), and time to hatch (Hy) were
estimated by fitting Weibull type 2 models using the R
package drc (Ritz et al. 2015). To evaluate whether treat-
ments affected development, a generalized estimating
equation (GEE; R package geepack; Halekoh et al. 2006)
was fit to proportion yolk sac resorption score data with a
binomial family, logit link, and clustering parameter to
account for non-independent observations as described in
Hothorn (2016). Differences in the mean whole-body
rainbow trout concentrations of exposure metals (Cu, Cd,
and Zn) and electrolytes (Ca*", Mg®", K, and Na™) were
evaluated with a one-way analysis of variance (ANOVA);
an analysis of covariance (ANCOVA) tested if there was a
difference in linear relationship between aqueous and
whole-body Cu concentration when fish were exposed to
Cu only versus as a mixture of Cu with Cd and Zn. The
Rao-Scott Cochran-Armitage by Slices (RSCABS) proce-
dure, first described by Green et al. (2014) and endorsed by

the Organisation for Economic Co-operation and Develop-
ment (OECD 2015; Elmore et al. 2017), was developed
specifically to analyze concentration-response relationships
of histopathology endpoints in toxicological studies. The
RSCABS procedure was therefore applied to evaluate dif-
ferences in the incidences and severity of lesions within
each of the Cu only and metal mixture categories (R
package RSCABS; Swintek 2018).

Results
Water quality and fish tissue chemistry

The water quality measured routinely throughout the
experiment (i.e., temperature, pH, dissolved oxygen, con-
ductivity, and ammonia) met the validity criteria prescribed
by Environment Canada (1998) for this in vivo rainbow
trout bioassay (Table 1). Analytical measurements for total
Cu, Cd, and Zn in metal exposure treatments collected from
test vessels immediately after water renewals were between
91-98, 89-98, and 93-101% their nominal targets,
respectively. Relative to total values, Cu was 86-92% dis-
solved in Cu only and Cu, Cd, and Zn mixture treatments;
Cd was 96-100% dissolved and Zn was 90-98% dissolved
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Fig. 1 Whole-body (a) Cu, (b) a ®  Control cd

Cd, and (¢) Zn concentrations
(wet weight) in non-feeding
Oncorhynchus mykiss swim-up
fry exposed to treatments of Cu
only or Cu, Cd, and Zn mixtures
for 31 days from the eyed
embryo developmental stage.
The mean whole-body metal
concentration and 95%
confidence intervals are a
presented for four samples per
treatment (n = 4), where one
sample refers to a composite . i
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in metal mixture treatments (Table 2). Trace concentrations
of Cu, Cd, and Zn were detected in the dechlorinated
municipal tap water control and reflect background con-
centrations of the water source. The hardness (as CaCOs)
was similar between all treatment groups with a mean of
86.6 and a standard deviation (SD) of 1.3 mg/L CaCO3
(range = 83.8-87.9).

Median whole-body Cu and Zn concentrations (95%
CI) in control fish were measured to be 1.00 mg/kg
(0.76-1.33) and 17.6 mg/kg (15.1-20.5), respectively,
whereas Cd was near or below its detection limit
(DL = 0.0020 mg/kg). The untransformed whole-body Cu,
Cd, and Zn concentrations are presented with respect to
dissolved exposure concentrations for Cu only and the
metal mixture treatments (Fig. 1). Whole-body metal
accumulation was concentration dependent such that there
was a positive linear relationship between dissolved metal
concentrations and log-transformed whole-body metal
concentrations for Cu (> Cu only =0.86 and r’> metal
mixture = 0.85; p<0.0001), Cd (r> metal mixture = 0.99;
p<0.0001), and Zn (r* metal mixture = 0.92; p < 0.0001).
Cu was significantly elevated in all metal exposed fish
relative to the control (p <0.0001; Fig. 1a), equating to
median fold increases of 2.3, 2.5, and 4.4 in treatments of
31, 47, and 70 pg/L Cu only and 1.9, 3.9, and 4.3 in metal
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mixtures containing nominally equivalent amounts of Cu,
respectively. There was no evidence of an interaction
between treatments of Cu only and the metal mixture on
whole-body Cu content (p=0.3537 for non-parallel
slopes) and thus no indication that Cd and Zn influenced
whole-body Cu accumulation. Fish exposed to the first
three concentrations of the metal mixture did however
experience significant, concentration-dependent whole-
body Cd (fold increases of 174-230) and Zn (fold
increases of 2.0-2.9) accumulation relative to unexposed
controls (p <0.0001; Fig. 1b, c).

Significant treatment-related differences in whole-body
concentrations of Mg®t (p=0.0117) and Ca*"
(p =0.0001), but not Na™ (p =0.746) and K™ (p = 0.951),
were associated with high concentration metal treatments
(data not shown). Fish reared in the 70 pg/L Cu and
70 +9.3 + 867 ug/lL. Cu+Cd+Zn treatments had 30 and
34% reductions in the mean Ca>" whole-body concentra-
tions compared to levels measured in unexposed control fish
(2032 mg/kg 95% CI 1797-2268; data not shown). A 21%
increase in mean whole-body Mg?" was observed in the
70 4+ 9.3 + 867 pg/L. Cu+Cd+Zn treatment relative to the
control fish (246 mg/kg 95% CI 225 — 270), but Mg*"
content was not significantly influenced in other treatments
(data not shown).
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Fig. 2 Survival of Oncorhynchus mykiss from eyed embryo life stage
to swim-up fry life stage exposed to waterborne treatments of Cu only
or a Cu, Cd, and Zn mixture (n = 4 replicate test vessels per treatment;
30 fish per vessel), where each treatment contained 120 fish at day 0 of
the experiment. a Fitted concentration-response curves and data points
depicting the mean cumulative proportion of dead fish and 95%
confidence intervals based on measured dissolved Cu concentrations
(Weibull type 2 model). There was evidence that the concentration-
mortality curves for Cu only and metal mixture treatments were dis-
similar (one-way analysis of variance; p<0.05); different letters

Survival

The mean survival of rainbow trout reared in the control
group (mean proportion survival =0.96, 95% CI=0.90 —
0.98) was well above the Environment Canada (1998)
toxicity test method validity criteria upon termination of the
exposure. Treatments of 31pug/L Cu, 47 pug/L Cu, and
31+4.1+385pug/L Cu+Cd+Zn did not significantly
affect survival. All other treatments were associated with
significantly reduced survival after 31 days of exposure
(p =<0.0001; Fig. 2a; Supplementary Fig. S1 and Table
S1) with mean proportions (95% ClIs) of surviving indivi-
duals as follows: 70ug/L Cu=0.65 (0.55-0.74) and

b Cu (pglL)
e 0 & 47 o 104
o 31 x 70
20.751
=
e
?
c 0.54
i)
€
o
g
& 0.254
0-
0 10 20 30

Exposure day

denote significant differences in proportion mortality between treat-
ment groups (GLMM; p<0.05). b Cu only and ¢ Cu, Cd, and Zn
mixture daily mean proportion of surviving fish and 95% confidence
intervals for nominal treatment groups. Significant reductions in sur-
vival for fish reared in treatments of Cu (70 and 104 pg/L Cu) and Cu,
Cd, and Zn mixture (474624578 pug/L  Cu+Cd+Zn,
70 + 9.3 + 867 pug/L Cu+Cd+Zn, and 104 + 14 + 1300 pg/L Cu+Cd
+Zn) relative to the control occurred by days 5-7 and remained sig-
nificant until termination on exposure day 31 (GLMM; p <0.05)

104 ug/LL Cu=0.38 (0.29-0.49); 47 + 6.2 + 578 ug/L. Cu
+Cd+Zn = 0.85 (0.76-0.91), 70 4+ 9.3 + 867 pug/L Cu+Cd
+Zn=0.38 (0.29-0.49), and 104 + 14+ 1300 pg/LL Cu
+Cd+Zn = 0.06 (0.03-0.12). The effects of treatments on
survival were dependent on metal concentration such that
there was evidence that the concentration-mortality curves
for Cu only and metal mixture treatments were dissimilar
(p =0.0016; Fig. 2a). In relation to dissolved Cu in the
exposure water, the lethal effect concentrations (LCy) were
lower for metal mixture treatments than for Cu only treat-
ments (p = 0.0067; Table 3). Reduced survival was driven
by spikes in mortality coinciding with hatching on exposure
day 4 through exposure day 10 (Fig. 2b, c). Metal mixture
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Table 3 Early life stage

Cu only (ug/L Cu)

Cu+Cd+Zn mixture (ug/L Cu)

Oncorhynchus mykiss 31-day Endpoint Effect level

lowest obs.erved effect Survival LOEC

concentrations (LOEC) and

estimated lethal concentrations LCio (95% CD)

(LC,) and growth effect LCy (95% CI)

concentrations (weight and LC,s (95% CI)

length; EC,) with 95% ’

confidence intervals (CI) 4 LCso (95% CI)

following waterborne static Weight LOEC

renewal exposure experiments to EC)o (95% CI)

treatments of Cu only or a

mixture of Cu, Cd, and Zn ECy (95% CT)

ECy5 (95% CI)

Length LOEC

ECy0 (95% CI)
ECy (95% CI)

68.5%

27.4 (20.8-34.1)
40.5 (33.7-47.4)
46.3 (39.5-53.1)
73.1 (64.8-81.4)
4440

55.0 (44.0-66.0)*
77.7 (68.1-87.4)
89.8 (80.3-99.2)*
98.5°

87.9 (69.5-106.4)*
105.6 (94.6-116.5)"

43.0

14.8 (7.8-21.9)°
26.9 (18.9-34.9)°
32.9 (25.0-40.8)°
66.1 (60.0-72.3)°
43,0

58.9 (48.1-69.6)*
80.8 (71.9-89.6)"
92.2 (83.5-100.9)*
98.2¢

76.1 (61.7-90.5)>
97.2 (86.4-108.0)*

Generalized linear mixed models were performed to evaluate differences in LOECs between treatments of
Cu only and the Cu, Cd, and Zn mixture. LC, and EC, values were determined by modeling the cumulative
response as a function of Cu concentration (Weibull type 2) and a one-way ANOVA tested differences in
LC, or EC, estimates. All calculations are based on dissolved Cu concentrations measured once on one of
four replicate test vessels after 80% water renewal. Significant differences between Cu only and Cu+-Cd+Zn
parameter values are denoted by different letters (*° = p <0.05)

treatments significantly reduced the median time to mor-
tality (LTy) compared to equivalent concentrations of Cu
only (p<0.0001; pairwise differences reflected by non-
overlapping confidence intervals adjusted for simultaneous
inference; Table 4), for instance, at the 25% effect level
(LTys): 70 g/ Cu=29.0 days (259 — 32.1) versus
70+9.3+867ug/L Cu+Cd+Zn=6.8 days (6.1-7.4);
104 pg/L Cu=9.2 days (8.4-10.1) versus
104 + 14 4 1300 pg/L. Cu+Cd+Zn = 3.9 days (3.6 — 4.2).

Growth

Rainbow trout reared in the control treatment had a mean
(95% CI) wet weight, length, and Fulton’s condition
factor of 0.145g (0.141-0.149), 28.4mm (27.2-29.6),
and 0.64 K (0.464-0.816), respectively. Effects on rain-
bow trout growth were concentration dependent but there
was no evidence the concentration-response curves and
effect concentration parameters (EC,) were different for
weight and length endpoints between treatments of Cu
only and the Cu, Cd, and Zn mixture (ANOVA, p>0.05;
Table 3). A significant effect of treatment on weight was
observed at concentrations as low as 47 ug/L Cu and
47 + 6.2 + 578 pg/L Cu+Cd+Zn (p =<0.0001; Fig. 3a;
Table S1). Decreased weight of fish reared in the 47 pg/L,
70 pg/L, and 104 pug/LL Cu only treatments equated to
respective percent differences (95% CI) of 7.3%
(3.9-10.7), 17.9% (14.1-21.6), and 26.8% (22.6-31.1) as
compared to unexposed control fish; and percent differ-
ences in 47 4+ 6.2+ 578 ug/L, 70 +9.3 4867 pg/L, and
104 + 14 + 1300 pg/L Cu+Cd+Zn metal mixture groups

@ Springer

Table 4 Median time (days) to reach 10% (LT)), 25% (LT5s), and
50% (LTs50) mortality with 95% confidence intervals (CI) for early life
stage Oncorhynchus mykiss exposed to a concentration series of Cu
only or a mixture of Cu, Cd, and Zn for 31 days

Treatment (ug/L) LTy (95% CI) LTas (95% CI) LTs (95% CI)

Control

0 >31 >3] >31
Cu only

31 >3] >31 >31

47 >31 >31 >31

70 11.0 (9.0-13.1) 29 (24.2-33.8) >31

104 3.1 (2.2-4.0) 9.2 (7.9-10.5) 23.8(21.4-26.2)
Cu + Cd + Zn mixture

31+4.14+385 >31 >31 >31

474+ 6.2+578 17.5 (14.4-20.6) >31 >31
704+9.3+867 2.5 (1.8-3.2) 6.8 (5.7-7.8) 16.3 (15.0-17.5)

104+ 14+ 1300 1.9 (1.5-2.2) 7.4 (6.8-8.1) 7.4 (6.8-8.1)

LT, values were estimated by modeling mortality as a function of
exposure day (Weibull type 2) and differences between the model fits
were compared using a likelihood-ratio test (p <0.05). For each
parameter, non-overlapping Cls (adjusted for simultaneous inference)
represent significant differences between treatments. Values that fell
outside the exposure duration limits are reported as >31

were 4.2% (0.6-7.7), 14.4% (10.0-18.7), and 32.0%
(21.3-42.6), respectively, as compared to unexposed
control fish (Fig. S1). The mean length was significantly
reduced at concentrations as low as 70ug/L Cu and
704 9.3 + 867 ug/L Cu+Cd+Zn (p =<0.0001; Fig. 3b;
Supplementary Table S1), while a significant effect on K
was only observed in the highest test concentrations of Cu
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Fig. 3 Weight (a) and length (b) a

of Oncorhynchus mykiss swim-
up fry following a 31-day
exposure to laboratory water and
nominal treatments of Cu only
or a Cu, Cd, and Zn mixture,
each seeded with 30 eyed
embryos in 4 replicate test
vessels (120 fish in total) at test
initiation. Box plots depict the
medians (horizontal line), lower
and upper 25th and 75th 0.051
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p<0.05)
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only and the Cu, Cd, and Zn mixture (p = 0.0143; data not
shown).

Development

The proportion of embryos that successfully hatched is
depicted as a function of time for each treatment group (Fig.
4). The hatch curves were dissimilar with respect to the
control, Cu only, and the metal mixture treatments
(p <0.0001). Embryos began hatching on exposure day 4 or
5 (33-34 dpf) regardless of treatment but there was a sig-
nificant interaction between treatment and time on the
proportion of embryos hatched (p <0.0001). For example,
the estimated time to reach 90% hatch (Hgy with 95% Cls
adjusted for simultaneous inference; Table S2) was
approximately 1 day earlier for fish exposed to 104 ug/L. Cu
(6.1 95% CI1 6.9 —7.2) and 1 to 2 days later for fish exposed
to all metal mixture treatments (31 + 4.1+ 385 pg/L Cu
+Cd+Zn=28.5 95% CI 8.3-8.7; 47+ 6.2 4578 ug/L Cu
+Cd+Zn=8.4+8.2-8.6; 7049.3+867nug/L Cu+Cd
+7Zn=8.2 95% CI 8.0-8.4; 104 + 14 + 1300 pg/L Cu+Cd
+Zn=28.9 95% CI 8.6-9.2) compared to the control (7.0
95% CI 6.9-7.2). Fish in the control and Cu only treatments
were completely hatched by exposure days 8 or 9 (37 or 38
dpf). However, the mean proportion of embryos hatched on

104 Cu
14 Cd
1300 Zn

104 31 47 70
4.1 6.2 9.3
385 578 867

Nominal metal concentration (ug/L)

47 70

day 5 in the 104pug/L Cu treatment (0.48 95% CI
0.42-0.54), and on day 6 in the 70 ug/L. Cu (0.53 95%
0.46 — 0.59) and 104 pg/L Cu (0.90 95% CI 0.84-0.96)
treatments, was significantly higher than the control treat-
ment (0.28 95% CI 0.22-0.35 and 0.34 95% CI 0.28-0.40)
on day 5 and 6, respectively; Fig. 4a; (p <0.05). The hatch
period for all metal mixture treatments was prolonged to
exposure days 11-13 (40—42 dpf), resulting in significantly
decreased proportions of embryos hatched relative to the
control from exposure day 5 through day 8 (Fig. 4b;
p<0.05).

Swim-up fry development assessed via visual inspec-
tion of the degree of yolk sac resorption indicated 98%
(95% CI 95-99%; Fig. 5; Supplementary Table S3) of
control fish had reached the target developmental index at
the end of the exposure (e.g., a yolk sac score of 1 indi-
cating a fully formed epidermis and no visible yolk). Fish
reared in the two lowest test concentrations of Cu only and
metal mixture treatments demonstrated patterns of devel-
opment comparable to the control, but higher metal con-
centrations elicited significant concentration-dependent
effects on development via an inhibition of yolk sac
resorption (p <0.0001). The frequency of fish having a
fully formed epidermis and no visible yolk was reduced to
78% (55-91%) and 73% (58-85%) in 70 ug/L Cu and
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Fig. 4 Hatching as a function of time (exposure day) for Oncor-
hynchus mykiss exposed to waterborne treatments of (a) Cu only or (b)
a Cu, Cd, and Zn mixture. Embryos were 30 days post-fertilization
(accumulated thermal units = 300°-days) at the time the experiment
was initiated. Curves and 95% confidence intervals were fitted using
four-parameter Weibull type 2 models across the first 13 days of the
experiment. Data points represent the mean proportion hatched of 4
replicate test vessels (30 fish per replicate, 120 fish in total) for each
treatment. Relative to the control, treatments of Cu only (70 ug/L Cu
and 104 pg/L Cu) significantly increased the proportion of embryos
hatched on exposure days 5-6 (p <0.05). All Cu, Cd, and Zn mixture
treatments significantly decreased the proportion of embryos hatched
on days 5-8 (p <0.05)

70 + 9.3 4 867 ug/L Cu+Cd+Zn treatments, respectively,
with concordant 20-22% increases in the number of fish
presenting with slight epidermal separation at the mid-
ventral longitudinal plane and some visible yolk (yolk sac
score 2; Fig. 5). Development impairments were more
pronounced in the 104 ug/L. Cu only treatment group such
that 88% of fish were underdeveloped on average (range
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of 78-94%; Fig. 5), of which 40% exhibited a yolk sac
score of 2 and 46% had a score of 3 (e.g., lack of epi-
dermal joining at the mid-ventral longitudinal plane and a
protruding yellow or orange yolk sac). In the
104 4 14 + 1300 ug/L.  Cu+Cd+Zn treatment, 39%
(11-77%) and 60% (23-88%) had a yolk sac score of 2
and 3, while no survivors had reached the target devel-
opment (Fig. 5). Thus, there is some evidence of intensi-
fied effects by Cd and/or Zn on Cu-induced developmental
impairments at high concentrations but not at low
concentrations.

Histopathology

Microscopic examination of the whole-body of 64 rainbow
trout swim-up fry (n=2_8 fish per treatment, excluding
104 + 14 + 1300 pg/L Cu+Cd+Zn treated fish) revealed
lesions in the gills, kidney, and liver. Incidence and severity
data for major findings are depicted in Fig. 6 and sum-
marized below with respect to the statistical analysis of
concentration-response trends. A more complete histologi-
cal assessment and the summary statistics are provided in
Supplementary Tables S4-S9.

Multiple gill lesions were observed in swim-up fry
exposed to Cu only and Cu, Cd, and Zn mixture treatments.
Gill lesions consisted of hyperplasia of epithelial cells lining
the branchial cavities, gill arches and/or gill rakers (BGH),
gill filament fusion (GFF), gill lamellar fusion (GLF),
increased karyorrhexis in gill filaments and/or lamellae
(GFK), gill lamellar epithelial hyperplasia and/or hyper-
trophy (GLH), and gill lamellar mucous cell hyperplasia
(GMH). The incidence and/or severity of BGH, GFF, GFK,
and GLH increased with increasing Cu concentrations as
low as 47 ug/L in Cu only or Cu, Cd, and Zn mixture
treatments relative to the control (Fig. 6a—d; Table S4);
there was evidence of a concentration-response, as indicated
by the RSCABS analysis (p <0.05; Table S7). These
lesions were absent in the control fish (Fig. 7a) and in the
lowest metal treatments, apart from one fish treated with
31 pg/L Cu presenting with minimal lamellar mucous cell
hyperplasia. A severely compromised gill of a fish treated
with 70 4 9.3 4867 ug/L Cu+Cd+Zn is depicted in Fig.
7b, showing gill lamellar epithelial cell hyperplasia and
hypertrophy with gill lamellar fusion, gill filament fusion,
and mucous cell hyperplasia. Although the 104 pg/L Cu
only treatment elicited the most pronounced effects on the
gills (note that 104 + 14 + 1300 pg/L. Cu+Cd+Zn treated
fish were not assessed), fish reared in the 70 4+ 9.3 + 867 ug/
L Cu+Cd+Zn exhibited a higher incidence and severity of
GLH, GLF, and GFF compared to 70 ug/LL Cu only (Fig.
6a—d; Table S4 and Table S7) indicating that Cu-induced
effects on gill histology were more pronounced when fish
were co-treated with Cd and Zn.
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Fig. 5 Proportion of Oncorhynchus mykiss swim-up fry at various
stages of development at the termination of 31-day waterborne Cu
only or a Cu, Cd, and Zn mixture exposure experiments. Experiments
were initiated when fish were eyed embryos (n=4 replicate test
vessels per treatment; 30 fish per vessel; 120 fish in total) and termi-
nated when control fish had completely absorbed their yolk sacs upon
visual inspection. Developmental scores correspond to the degree of
yolk sac resorption: 1, a completely resorbed yolk sac where the
abdomen is completely covered by a fully formed epidermis; 2, a lack

Renal changes were observed in fish exposed to metal
treatments. Specifically, renal tubular epithelial cytoplasmic
hyaline droplets (RTH) and renal tubular epithelial hydropic
degeneration (RTD) were identified in varying numbers of
fish in the Cu only and metal mixture treatments (Table S5).
Two 104 pg/L Cu treated fish with RTH exhibited ruptured
yolk sacs (data not shown) and these fish were not included
in the statistical analyses for RTH since RTH was con-
sidered a sequela to the ruptured yolk sacs. The prevalence
of minimal RTH in 70 + 9.3 4- 867 ug/L Cu+Cd+Zn trea-
ted fish was significantly increased relative to the control
and all other treatment groups based on the RSCABS
analysis (p <0.05; Fig. 6e; Table S8). RTH was often
accompanied by RTD as shown in Fig. 7c. Despite no clear
relationship between treatment concentration and the inci-
dence and severity of RTH and RTD in exposed fish, nei-
ther of these lesions were observed in the renal tubules in
any control fish.

Hepatocellular cytoplasmic vacuoles were evident in all
microscopically examined livers (n =7 for 31 and 104 pg/L
Cu treatments; all other treatments n = 8; Table S6). All fish
reared in the control treatment had minimal liver vacuola-
tion (Fig. 7d). In contrast, fish exposed to Cu only treat-
ments containing 70 pg/L and 104 ug/L Cu and mixture
treatments containing 70 + 9.3 + 867 ug/LL Cu+-Cd+Zn,
but not lower concentration treatments, experienced mild to
moderate levels of liver vacuolation (Fig. 7e), which were
significantly increased as compared to the control (p < 0.05;
Fig. 6f, Table S9). However, there was no evidence

of epidermis joining at the mid-ventral longitudinal plane of the fish
and some visible yellow or orange yolk; or 3, a lack of epidermis
joining at the mid-ventral longitudinal plane of the fish and a promi-
nent protruding yellow or orange yolk sac. The bars represent the
mean proportion of surviving individuals of 4 replicate test vessels per
treatment (except 104 + 14 4 1300 pug/L Cu+Cd+Zn: n = 3 replicate
vessels) scored as 1, 2, or 3 for yolk sac reabsorption. Letters denote
significant differences between treatments in the mean proportion yolk
sac score 1 (generalized estimating equation; p < 0.05)

indicating increased liver vacuolation was concentration
dependent.

The amount of adipose tissue that was visible micro-
scopically in the coelomic cavity was scored in each fish
(Table S6). Sixty-three percent of control fish had mild
amounts of fat in the coelomic cavity, while the remaining
control fish had minimal or no fat. Fish treated with 31 pg/L
Cu, 31+4.1+385ug/L Cu+Cd+Zn, or
47+ 6.2+ 578 pg/L Cu+Cd+Zn did not exhibit a sig-
nificant reduction in coelomic fat as compared to the con-
trol. In contrast, the amount of coelomic fat in fish treated
with 47, 70, 104 ng/L Cu, and 70 + 9.3 4 867 pg/L Cu+Cd
+Zn was significantly reduced relative to the control such
that fat for fish reared in these treatments was either absent
or minimal (p <0.05; Table S9).

Other notable findings that were observed in the 104 pg/
L Cu treatment group included a ruptured yolk sac in two
fish (n =2; data not shown), one of which also exhibited
ventricular myocardial hypertrophy with hydropericardium
and a unilateral cataract (n = 1; data not shown).

Discussion

The present study employed an eyed embryo to swim-up fry
standardized toxicity test procedure to characterize and
compare the subchronic effects of Cu to a Cu-Cd-Zn mix-
ture in rainbow trout by examining survival, growth,
development, and histopathology. The findings of the
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Fig. 6 Gill, kidney, and liver lesions in Oncorhynchus mykiss swim-up
fry exposed to 31 days of waterborne treatments of Cu only or a Cu,
Cd, and Zn mixture. a Branchial cavity, gill arch, and/or gill raker
epithelial hyperplasia (BGH); (b) gill filament fusion (GFF); (c)
increased karyorrhexis in gill filaments and/or lamellae (GFK); (d) gill
lamellar epithelial hyperplasia and/or hypertrophy (GLH); (e) renal
tubular epithelium cytoplasmic hyaline droplets (RTH); and (f) hepa-
tocellular cytoplasmic vacuoles (VAC). Two fish from each of 4
replicate test vessels per treatment were collected, sectioned, and

present study demonstrated significant mortality following
exposure to 270 ug/L Cu only (31-day LC,5=46.3 ug/L
dissolved Cu) and 247 ug/L Cu when tested as a mixture
(LCy5 =32.9 pg/L dissolved Cu) containing 26.2 ug/L Cd
and =578 Zn. Body weight reductions were more sensitive
than lethality but only when Cu was administered indivi-
dually. Interestingly, there was no evidence of a difference
between Cu only and metal mixture treatments for any of
the growth parameters assessed (e.g., body weight
ECIO, Cu— 55.0 },lg/L Cu versus EClO, Cu4-Cd+Zn = 58.9 },lg/L
Cu). Treatments of Cu only and the metal mixtures that
contained >70 pg/L. Cu impaired development via reduced
yolk sac resorption with more pronounced effects of the
mixture at the highest concentrations tested. Overall, the
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stained for whole-fish microscopic examination. The bars depict the
proportions of individuals within each treatment exhibiting different
lesion severity scores (n =28 for all lesions/treatment groups except:
nyac =7 for 31 and 104 pg/L. Cu only; ngry =06 for 104 pg/L Cu
only). Differences in the incidences of lesion severity scores were
evaluated with the Rao-Scott Cochran-Armitage adjusted trend test By
Slices (RSCABS). Significantly different treatment groups are denoted
by * (p <0.05)

most sensitive endpoint was hatching rate, whereby hatch-
ing delayed in all metal mixture treatments but none of the
Cu only treatments. Fish exhibited an increased incidence
and/or severity of lesions in multiple tissues, in some
instances at lower concentrations than those causing sig-
nificant lethality. Gill lesions were notably severe in high
concentration treatments, and often more severe in fish
treated with mixtures relative to equivalent Cu treatments.
The present study presents novel data characterizing the
lethal and sublethal toxicity thresholds for three commonly
co-occurring metal pollutants (e.g., Cu and a Cu-Cd-Zn
mixture) in terms of water and whole-body concentrations
in a non-feeding early life stage salmonid. The comparative
toxicity of Cu to a mixture of Cu, Cd, and Zn on
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Fig. 7 Histopathologic findings in the gills, livers, and kidney (H&E
staining) of Oncorhynchus mykiss swim-up fry following 31-day
waterborne exposures to treatments of Cu only or a mixture of Cu, Cd,
and Zn in the laboratory. a Control gill for comparison (red arrows
point to gill filaments; 10x). b 704 9.3 4+ 867 pg/L Cu+Cd+Zn
treated gill: diffuse gill lamellar epithelial cell hyperplasia and
hypertrophy with lamellar fusion (black arrow); filament fusion (red
arrows point to the tips of adjacent filaments that are partially fused

multi-organ histopathology and development has not been
investigated in early life stage salmonids; by linking these
effects to survival and growth indices considered by reg-
ulators, this information is applicable to environmental
monitoring and risk assessments of fish-bearing aquatic
environments polluted with metals.

There was a strong positive relationship between dis-
solved metal concentrations in exposure water and metal
concentrations in the whole bodies of non-feeding early life
stage rainbow trout following this 31-day waterborne
exposure, and the presence of Cd and Zn in exposure water
did not alter whole-body Cu bioconcentration. Consistent
with this observation, Driessnack et al. (2016; 2017)
reported no evidence of an interaction between Cu-Cd
(75pg/L and 5pg/L) and Cd-Zn (75pg/L and 5ug/L)
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together proximally), and multifocal mucous cell hyperplasia (blue
arrow; 20x). ¢ 70 + 9.3 4+ 867 pg/L Cu+Cd+Zn treated kidney: tub-
ular epithelial cytoplasmic hyaline droplets (black arrows; 40x) and
tubular epithelial hydropic degeneration (red arrows); these renal
lesions were absent in the kidneys of control fish. d Control liver for
comparison (black arrow points to a hepatocellular cytoplasmic
vacuole; 20x). e 104 pg/L Cu treated liver: increased number of
hepatocellular cytoplasmic vacuoles (black arrows; 40x)

mixtures on whole-body accumulation in adult fathead
minnow after 21 days of exposure, although Cd-Zn mixture
exposures reduced Cd accumulation in both the gill and
liver tissue and Cu-Cd mixture exposures reduced Cu
accumulation in liver but not gill tissue (Driessnack et al.
2016, 2017). These fathead minnow studies by Driessnack
et al. (2016; 2017) are consistent with competitive Cd-Zn
and non-competitive Cu-Cd uptake behaviors on the gill
surface (e.g., Cu via epithelial Na™ channels; Cd and Zn via
apical epithelial calcium channels; Farrell et al. 2011, 2012)
and additionally suggest that metal-metal interactions are
limiting hepatic Cu and Cd accumulation. Here,
whole-body thresholds corresponding to significant
weight and survival reductions were similar to those
reported in rainbow trout feeding fry exposed to Cu for
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56 days (e.g., 2- and 3-fold whole-body Cu increases cor-
responding to reduced weight and survival, respectively;
Hansen et al. 2002). While interactions between Cu, Cd,
and/or Zn may influence the accumulation of each metal
within target tissues and thus modulate tissue-specific and
linked whole-organism effects (Song et al. 2014; Driess-
nack et al. 2016, 2017), the present study demonstrated a
relationship between intensified effects on survival, devel-
opment, and tissue-level histology and Cu accumulation
that was unimpeded by co-uptake of Cd and Zn. These
findings are therefore relevant to future environmental
effects monitoring studies measuring field collected whole-
body concentrations of Cu, Zn, and Cd in early life stage
rainbow trout in that lethal and sublethal toxicity thresholds
were identified and associated with water and whole-body
Cu, Zn, and Cd metal concentrations.

The cumulative mortality and the rate of mortality was
lower when Cu was administered alone versus in a mixture
with Cd and Zn based on significantly different LC,, LOEC,
and LTy values in the present study, which generally corro-
borates a subchronic study with brown trout and an acute study
with rainbow trout. In continuous subchronic exposure
experiments (> 67 days, from embryos to swim-up fry) with
brown trout, Brinkman and Woodling (2014) found that a Cu-
Zn binary mixture (15 pg/L and 400 pg/L), but not a Cd-Zn
binary mixture (1 pg/L and 400 pg/L), was more lethal than
either metal individually at the same concentration with most of
the mortality occurring after the embryos had hatched (Brink-
man and Woodling 2014). Sharp declines in survival within the
first four to five days after hatching in the present study sug-
gests an acutely lethal effect by high concentration treatments.
Likewise in single-metal exposures, Wang et al. (2014)
observed significantly reduced survival of 1 day post-hatch
(dph) rainbow trout during the first four days of exposure to Cu
(96-hour LC5p=60pg/LL Cu) and only small differences
between the LCys reported after 21 days (LCyy =43 pg/L Cu)
and 52 days (LC,y = 36 pg/L Cu) indicate these estimates were
driven by mortality occurring within an acute timeframe;
whereas Cd reduced survival steadily over time (e.g., 21- and
56-day LCygs of 12 and 5.3 pg/L. Cd, respectively) and Zn was
not lethal at the highest concentration tested (e.g., 56-day
LC20 =>755 ug/L Zn; Wang et al. 2014). Although it was
beyond the scope of the present study to discern if additive,
antagonistic, or synergistic effects of Cu, Cd, and Zn occurred,
the intensified effects on cumulative survival may represent a
less than additive effect given the ~30% lower 31-day LC,
values for co-treatments of Cu, Cd, and Zn (e.g., LCys,
Cu=— 46.3 pg/L Cu versus LC25, Cu+Cd+Zn = 329 },lg/L Cll)
Supporting this, Naddy et al. (2015) explicitly examined Cu,
Cd, and Zn additivity in acute experiments with rainbow trout
and found that these metals elicited a less than additive effect of
2.3 toxic units (TUs; where 1 TU = 96-hour LCjs¢s of 91.2 ug/
L Cu, 628pg/L Cd, 304 ug/l. Zn), representing a 23%
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reduction in magnitude relative to a strictly additive response
(Altenburger 2015). Overall, the findings of the present study
reflect previous data showing the relatively high sensitivity of
early alevin life stages compared to embryonic life stages to the
toxic effects of Cu, Cd, and Zn and their mixtures, emphasizing
that this critical period of development warrants careful con-
sideration when assessing the risks of metals.

The metal mixture did not elicit pronounced reductions
in growth relative to when Cu was administered alone in the
present study despite the increased frequency of mortality
when Cu was administered with Cd and Zn. Nevertheless,
with significant weight reductions occurring at equivalent or
lower concentrations affecting survival, these data provide
useful effect sizes for this eyed embryo to swim-up fry
standardized procedure and indicate that the magnitude of
effect is significant with respect to thresholds deemed high
environmental risk (e.g., 25% survival and 20% weight
reductions; Environment Canada 2012). One mechanism
ascribed to the growth impairments induced by metals and
other toxicants is the reallocation of energy expenditures
away from growth and development towards detoxification/
protective processes (e.g., MT induction; Sevcikova et al.
2011). For example, exposures of brown trout from
embryos to swim-up fry (>67 days) to co-treatments of
7.5 ug/L Cu and 200 pg/L Zn, but not 7.5 ug/L. Cu alone,
caused transient acute tolerance in subsequent 96-hour
exposures at the expense of reduced body weight (e.g., 30%
weight reduction translating to 1.9-fold LCsy increase;
Brinkman and Woodling 2014). The degree of acute toler-
ance acquired by juvenile brown trout and rainbow trout
was positively correlated to hepatic MT protein levels sti-
mulated by previous exposures to sublethal concentrations
of a metal mixture (24 pg/L Cu, 0.4 pg/L Cd, 46 pug/L Zn,
and 0.64 pg/L Pb) for 3-5 weeks; the relatively high toler-
ance of brown trout (4-fold increase) occurred at the detri-
ment of reduced weight, while the lower tolerance of
rainbow trout (1.5-fold increase) did not translate to reduced
weight (Marr et al. 1995). The attenuated acclimation
response and lack of growth effects in rainbow trout could
be attributed to the fact that, compared to brown trout, Cu
and Zn were accumulated to a lesser degree and Cd did not
accumulate to a measurable extent in the liver (Marr et al.
1995). Having not measured hepatic MT or tissue-specific
metal accumulation in rainbow trout in the present study,
the physiological basis underlying comparable Cu and
metal mixture growth impairments that appear to be driven
predominantly by Cu warrants further investigation.

The observed developmental impairments in rainbow
trout in the present study corroborate several single metal
toxicity studies in other salmonids that also report abnormal
time to hatch and reduced yolk sac resorption. For example,
in brook trout, Cu as low as 35 ug/L expedited hatching and
decreased the rate of yolk sac reabsorption (McKim and
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Benoit 1971). Cd as low as 2 pg/L decreased the rate of
Atlantic Salmon (Salmo salar) yolk sac resorption (Peterson
et al. 1983) and conversely delayed the rate of rainbow trout
hatching (Lizardo-Daudt and Kennedy 2008). The
mechanism by which metals affect the hatching process is
suspected to involve the egg envelope dissolution enzyme
chorionase, whereby ionic imbalances caused by Cd and Cu
can have an inhibitory or slightly stimulatory effect,
respectively (Yamagami 1973; Santos et al. 2019), as
observed in metal mixture (containing Cd) and Cu only
treatments in the present study. Prior to exogenous feeding,
embryonic and larval life stages of lecithotrophic fish spe-
cies access energy-rich stores in their yolk to sustain
somatic growth and development (Tocher 2003). This
process involving intricate remodeling and transport of
lipids from yolk to body is poorly understood from a tox-
icological perspective for metals as well as non-metal
contaminants (Fraher et al. 2016). However, toxicants can
interfere with transcriptional networks regulating the con-
version of fish yolk to usable forms (Fraher et al. 2016; Sant
and Timme-Laragy 2018), for example, by activating per-
oxisome proliferator-activated receptor gamma (PPARY).
Indeed, PPARy activation was proposed as a pathway
underpinning yolk sac retention in zebrafish embryos
exposed to bisphenol A (Martinez et al. 2020) and posited
to contribute to Cu-induced lipogenesis in fish livers (Zhong
et al. 2022). It is therefore possible that reduced yolk sac
resorption due to exposure to metal treatments in the present
study was a manifestation of interference with similar yolk
lipid remodeling or transport pathways upon which Cu, Cd,
and/or Zn may disrupt.

The gill was the most severely affected tissue in the
rainbow trout swim-up fry in the present study with sev-
eral lesions exhibiting concentration-dependent increases
in incidence and/or severity (e.g., as low as 47 ug/L. Cu)
that were often intensified by the metal mixture treatments
compared to Cu individually. Toxic substances, such as
metals, cause a nonspecific response to the gill that typi-
cally involves hyperplasia and hypertrophy of epithelial
cells that line the surfaces of the gill. This is sometimes
accompanied by increased numbers of mucous cells,
chloride cells, and leukocytes and, in advanced cases of
epithelial hyperplasia, the filling of lamellar/filament sulci
by proliferating epithelial cells, which can lead to lamel-
lar/filament fusion (Wolf et al. 2015). In the present study,
the response of the gills to Cu, with and without Cd and
Zn, was consistent with that described by Wolf et al.
(2015) and with lesions reported in fish exposed to Cu
(20 — 5500 pg/L; Mazon et al. 2002; Vutukuru et al. 2005;
Schjolden et al. 2007; Al-Bairuty et al. 2013; Kumar et al.
2015; Naz et al. 2021), Cd (4500-7790 ug/L; Thophon
et al. 2003; Naz et al. 2021), and Zn (1600-7500 ug/L Zn;
Hemalatha and Banerjee 1997; Kock and Bucher 1997). In

juvenile rainbow trout, for example, exposure to 20 ug/L
Cu for 10 days caused lamellar epithelial hyperplasia and
edema, lamellar fusion, clubbed tips, mucocyte hyper-
trophy, and telangiectasis and, after 4 days of exposure to
100 pg/L Cu, near complete mortality was consistent with
increased severity of these lesions (Al-Bairuty et al. 2013).
In 7-day experiments with adult rare minnow (Gobiocy-
pris rarus), gill lesions induced by Cu (19.6 ug/L) and Cd
(149.8 ug/L) were largely the same type (e.g., hyper-
trophy, hyperplasia, lamellar fusion) and, as a binary
mixture at half the concentration, these metals exacerbated
hyperplastic lesions concomitant with an enhanced oxi-
dative stress response (Wu et al. 2019). The general
paradigm is that, if the stressor is removed and ample
recovery time is provided, proliferative gill lesions are
reversible (Roberts 2012; Wolf et al. 2015) and partial or
complete resolution of lamellar fusion and filament fusion
is possible (Goldes et al. 1988; Cerqueira and Fernandes
2002; Velcheva et al. 2013). Nevertheless, increased
oxygen diffusion distance and loss of respiratory epithe-
lium associated with these structural alterations impart
osmorespiratory impairments and increase energy expen-
ditures which can lead to heavy mortality, particularly
when oxygen levels are low and metabolic demands are
high (Roberts 2012). Given that Cu exposure has been
reported to induce hypoxia and increase energy expendi-
tures in the gills (van Heerden et al. 2004), it is probable
that compromised gills contributed to short-term mortality
and most likely contributed to the long-term metabolic
deficits experienced by early life stage rainbow trout in the
present study. The gill pathology profiles obtained here
are consistent with previous studies and may prove useful
in future environmental monitoring studies involving fish
by including non-lethal gill biopsy sampling methods for
histopathologic analyses.

Rainbow trout swim-up fry treated with Cu only or metal
mixture treatments in the present study exhibited reductions
in coelomic fat content, an increased number of hepato-
cellular cytoplasmic vacuoles, and increased incidence or
severity of renal tubular epithelial cytoplasmic hyaline
droplets. Reduced growth captured in Cu only and metal
mixture treatments corroborates microscopic findings of
reduced coelomic body fat content. In fish, as with most
vertebrates, moderate amounts of excess fat are stored in the
liver short-term, while long-term storage primarily occurs in
mesenteric/coelomic adipose tissue; conversely, mesenteric
fat reserves can be mobilized when energy requirements
exceed the amounts immediately available for metabolically
costly biological processes (Tocher 2003). The reductions
in body fat in exposed fish in the present study are pre-
sumed to be a product of increased mobilization, further
supporting the hypothesis that bioenergetics were shifted
towards detoxification/protective mechanisms in these fish.
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Hepatocellular cytoplasmic vacuolation was increased in
Cu only (247pg/L Cu) and metal mixture treatments
(70 4+9.3 + 867 pg/lL Cu+Cd+Zn); the hepatocellular
vacuolation was morphologically consistent with lipid.
Individual administration of Cu and Cd for subchronic
durations was reported to cause increased hepatic steatosis
via increased lipogenic and decreased lipolytic enzyme
activities in adult zebrafish (Pan et al. 2019), juvenile yel-
low catfish (Pelteobagrus fulvidraco; Zhong et al. 2022),
and juvenile javelin goby (Synechogobius hasta; Liu et al.
2010; Liu et al. 2011). When administered as a binary
mixture, Cu and Cd enhanced these effects on lipid meta-
bolism enzyme activities and intensified steatosis in the
liver of the javelin goby after 30 days of exposure (Song
et al. 2014), which is consistent with our findings of
increased hepatocellular vacuolization by Cu-Cd-Zn treat-
ments. It is suggested that Cu-mediated triglyceride synth-
esis and accumulation in the liver involves transcriptional
interferences as evidenced in zebrafish and yellow catfish
primary hepatocyte in vitro experiments (Pan et al. 2019;
Zhong et al. 2022). For example, lipid deposition was
ascribed to an oxidative stress pathway involving Nrf2
recruitment to the PPARy promoter (Zhong et al. 2022).
Indeed, many environmental contaminants, including Cu,
Cd, and Zn, have interactions with the PPARy gene
(Comparative Toxicogenomics Database, http://ctdbase.org/
; Dreier et al. 2020), which has led to several adverse out-
come pathways positing PPARY activation as the molecular
initiating event resulting in adipogenesis (https://aopwiki.
org/; Tsakovska et al. 2014). Our findings of increased liver
vacuoles concomitant with reduced mesenteric fat stores
appear to reflect metabolic disruption by metals in non-
feeding fry that ultimately manifested in reduced body
growth and development.

Significantly increased incidences of renal tubular epi-
thelial cytoplasmic hyaline droplets observed in 50% of fish
reared in the 70 + 9.3 4 867 ug/L Cu+Cd+Zn treatment in
the present study was in accordance with previous reports of
this lesion developing in fish exposed to Cu (Sawsan et al.
2017) and Cd (Gill et al. 1989; Thophon et al. 2003). Less
frequent incidences (13-25%) of hyaline droplets, as well as
renal tubular epithelial hydropic degeneration, were
observed in fish exposed to Cu only treatments (31, 47, 70,
and 104 pg/L Cu) and the low-concentration metal mixture
treatment (31 4 4.1 + 385 pg/L. Cu+Cd+Zn) but not any
control fish examined. These findings are evidence that
renal changes were treatment related. One mechanism
attributed to hyaline droplet formation is increased endo-
genous protein production and subsequent deposition in the
renal epithelial cells (Kondera et al. 2014). In contrast, the
primary pathogenic mechanism underlying renal tubular
epithelial hydropic degeneration involves an interference
with ion transport pumps (e.g., hypoxia or chemically
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induced Na'/K™-ATPase inhibition) leading to cellular
ionic imbalances and the influx of water (Roberts 2012;
Miller and Zachary 2017). In the present study, the hyaline
droplets may have been comprised of MT-metal aggregates
(Kondera et al. 2014) and a buildup of free Cu and/or Cd
(i.e., due to insufficient renal MT synthesis; Gill et al. 1989)
may have been responsible the observed degenerative
changes. In conjunction with the pathological findings in
other tissues and whole organism growth and development
effects, hyaline droplet formation and hydropic degenera-
tion in the renal tubular epithelial cells likely contributed to
the declining health of early life stage rainbow trout in the
present study.

Waterborne concentrations of Cu, Cd, and Zn derived
from various sources can vary widely by geographic loca-
tion and additional factors need to be considered when
assessing ecological impacts of metal pollution (e.g., other
metals and combinations, water chemistry, species and life
stage, and endpoint sensitivity). A series of recent studies
also investigated apical effects in several teleosts (Atlantic
salmon, rainbow trout, European perch (Perca fluviatilis),
and common roach (Rutilus rutilus)) exposed to a six-metal
mixture at concentrations pertinent to European inland
waters (5pg/L Cd, 10 pg/L Cr, 10 ug/L Cu, 10 pg/L Ni,
Sug/L Pb, and 100 pg/L Zn as a whole mixture and by
reducing one of six metals by 10-fold), but additionally
measured changes in tissue-specific accumulation, geno-
toxicity and cytotoxicity in erythrocytes in peripheral blood,
gill, kidney, and liver tissue (Stankeviditté et al.
2017, 2018, 2021; Sauliuté et al. 2020). While condition
factor (Stankevicitté et al. 2021) and hepatic and renal MT
(Sauliuté et al. 2020) were not significantly changed, the
authors demonstrated complex patterns of metal accumu-
lation and significant genotoxic/cytotoxic responses that
were dependent on fish species, tissue, metal, and varying
metal concentrations. The genotoxic/cytotoxic effects evi-
dent in all fish species (including juvenile rainbow trout)
exposed to the Cd-Cr-Cu-Ni-Pb-Zn mixture (Stankevicitteé
et al. 2017, 2018, 2021; Sauliuté et al. 2020) occurred at
concentrations lower than Cu-Cd-Zn effect thresholds
identified in rainbow trout swim-up fry in the present study.
These data indicate that metal-induced erythrocyte nuclear
alterations observed in multiple tissues of several teleosts
are more sensitive indicators than the apical endpoints
accepted by regulators to gauge fish health and ultimately
assess the ecological impacts of metal mines in Canada
(Environment Canada 2012). In light of numerous studies
reporting the interaction of metals with various cellular
targets and inducing oxidative stress leading to DNA
damage, lipid peroxidation, protein carbonylation, etc.
(Baldwin et al. 2003; Farrell et al. 2011, 2012; Lushchak
2011; Al-Bairuty et al. 2013; Heydarnejad et al. 2013;
Cunningham and McGeer 2016; Santos et al. 2019), future
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studies incorporating molecular biomarkers such as DNA
damage are warranted. Indeed, DNA damage can translate
into significant organism-level adverse outcomes (e.g.,
cancer, teratogenicity, embryotoxicity, and reduced repro-
ductive capacity) and, if DNA damage is in fact a key toxic
effect of metals, it merits intensive investigation as a
potential biomarker of metal exposure.

Conclusions

This study presents data on the subchronic adverse effects
of waterborne Cu and Cu, Cd, and Zn mixture laboratory
exposures to early life stage rainbow trout, including
decreased survival, reduced growth, altered energy usage
and storage, impaired yolk sac resorption, altered hatch
timing, and gill, liver, kidney, and mesenteric histo-
pathologic changes. Mixtures of Cu, Cd, and Zn elicited
more pronounced toxicity with respect to survival, meta-
bolic, developmental, and pathological effects compared to
Cu on its own. These lethal and sublethal effects could
translate to reduced survival and fitness of wild salmonid
populations inhabiting waterbodies receiving industrial
wastewater inputs or runoff that typically contain multiple
metals at elevated concentrations. Since metals are pre-
dominantly regulated on a single-metal basis, there is a
need to develop multi-metal assessment tools and integrate
them into policy to mitigate harm to wild fishes. Collec-
tively, the present findings can be applied to evaluate the
risk of adverse effects to a model freshwater salmonid
during critical early life stages by measuring concentra-
tions of Cu, Cd, and Zn in environmental water samples or
whole swim-up fry residing in waterbodies downstream of
mining, urban, and industrial areas. Future studies exam-
ining additional metals in various mixture combinations
can expand upon this potential such that a broader
knowledge of the adverse impact of metal exposure sce-
narios could be used with a more comprehensive suite of
health diagnostics. For instance, the risk assessment
regime would greatly benefit from the development of
reliable molecular biomarkers of exposure/effect for both
metal mixtures and individual metals. Since molecular
events precede higher order toxic outcomes, the applica-
tion of molecular biomarkers in an environmental mon-
itoring framework may lead to the earlier detection of
adverse effects in exposed fish or facilitate the prioritiza-
tion of individual metals within mixtures that are most
concerning for fish health. This study is particularly
complimentary to the standard early life stage rainbow
trout lab and field based in situ bioassays currently pre-
scribed by Environment and Climate Change Canada (e.g.,
Environment Canada 1998) to assess the impacts of metal
pollution.
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