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Abstract Although many studies have examined
effects of metal mine effluents (MMEs) on receiv-
ing environments, few have compared the roles of
individual and mixed metals relative to whole efflu-
ents. The objective of the present set of studies was
to examine whether Cu, Ni, or Se, alone or in a
mixture, causes comparable effects to those ob-
served in fathead minnows (Pimephales promelas)
exposed to an environmentally relevant MME
(45 % process water effluent [PWE]). Metal bioac-
cumulation, fathead minnow (FHM) morphometrics,
and egg production were compared between treat-
ments over a 21-day exposure. FHMs were exposed
to similar waterborne concentrations and species of
metals in single and mixed metal treatments relative
to 45 % PWE. FHMs were also exposed to similar
concentrations of metals in single and mixed metal
treatments relative to 45 % PWE through the diet
(Chironomus dilutus — a representative prey spe-
cies). However, only FHMs exposed to 45 % PWE

had reduced egg production (60–80 % less than
controls). Our findings indicate that Cu, Ni, and
Se exposures and bioaccumulation did not contrib-
ute to decreased reproductive output in FHMs under
the conditions that were examined. We also found
no evidence to believe that these metals were re-
sponsible for decreased egg production in PWE. It
is therefore reasonable to suggest that these metals
have limited potential to cause reproductive effects
in MMEs with similar composition and water
chemistry conditions. Overall, this study highlights
the importance of examining single and mixed met-
al exposures prior to suggesting that adverse effects
in fish exposed to MMEs occur due to bioaccumu-
lation of metal(s).

Keywords Fathead minnow.Multi-trophic .Metal
mining effluent . Single metals .Metal mixture .

Reproductive bioassay

1 Introduction

Metal mine effluents (MMEs) can be a significant source
of metals that have the ability to negatively impact organ-
isms in receiving aquatic environments. Many studies
have documented effects from exposure to MMEs, par-
ticularly to invertebrate and fish populations. For example,
reduced benthic invertebrate densities (Hruska and Dubé
2004), and reproductive changes (e.g., altered egg pro-
duction, larval deformities, egg sizes, growth) (Muscatello
et al. 2006; Rickwood et al. 2006; Jezierska et al. 2009;
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Driessnack et al. 2011; Rozon-Ramilo et al. 2011a, b),
altered gill functions and hormone levels (Levesque et al.
2003), cellular changes (Payne et al. 2001), as well as
increased tissue metal burdens in several fish species
(Dubé et al. 2005, 2006; Weber et al. 2008; Driedger et
al. 2010) have been documented as a result of exposure to
several different types of MMEs. Because effects can be
harmful to the aquatic ecosystems, metal mining opera-
tions typically monitor their effluents closely to ensure
safe release into the environment.

In Canada, the federal Fisheries Act, through the
Environmental Effects Monitoring (EEM) program in
the Metal Mine Effects Regulations (MMER), legis-
lates subject metal mines to monitor their effluents and
verify that they do not affect aquatic invertebrates,
fish, or fisheries (Ribey et al. 2002). If effects are
confirmed through the program, investigations of
cause (IOC) approaches are subsequently followed.
The IOC approaches consist of confirming and iden-
tifying the source, and identifying and characterizing
the chemical(s) (Hewitt et al. 2003, 2005). Chemical
characterization and identification, as the final tier,
includes identification of specific causes of any con-
firmed observed effects. In cases when MMEs are
found to cause effects, determining the causes is often
complex. The aquatic environments that receive
MMEs not only contain high concentrations of a vari-
ety of metals and metalloids, but are also often con-
taminated by organics or endocrine disrupting
compounds from other sources (e.g., waste water treat-
ment plants, urban run-off) (Dubé et al. 2006;
Rickwood et al. 2006). In addition, there might be
historical contamination from past mining operations
or other industries, or multiple effluents from a single
mining operation. The different type of MME expo-
sures can lead to different types of effects (Rozon-
Ramilo et al. 2011a) or potentially lead to cumulative
effects due to the exposure to multiple stressors.
Metals, organics, and/or historical contamination can
each contribute to effects in the aquatic environment,
confounding the central question of determining
whether the cause of observed effects is the current
effluent under regulation. Consequently, identifying
causative chemicals or metals is a main objective if
MMEs are found to cause effects in the environment.

Traditionally, laboratory metal toxicology studies
have mostly involved assessing effects on fish with
exposures to a single metal, often with only a single
route of exposure (i.e., waterborne or dietary). Although

these studies provide valuable information on metal
toxicity and uptake routes, they might not be environ-
mentally realistic in waterbodies exposed to metal mix-
tures such asMMEs.Multiple metals can cause different
effects than single metals, through additive, less than
additive, or more than additive relationships (Norwood
et al. 2003). In order to assess effects of complex metal
effluents, and to include both waterborne and dietary
exposures, the use of mesocosms has recently been
introduced into monitoring programs (Rickwood et al.
2006; Driessnack et al. 2011; Rozon-Ramilo et al.
2011a, b). Because dietary uptake is an important source
of toxicity with certain metals (e.g., Cu and Se), the
addition of a live food source also exposed to the con-
taminants increases the environmental relevance (Lemly
1997; Kamunde et al. 2002; Muscatello et al. 2006).
Trophic transfer of metals and metal bioavailability are
believed to play an important role in contributing to
effects, including metal accumulation in fish tissues
and altered reproduction in fathead minnows (FHM;
Pimephales promelas) (Rickwood et al. 2006;
Driessnack et al. 2011; Rozon-Ramilo et al. 2011b).

It is to be noted that the specific metals that con-
tribute to the biological effects from MME exposures
are still largely unknown. Metals such as Cu, Ni, and
Se are known to cause reproductive impacts in fish
under elevated exposure levels. Elevated Cu and Ni
concentrations have each been shown to contribute to
lower egg production in minnows (Mount 1968;
Pickering 1974; Geckler et al. 1976; Horning and
Neiheisel 1979). Se bioaccumulation has been
reported to cause larval deformities and reproductive
failure in fish when consumed through the diet (Lemly
1997; Holm et al. 2005). Furthermore, Cu and Se
uptake through the diet in lakes exposed to MMEs is
believed to contribute to decreased reproductive con-
dition in fish (Pyle et al. 2005). Cu, Ni, and Se are
commonly found at elevated concentrations in MMEs;
however, it is necessary to explore whether they are
responsible for toxic effects under specific conditions
of the MMEs. Metal bioavailability and toxicity is
highly influenced by water chemistry parameters, such
as pH, alkalinity, and hardness, although each metal is
not affected in the same way (Niyogi and Wood 2004).
MMEs are often released into the environment under
slightly acidic and high hardness conditions, which
could influence metal toxicity to resident biota.

The objective of this research was to investigate
possible causes of toxicity in adult FHMs exposed to
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a Canadian MME using an approach similar to that
followed in IOC (i.e., to identify particular metals
responsible for toxic effects). Specifically, we wanted
to compare and contrast FHM response patterns (tis-
sue-specific metal bioaccumulation, and fish morpho-
metrics and reproductive performance) from exposure
to an MME relative to effluent equivalent doses of Cu,
Ni and Se, both singly as well as in mixture. We
hypothesized that FHMs exposed through the water
and diet to similar concentrations of these three metals
to those found in 45 % PWE, under matching water
chemistry conditions, would exhibit comparable
tissue-specific metal bioaccumulation and alterations
in reproductive performance. We examined a MME
which has been shown to lead to bioaccumulation of a
variety of metals in benthic invertebrate and fish tis-
sues, as well as induce reproductive changes in breed-
ing pairs of FHMs in a number of previous studies
(Rickwood et al. 2006; Rozon-Ramilo et al. 2011a, b).
ThisMME— ProcessWater Effuent (PWE)— is released
at concentrations of approximately 51,000,000 m3/year
(2009) into the Junction Creek Watershed, near Sudbury,
Ontario, Canada. The environmental concentration of
PWE has been estimated at 45 % in the receiving environ-
ment based on discharge and stream conditions
(Rickwood et al. 2006).

2 Materials and Methods

2.1 Study Site, Timeline, and Mesocosms

This research was performed at the University of
Saskatchewan in Saskatoon, SK, Canada, and consisted
of three separate studies. The first study (Cu vs. 45 %
PWE) was performed from March to May 2009, the
second study (Ni or Se vs. 45% PWE) was performed in
December 2009 to February 2010, and the third study
(Cu, Ni, and Se mixture vs. 45 % PWE) was performed
from January to March 2011. Each study involved the
use of multi-trophic mesocosms with up to eight repli-
cate, 10.3-l circular polyethylene artificial streams in
order to expose breeding pairs of FHMs to MME, a
single metal, or metal mixture. These mesocosms allow
for isolated waterborne exposures, or simultaneous wa-
terborne and dietary exposures over a period of 21 days,
as a means of assessing chronic effects of MMEs on
both invertebrates and fish. These multi-trophic meso-
cosms are an accepted component of Environment

Canada’s EEM program, and have been described in
details by Hruska and Dubé (2004) and Rickwood et al.
(2006). These mesocosms have been found to be useful
in evaluating reproductive effects in fish, and bioaccu-
mulation of metals from MMEs to target organisms/tis-
sues (e.g., Chironomus dilutus, FHM liver, gonad, gill,
and carcass tissues) in Ontario (Hruska and Dubé 2004;
Hruska and Dubé 2005; Dubé et al. 2006; Rickwood et
al. 2006; Rozon-Ramilo et al. 2011a, b), New
Brunswick (Dubé et al. 2005), Saskatchewan
(Driessnack et al. 2011), and the Northwest Territories
(Spencer et al. 2008). Animal use in the present studies
was approved by the University of Saskatchewan
Committee on Animal Care and Supply (UCACS) and
Animal Research Ethics Board (AREB).

2.2 Reference Water, Process Water Effluent, and Metal
Treatments

In our previous studies with MMEs, Vermillion River
water had been the source of reference water (RW) for
field-based mesocosms near Sudbury, Ontario, Canada
(Rozon-Ramilo et al. 2011a). For the present labora-
tory study, synthetic RW with water chemistry param-
eters matched to Vermillion River water conditions
was used. The same approach was also performed in
a previous laboratory investigation with PWE (Rozon-
Ramilo et al. 2011b). Therefore, RW in the present
study consisted of a mixture of reverse osmosis (RO)
water and dechlorinated laboratory water at concen-
trations of approximately 65 % RO and 35 % labora-
tory water in order to match the hardness, pH,
alkalinity, and background metal concentrations of
Vermillion River water (Rozon-Ramilo et al. 2011a).
This mixture was also used as dilution water for the
45 % PWE. The exposure water in single metal and
mixed metals treatments were also made up of the
same ratio of RO and laboratory, and supplemented
with calcium sulfate and sodium chloride under con-
stant stirring, in order to match water hardness, salin-
ity, pH, and alkalinity of the 45 % PWE.

Processwater effluent (PWE)was shippedweekly from
Sudbury, Ontario to the University of Saskatchewan. For
these studies, PWE was chosen to be used at a concentra-
tion of 45 % dilution based on environmentally relevant
concentrations in the receiving stream watershed.
Concentrations of Cu, Ni, and Se in each of the respective
single metal treatments were based on concentrations typ-
ically found in 45 % PWE. Historic ranges of Cu, Ni, and
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Se in 45 % PWE have been reported between 50 and 95,
53 and 114, and 7 and 10 μg/l, respectively (Rickwood et
al. 2006; Rozon-Ramilo et al. 2011a). Therefore, the con-
centrations used for the present studies included Cu at
60 μg/l added as copper chloride dehydrate, Ni at
90 μg/l added as nickel (II) nitrate hexahydrate, and Se
at 10 μg/l added as sodium selenate. Selenate was used
because previous samples analyzed through ion
chromatography-inductively coupled plasma-mass spec-
trometry indicated that selenate is the major species
(~90 %) of Se present in the PWE (unpublished data).
Due to changes in the mining process from a temporary
metal production stoppage, compositions of metals in
45 % PWE differed from historic ranges. Thus, concen-
trations of metals used in the metal mixture treatment (Cu,
Ni, and Se) were modified slightly (specifically, lower
Cu – 30 μg/l, and higher Ni – 110 μg/l, compared to
typical concentrations). Each metal treatment was pro-
duced every 1.5 to 2 days in 330-l holding tanks and stored
for more than 24 h prior to use in the experimental expo-
sures in order to achieve chemical equilibrium. This
allowed for daily renewal of the metal treatments in the
trophic transfer system.

2.3 Trophic-Transfer System

Chironomus dilutus were obtained from in-house lab-
oratory cultures. Experimental C. dilutus cultures were
raised in RW, 45 % PWE, or one of the metal treat-
ments in order to ensure FHMs were exposed to po-
tential contaminants through both the water and diet
(see Tables 1–3 for composition). Egg sacs of C.
dilutus were isolated from laboratory held brood
stocks and distributed as two eggs sacs per stream
(repeated every 7 days for 3 weeks) in order to provide
adequate food (1 g/day) to the breeding pairs of FHMs
for the duration of the 21-day exposure period
(Rickwood et al. 2006). Egg sacs were placed directly
into the multi-trophic mesocosms and water tempera-
ture was maintained at 23 °C (±2 °C). Water or treat-
ment exchanges began after the first 4 days of C.
dilutus culturing and were done at a rate of 1 turnover
every 2 days. During the first 4 days of culturing all
egg sacs were in water-only in order to reduce vari-
ability in culturing success between treatments. Each
multi-trophic mesocosm was made up of a sediment
layer (~2.54 cm of pre-cleaned silica sand), a feeding
barrier to control the amount of C. dilutus available to
FHMs, a spawning tile, and a mesh screen to prevent

adult C. dilutus and FHMs from escaping the streams.
Larval C. dilutus were fed a blend of Tetramin™
slurry (~1 g/egg sac) every secondday throughout
the culturing period and the exposure period.

2.4 Pre-exposure Period

The pre-exposure period was performed in order to
assess baseline FHM reproduction in RW and ensure
all breeding pairs met performance criteria for the
exposure period. Six- to eight-month old FHMs were
obtained from Osage Catfisheries Inc. (Osage Beach,
MO, USA). Body weight, total length, and secondary
sex characteristics (banding, nuptial tubercles, dorsal
pad, fin dot, and ovipositor) were recorded and each
fish was placed randomly into a stream until a male
and female were present in each stream. Water
exchanges were set at 1 turnover/day and temperature
was maintained at 25 °C (±2 °C) with submersible
aquarium heaters under conditions of a 16:8-h light/-
dark photoperiod. Breeding pairs were fed frozen
bloodworms (C. riparius) twice daily at a feeding rate
of approximately 1 g/day.

Egg production was monitored daily by removing
the breeding tile from each stream, scraping the eggs
from the tile onto a petri dish, and photographing the
eggs. Breeding pairs for the exposure period were
selected based on spawning at least once in the pre-
exposure period and >80 % fertilization success. An
egg was considered to be infertile if it was either
opaque, had a visibly precipitated yolk, or contained
no yolk (Ankley et al. 2001). In order to meet this
criteria, the lengths of the pre-exposures varied be-
tween studies (14 days for the first study [April 1 to
April 15, 2009], 10 days for the second study [January
5 to January 15, 2010] and 7 days for the third study
[February 4 to February 11, 2011]). Eighteen, 28, and
18 pairs were chosen for the exposure period in the
first, second, and third studies, respectively. Pairs were
divided into their respective treatments (RW, 45 %
PWE, single metal, or metal mixture [MM]) and sta-
tistical analyses using one-way analysis of variance
(ANOVA) were performed on the pre-exposure egg
production (total number of eggs, eggs/female/day,
and breeding attempts) to verify that there were no
significant differences between treatments (α=0.05,
n=6 [first and third exposures] and n=7 [second expo-
sures]). Following this analysis, breeding pairs were
randomly assigned to a stream within their treatment.
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2.5 Exposure Period

FHMs were exposed to their assigned treatment for
21 days for each study. Water exchanges were again
set at 1 turnover/day and temperature was maintained at
25 °C (±2 °C). Water samples from each treatment were
taken on days 7, 14, and 21 in pre-labeled high density
polyethylene sample bottles obtained from Testmark
Laboratories in Sudbury, Ontario, Canada. Samples
were taken directly from a single stream which was
chosen randomly from each mesocosm treatment table,
sealed in a ziplock bag, and sent for analysis in a cooler
chilled with ice. Weekly water quality measurements
were conducted by Testmark Laboratories, in accor-
dance with the analytical methodology of the
American Public Health Association (APHA) and US
Environmental Protection Agency (EPA). These water
samples were analyzed for total metals using inductively

coupled plasma-mass spectrometry (ICP-MS) with di-
gestion (concentrations of 41 elements were measured),
Ca2+ and Mg2+ concentrations using ICP-MS without
acidification [and converted to total water hardness
expressed as the equivalent of calcium carbonate
(CaCO3)], anions by ion chromatography, and dissolved
organic carbon (DOC) and total organic carbon (TOC)
with a Dohrman TOCAnalyzer. TOC andDOC samples
were analyzed using the APHA 5310 standard method.
DOC samples were run through a 0.45-μm nylon filter.
Daily water quality measurements were performed at
the University of Saskatchewan. These measurements
included temperature, dissolved oxygen (DO), and con-
ductivity (YSI meter; Yellow Springs Instruments,
Yellow Springs, OH, USA), ammonia (Rolf C. Hagen,
Edmonton, AB, Canada), pH (Oakton pHTestr 3;
Oakton Instruments, Vernon, IL, USA), and alkalinity
(LaMotte Company, Chestertown, MD, USA).

Table 1 Water chemistry and total elevated metal concentrations sampled from the first study (RW, 45 % PWE, and Cu treatments)
taken as daily water quality measurements and weekly water samples

Units RW 45%PWE Cu

General Chemistry Temperature °C 24.4±0.1a 24.7±0.1a 24.7±1.2a

pH pH 7.62±0.02a 6.91±0.05b 7.47±0.02c

DOC mg/l 7.2±1.3a 5.1±0.7a 6.4±1.1a

Alkalinity mg/l 40.4±0.6a 27.2±1.2b 36.7±0.6c

Ammonia mg/l 0.057±0.015a 0.394±0.072b 0.329±0.139ab

Conductivity μS/cm 173.2±3.2a 1376.6±26.3b 1454.5±13.2b

Total hardness (as CaCO3) mg/l 47.3±4.7a 519.3±32.0b 541.0±23.8b

Chloride mg/l 5.02±1.18a 38.73±5.00b 63.4±4.70c

Nitrate mg/l 0.267±0.217a 1.837±0.091b 0.820±0.291a

Sulfate mg/l 25.00±3.76a 597.67±62.85b 575.33±47.21b

Total calcium mg/l 11.01±1.40a 170.00±17.90b 224.33±19.00b

Total magnesium mg/l 6.46±0.60a 22.20±2.45b 6.25±0.67a

Metals Barium μg/l 10.57±0.93a 23.83±0.30b 22.10±1.21b

Boron μg/l 20.07±2.71a 50.60±3.39b 18.33±2.33a

Cobalt μg/l 0.05±0.00a 3.88±0.73b 0.34±0.02c

Copper μg/l 7.03±1.19a 80.10±12.53b 58.83±8.67b

Lithium μg/l 3.33±0.83a 23.67±0.88b 3.50±1.00a

Nickel μg/l 2.83±0.54a 99.87±15.74b 10.40±0.64c

Rubidium μg/l 0.70±0.20a 23.73±1.03b 0.93±0.22a

Selenium μg/l 0.50±0.00a 7.20±0.31b 1.80±0.85a

Sample sizes were n=21 for parameters that were measured daily (temperature, pH, alkalinity, ammonia, and conductivity), and n=3 for
parameters that were measured weekly (all remaining general chemistry parameters and metals). Concentrations of metals or other
elements that were not statistically different among treatments are not shown. Data are presented as mean±SE

Means that share letters are not statistically different from one another (p>0.05)

DOC dissolved organic carbon
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FHM egg production, egg size, and larval deformi-
ties, as well as C. dilutus emergence were monitored
daily throughout the exposure period. Egg production
and fertilization success were determined in the same
manner as the pre-exposure period. Egg sizes were
determined by randomly selecting 10 eggs per brood
and analyzing them with Image Pro Plus 6.1 (Media
Cybernetics Inc., Maryland, USA). After photograph-
ing the eggs, they were placed into egg cups, returned
to the respective treatment, and aerated. Eggs were
monitored in the egg cups until all were hatched or
killed by fungal infection. Infected eggs were counted
and removed daily. After complete hatching, larvae
were moved into petri dishes and photographed again
with the microscope. Larval deformities were deter-
mined by analyzing photographs for edema or spinal
deformities.

At the end of the exposure period, FHM were
anesthetized with methane tricainesulfonate (MS-
222), assessed for secondary sex characteristics, total
body weight, total length, and dissected to obtain
livers, gills, gonads, and the carcass. Weights of these
individual tissues were also obtained. Densities of C.
dilutus were measured on day 21 by sampling three 9-
cm2 cores per stream. Biofilm and C. dilutus were
collected from each stream and these, along with the
female fish tissue samples, were frozen in a cooler of
dry ice and sent to Testmark Laboratories for metal
analysis. Only female tissues were analyzed for metal
concentrations in the present study because past stud-
ies have shown that resident female fish exposed to
MMEs in the Junction Creek watershed accumulated
greater concentrations of metals relative to the male
fish (Weber et al. 2008). We were unable to collect

Table 2 Water chemistry and total elevated metal concentrations sampled from the second study (RW, 45 % PWE, Ni, and Se
treatments) taken as daily water quality measurements and weekly water samples

Units RW 45 % PWE Ni Se

General Chemistry Temperature °C 24.4±0.1a 24.3±0.1a 24.7±0.2a 24.5±0.3a

pH pH 7.72±0.02a 7.15±0.03b 7.52±0.03c 7.47±0.04c

DOC* mg/l 4.6±0.4a 3.4±0.8a 3.2±0.6a 3.5±0.3a

Alkalinity mg/l 51.5±1.4a 25.5±1.0b 47.0±1.2a 50.3±1.6a

Ammonia mg/l 0.660±0.152a 0.980±0.198ab 0.829±0.144a 1.542±0.219b

Conductivity μS/cm 200.1±4.4a 1505.9±5.0b 1407.9±7.9c 1397.9±10.2c

Total hardness (as CaCO3) mg/l 52.6±9.5a 692.3±16.4b 616.7±30.6bc 578.3±17.7c

Chloride mg/l 3.89±0.54a 31.70±1.35b 54.37±4.75c 56.00±2.97c

Nitrate mg/l 0.110±0.032a 0.277±0.050b 0.100±0.000a 0.100±0.000a

Sulfate mg/l 26.40±3.75a 587.33±38.75b 443.67±49.85c 467.33±39.18bc

Total calcium mg/l 8.75±1.74a 232.67±9.68b 229.33±26.17b 249.33±1.33b

Total magnesium mg/l 7.87±1.44a 47.50±2.12b 7.18±1.30a 8.55±0.83a

Metals Barium μg/l 10.30±1.25a 26.13±1.04b 14.67±2.46a 13.90±0.83a

Boron μg/l 22.27±5.46a 64.93±2.54b 21.37±3.40a 24.07±1.85a

Cobalt μg/l 0.05±0.00a 1.58±0.28b 0.45±0.08a 0.48±0.07a

Copper μg/l 9.60±0.40a 12.83±2.00a 7.97±1.42a 8.27±0.17a

Lithium μg/l 4.63±1.07a 41.67±1.20b 4.03±1.53a 5.33±1.42a

Manganese μg/l 1.30±0.06a 15.57±1.60b 2.45±1.12a 2.27±1.10a

Nickel μg/l 3.80±2.70a 120.20±20.47b 91.33±18.17b 12.40±0.25c

Rubidium μg/l 0.50±0.00a 26.67±0.64b 0.50±0.00a 0.50±0.00a

Selenium μg/l 0.50±0.00a 4.17±0.49b 0.50±0.00a 10.30±1.64c

Sample sizes were n=21 for parameters that were measured daily (temperature, pH, alkalinity, ammonia, and conductivity), and n=3 for
parameters that were measured weekly (all remaining general chemistry parameters and metals). Concentrations of metals or other
elements that were not statistically different among treatments are not shown. Data are presented as mean±SE

Means that share letters are not statistically different from one another (p>0.05)

DOC dissolved organic carbon
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sufficient quantities of biofilm for metal analysis in the
final study due to low biofilm production on the
streams. Metal analysis in the fish tissues and C.
dilutus were done by ICPMS with Microwave
Digestion. Testmark Laboratories used method blanks,
positive controls, blank spikes and laboratory dupli-
cates with water samples, as well as method blanks
and DOLT-3 dogfish (Squalus acanthias) liver refer-
ence materials (obtained from the National Research
Council of Canada) for the biological samples as their
methods of quality control. Percentage recovery for
selected elements (Cu, Ni, Se) was within the range of
96.9–113.0 % in study 1, 93.5–122.6 % in study 2,
and 89.7–111.0 % in study 3. Percent recovery rates
were similar to previously reported values for these
types of tissues (Rozon-Ramilo et al. 2011a, b).

2.6 Metal Speciation

Speciation modeling was performed using Visual
MINTEQ, version 3.0 (KTH, Department of Land and
Water Resources Engineering, Stockholm, Sweden). To
consider metal complexation with organic matter, we
assumed that 40 % of active DOC was fulvic acid and
60 % was humic acid. Model input data were taken
directly from the mean weekly water chemistry analyses
and therefore included all elements, metals, and ions that
were determined to be present in the various treatments.

2.7 Exposure Analysis

Data were analyzed and graphed using PASW
Sta t i s t ics 18 .0 .0 (SPSS, Chicago, IL) and

Table 3 Water chemistry and total elevated metal concentrations sampled from the third study (RW, 45 % PWE, mixed metals [MM]
treatments) taken as daily water quality measurements and weekly water samples

Units RW 45 % PWE Mixed metals

General Chemistry Temperature °C 23.9±0.0a 24.4±0.2a 23.9±0.2a

pH pH 7.71±0.03a 7.19±0.09b 7.61±0.03a

DOC mg/l 4.0±0.2ab 5.0±0.3a 3.7±0.2b

Alkalinity mg/l 32.2±0.8a 23.6±2.5b 37.7±1.9a

Ammonia mg/l 0.165±0.100a 2.70±0.511b 1.317±0.300a

Conductivity μS/cm 146.6±2.6a 1590.0±16.8b 1426.5±13.7c

Total hardness (as CaCO3) mg/l 49.6±6.3a 700.3±23.2b 599.7±37.3b

Chloride mg/l 3.07±0.31a 37.87±0.41b 70.90±1.65c

Nitrate mg/l 0.453±0.331a 0.500±0.000a 0.147±0.047a

Sulfate mg/l 25.03±4.91a 663.00±44.84b 707.00±8.39b

Total calcium mg/l 12.85±2.53a 237.33±10.81b 233.67±14.24b

Total magnesium mg/l 4.26±0.14a 26.13±1.34b 3.80±0.38a

Metals Barium μg/l 7.73±0.41a 29.93±1.30b 12.43±1.60a

Boron μg/l 23.73±0.78a 69.30±1.17b 24.10±2.10a

Cobalt μg/l 0.05±0.00a 3.45±0.76b 0.44±0.07c

Copper μg/l 11.20±1.87a 56.87±3.79b 33.57±2.32c

Lithium μg/l 4.43±0.99a 30.67±1.76b 3.63±1.13a

Molybdenum μg/l 0.50±0.00a 3.67±0.38b 0.73±0.23a

Nickel μg/l 2.53±0.33a 77.33±5.88b 105.97±8.05c

Rubidium μg/l 0.50±0.00a 31.37±1.35b 0.70±0.20a

Selenium μg/l 0.50±0.00a 7.27±0.48b 10.87±0.82c

Sample sizes were n=21 for parameters that were measured daily (temperature, pH, alkalinity, ammonia, and conductivity), and n=3 for
parameters that were measured weekly (all remaining general chemistry parameters and metals). Concentrations of metals or other
elements that were not statistically different among treatments are not shown. Data are presented as mean±SE

Means that share letters are not statistically different from one another (p>0.05)

DOC dissolved organic carbon
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Sigmaplot® Version 11 (San Jose, CA, USA). Water
chemistry and metal burdens in C. dilutus and fish
tissues were analyzed using one-way ANOVAs.
Cumulative eggs/female and cumulative total spawn-
ing events were analyzed by Kolmogorov–Smirnov
tests, while mean adult survival, condition factor, rel-
ative egg size, liver somatic index (LSI [%]), gonado-
somatic index (GSI [%]), mean total deformities (%),
mean fertilization success (%), and mean C. dilutus
densities were also analyzed using one-way ANOVAs.
The Shapiro–Wilk test was used to test parametric
assumptions for normality and Levine’s test was used
to test for homogeneity of variance prior to the one-
way ANOVAs. Data that failed these assumptions
were either transformed (arcsin (%) or log10) or ana-
lyzed using the non-parametric Kruskal–Wallis test. If
a significant difference was detected by one-way
ANOVA (p≤0.05), Tukey’s HSD post-hoc test was
then used to determine if differences were present
between the treatment and the references, and/or
among the treatments.

3 Results

3.1 Water Chemistry and Metals

The water chemistry parameters and elevated metal
concentrations for each of the three studies are pre-
sented in Tables 1 – 3. These tables include all water
chemistry parameters that were measured during the
studies; however, only metal concentrations that were
statistically different between treatments are presented
(with the exception of Cu in study 2). Overall, con-
centrations of over forty metals and elements were
measured, including some of the common toxic metals
such as Cd, Hg, Pb and Zn. However, these metals
were either below detection limits or found not to be
elevated in the 45 % PWE relative to RW in any of the
studies (data not shown). Single metal, mixed metals,
and 45 % PWE treatments were similar in water
chemistry parameters in all three studies. Alkalinity,
pH, conductivity, hardness, chloride, sulfate, and cal-
cium levels were not significantly different between
the single metal, mixed metals, or 45 % PWE treat-
ments within each of the studies. Nitrate, magnesium,
barium, boron, cobalt, lithium, and rubidium were
typically elevated in the 45 % PWE relative to the
other treatments within each study.

3.2 Waterborne SingleMetal andMixedMetal Treatments

In the first study, concentrations of total Cu were
significantly increased in the Cu-only and 45 %
PWE treatments relative to the RW and were not
significantly different from each other (Table 1). In
the second study, concentrations of total Ni and
total Se were each significantly elevated in their
respective single metal treatments and the 45 %
PWE relative to the RW (Table 2). Concentrations
of total Ni were not significantly different between
the Ni-only treatment and the 45 % PWE treatment;
however, concentrations of total Se were signifi-
cantly different in the Se-only treatment compared
to the 45 % PWE treatment. This was due to lower
concentrations of Se in the 45 % PWE than what is
typically observed. Concentrations of total Cu, Ni,
and Se in the mixed metals study (study 3) were
significantly different between the mixed metal and
45 % PWE treatments (Table 3) but were similar to
levels from the first two studies.

3.3 Copper, Nickel, and Selenium Speciation in Exposure
Water

Metal speciation modeling results suggest similar
speciation patterns between 45 % PWE, Cu, Ni,
Se, and the mixed metals treatments. The free ion
Cu2+ was present at 5.44 % (study1), 1.00 % (study
2), and 2.24 % (study 3) in the 45 % PWE treat-
ments. In the Cu treatment from study 1, Cu2+ was
present at 0.92 %, while during the MM treatment
it was present at 0.65 %. Ni2+ was present at
53.95 % (study1), 55.80 % (study 2), and
53.74 % (study 3) in the 45 % PWE treatments.
In the Ni treatment from study 2, Ni2+ was present
at 56.56 %, while during the MM treatment it was
present at 51.74 %. Selenium was primarily in the
selenate form, as found during the preliminary trials
(unpublished data).

3.4 Metal Concentrations in Biofilm, C. dilutus, and Fish
Tissues

3.4.1 Copper

Concentrations of Cu were significantly increased in
the biofilm and C. dilutus tissues in each treatment
with elevated waterborne Cu (Cu, 45 % PWE, and
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MM) relative to the RW treatments (Fig. 1a and b). In
study 1, there was accumulation of Cu in the liver
tissues of FHMs in both the Cu-only and 45 % PWE
treatments. This pattern, however, was not observed in
the mixed metal exposure. Small increases in concen-
trations of Cu were observed in the ovaries and gills of
the MM treatment relative to the reference, but not in
the gills of the 45 % PWE treatment relative to the
MM treatment or the 45 % PWE treatment relative to
the RW treatment in study 3.

3.4.2 Nickel

Concentrations of Ni were also significantly increased
in the biofilm and C. dilutus of each treatment with
elevated waterborne Ni (Ni, 45 % PWE, and MM)
relative to the RW treatments (Fig. 2a and b).
Bioaccumulation of Ni in FHM tissues was generally
low. Small increases in concentrations of Ni were ob-
served in the ovaries of 45 % PWE and Ni-only treat-
ments relative to the Se treatment in study 2, and the
ovaries of the MM treatment relative to RW and 45 %
PWE treatments in study 3. There were also elevated
concentrations of Ni in the liver during study 3 in the
MM treatment relative to the RW and 45 % PWE treat-
ments. Bioaccumulation of Ni was observed in the gills
of the 45% PWE andMM treatments relative to the RW
treatment in study 3; however, these concentrations
were lower than the concentrations measured in gill
tissues in any of the treatments during study 2.

3.4.3 Selenium

Concentrations of Se were elevated in the biofilm of
the Se-only treatment compared to all other treatments
(Fig. 3a). Concentrations of Se were elevated in the C.
dilutus of Se-only, 45 % PWE, and MM treatments
relative to the reference treatments (Fig. 3a and b). The
ovaries and livers tended to accumulate Se.
Concentrations of Se were significantly elevated in
the ovaries of 45 % PWE and the Se-only treatments
in study 2 (although also significantly different from
one another), and in the ovaries of 45 % PWE treat-
ment in study 3. Concentrations of Se were also sig-
nificantly elevated in the livers of 45 % PWE and Se-
only treatments relative to the RW treatment in study
2, and in the livers of 45 % PWE from study 3. No
bioaccumulation of Se was observed in the MM treat-
ment FHM tissues in study 3.

3.5 Reproduction

3.5.1 Study 1 — Copper vs. PWE

Although there were some differences in egg production
among treatments, there were no statistically significant
differences in cumulative mean egg production or cu-
mulative spawning events between any of the treatments
in study 1 (Fig. 4a and b).

3.5.2 Study 2 — Nickel or Selenium vs. PWE

In the second study, there was a statistically significant
decrease in cumulativemean egg production in the 45%
PWE treatment relative to the RW, Ni-only, and Se-only
treatments, small but non-significant change in the egg
production of the Ni-only exposed FHMs relative to the
RW FHMs, and no significant difference in the egg
production of Se-only exposed FHMs relative to the
RW FHMs (Fig. 5a). Cumulative total spawning events
showed a similar trend to cumulative mean egg produc-
tion. FHMs exposed to 45% PWE showed a decrease in
cumulative total spawning events relative to the RW, Ni-
only, and Se-only FHMs (Fig. 5b). There were no sig-
nificant differences between Ni-only and Se-only FHMs
compared to the RW FHMs; however, there was a
significant difference between both single metal treat-
ment with Ni-only FHMs at a rate of nearly 50 % fewer
spawning events than Se-only FHMs.

3.5.3 Study 3— Copper, Nickel, and Selenium Mixture
vs. PWE

There was a significant decrease in cumulative mean
egg production for the 45 % PWE exposed FHMs in
study 3 relative to the RW and MM FHMs; however,
no change in the MM exposed FHMs relative to the
RW FHMs (Fig. 6a). There was also a decrease in
cumulative total spawning events in the 45 % PWE
relative to the RW and MM FHMs (Fig. 6b). There
was no significant decrease in spawning events be-
tween the RW and MM FHMs in this study.

3.6 Biological Endpoints

Mean adult survival (%) ranged from 71.5 % to 100 %
per treatment and was not statistically different be-
tween any of the treatments within any of the three
studies (Kruskal–Wallis, p=0.783, p=0.919, and p=

Water Air Soil Pollut (2013) 224:1462 Page 9 of 19, 1462



0.586). There were also no statistically significant
differences in LSI, GSI, or condition factor (K) in
males or females among treatments within any of the
three studies (ANOVA; p>0.05) (Online Resource 1,
Online Resource 2). Rates of larval deformities ranged
from 1.7 % to 27.8 % and primarily consisted of
edema; however, no statistically significant differen-
ces in larval deformities among treatments were ob-
served in any of the three studies (ANOVA; p>0.05).

There was a statistically significant difference in the
egg sizes of FHMs exposed to 45 % PWE in the first
study relative to the RW eggs (−7.7 %) (Tukey’s HSD
post hoc test, p=0.027), with no significant difference
in egg size between the 45 % PWE and eggs from the
Cu-only treatment FHMs (Tukey’s HSD post hoc test,
p=0.173), nor the Cu-only FHMs relative to the RW

eggs (Tukey’s HSD post hoc test, p=0.536). There
was a trend of smaller egg sizes in the 45 % PWE,
Ni-only, and Se-only treatments, and the 45 % PWE
and MM from studies 2 and 3; however, these were
each not statistically significant (ANOVA, p=0.432
and p=0.079, respectively).

3.7 Densities of C. dilutus

There were no significant differences in densities of C.
dilutus larvae among treatments at the end of the 21-day
exposure period during the first study (ANOVA; p=
0.807) (Fig. 7). There was a trend of lower densities of
C. dilutus larvae in the 45 % PWE treatment relative to
the other treatments in the second study (0.5 larvae/cm2

fewer in 45 % PWE relative to the other treatments),

a b

Fig. 1 Copper concentrations (mean±SE) in biofilm, C. dilutus, and FHM tissues from the Cu vs. 45 % PWE study (a) and the MM vs.
45 % PWE study (b). Means that share letters within each tissue are not statistically different from one another (p>0.05)

a b

Fig. 2 Nickel concentrations (mean±SE) in biofilm, C. dilutus, and FHM tissues from the Se or Ni vs. 45 % PWE study (a) and the
MM vs. 45 % PWE study (b). Means that share letters within each tissue are not statistically different from one another (p>0.05)
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however this difference was not statistically significant
(p=0.264). In study 3, the 45 % PWE treatment had
significantly fewer C. dilutus larvae on day 21 than the
RW treatment (Tukey’s HSD post hoc test, p=0.003).

4 Discussion

4.1 Conditions of the Reference Water

It should be noted that Cu concentrations ranged from
7.03 to 11.20 μg/l in the RW used in the three present
studies. Concentrations of Cu in water above 2–4 μg/l,

depending on the water hardness, are considered elevat-
ed as per the Canadian Water Quality Guidelines for the
Protection of Aquatic Life (CCME Canadian Council of
Ministers of the Environment 2008). However, a mean
Cu concentration of approximately 9.0 μg/l was
recorded in the RW obtained from the Vermillion
River during a field-based mesocosm study (Rozon-
Ramilo et al. 2011a), which suggests that the Cu con-
centration in the RW used in present studies was similar
to background Cu concentrations in the field and envi-
ronmentally realistic. Concentrations of Cu in multi-
trophic systems performed in the laboratory at the
University of Saskatchewan have typically been in the

a b

Fig. 3 Selenium concentrations (mean±SE) in biofilm, C. dilutus, and FHM tissues from the Ni or Se vs. 45 % PWE study (a) and the
MM vs. 45 % PWE study (b). Means that share letters within each tissue are not statistically different from one another (p>0.05)

a b

Fig. 4 Cumulative mean egg production (a) and cumulative spawning events (b) for the Cu vs. 45 % PWE study. There were no
statistically significant differences among treatments (p>0.05)
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range of 2.10 μg/l (Rozon-Ramilo 2011b) to 9.31 μg/l
(Rickwood et al. 2006), as well. Furthermore, the free
ion concentrations of Cu under the existing RW con-
ditions is expected to be low (<0.01 %) as derived by
geochemical speciationmodel Visual MINTEQ, version
3.0 (KTH, Department of Land and Water Resources
Engineering, Stockholm, Sweden), suggesting Cu is not
readily bioavailable in the water.

The present studies also had relatively high levels of
DOC in the RW, which ranged from 4.0 to 7.2 mg/l.
DOC concentrations in our studies were a result of the

conditions of the multi-trophic mesocosms, which
contained live C. dilutus larvae, dead C. dilutus adults,
biofilm, and uneaten Tetramin™. It has previously been
suggested thatC. dilutus, biofilm, and Tetramin™ could
be potential sources of organic matter and carbon
(Rozon-Ramilo et al. 2011b), and we suspect this to be
the case in the present studies as well. The average DOC
concentration in lakes near Sudbury, ON has been
reported to be approximately 3.7 (±3.7) mg/l (Valois et
al. 2011), which is quite similar to the DOC concen-
trations of our laboratory RW.

a b

Fig. 5 Cumulative mean egg production (a) and cumulative spawning events (b) for the Ni or Se vs. 45 % PWE study. Means that
share letters are not statistically different from one another (p>0.05)

a b

Fig. 6 Cumulative mean egg production (a) and cumulative spawning events (b) for the MM vs. 45 % PWE study. Means that share
letters are not statistically different from one another (p>0.05)
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4.2 Variability in Metal Concentrations and Water
Chemistry

Overall, concentrations of Cu, Ni, and Se in our single
metal, mixed metal and 45 % PWE treatments were
variable within and among studies. Concentrations of
Cu, Ni, and Se in the 45 % PWE ranged from 12.83 to
80.10, 77.33 to 120.20, and 4.17 to 7.27 μg/l, respec-
tively. Typically, metal concentrations in PWE varies
over time (see Dubé et al. 2006; Rickwood et al. 2006;
Rozon-Ramilo et al. 2011a, b for values from 2001 to
2011). PWE composition from all metal mines
depends on the types of ores being mined, rates of
metal extraction, processing and water recycling, ef-
fluent treatment, as well as water quality (Clarke
1974). A temporary shutdown at the mining site in
the present study during the Ni and Se single metal
exposures resulted in unusually low concentrations of
several metals in 45 % PWE, particularly Cu and Se.
Other water chemistry and quality parameters showed
marginal variation among 45 % PWE treatments from
different studies but were not affected by the mining
shutdown. This variability in metal concentrations and
water chemistry could contribute to some differences
in effects among treatments and is discussed below.

4.3 Reproductive Impacts

Previously, one of the most consistent changes observed
in FHMs exposed to 45 % PWE has been a decrease in

cumulative egg production and spawning events. As
reported in Rozon-Ramilo (2011), four out of the five
previous 45 % PWE exposure studies observed these
types of decreases. Other MME studies have found
increases in egg production from uranium mine effluent
(Driessnack et al. 2011) and surface water effluent
(Rozon-Ramilo et al. 2011a). Previous studies have also
found decreases in egg sizes from 45% PWE exposures
(Rozon-Ramilo et al. 2011a, b). As a result, there is
strong evidence that FHM egg production is a sensitive
endpoint to certain MMEs, and these MMEs may have
either a stimulatory or inhibitory effect.

Decreases in cumulative mean egg production were
observed in FHMs exposed to 45 % PWE in two of
our studies (80 % decrease in study 2 and 60 %
decrease in study 3, relative to the respective RW
exposures). FHMs exposed to single metal or mixed
metal treatments did not suffer from any significant
reproductive effects, except a moderate difference in
egg production between the Ni and RW treatments in
study 2 (35 % decrease in Ni treatment). However,
cumulative mean egg production in the RW was also
2-fold higher than that observed in the other two
studies (study 1 and study 3), and as a result, it is
possible that the difference in egg production between
Ni and RW in study 2 is an artifact of above normal
RW breeding. In past studies, decreases in egg pro-
duction and egg sizes resulting from exposure to Cu or
Ni (Pickering 1974; Geckler et al. 1976; Horning and
Neiheisel 1979), and reduced swelling in fish eggs
from Cu exposure have been observed (Jezierska et
al. 2009). Se has also contributed to increased larval
deformities in fish (Lemly 1997; Muscatello et al.
2006; Driessnack et al. 2011). Overall, metal toxicity
is highly related to water chemistry and bioaccumula-
tion; therefore, toxic effects, such as changes to repro-
ductive output, are likely to be very study-specific.

4.4 Waterborne Exposures and Water Chemistry

Hardness is likely an important factor in regulating
metal bioavailability and toxicity in MMEs. Major
hardness cations, calcium and magnesium ions com-
pete with free metal ions in the water for binding to the
uptake sites on the fish gill, and thereby reduce metal
accumulation and toxicity (Pyle et al. 2002; Niyogi et
al. 2008). The high hardness levels in our single metal,
mixed metal, and 45 % PWE treatments suggest that
bioavailability of metals that compete with calcium

Fig. 7 C. dilutus densities (no./cm2) measured on day 21 of the
exposure period from each of the three studies. Treatments were
reference water (RW), 45 % process water effluent (PWE), Cu,
Ni, Se, or metal mixture (MM). Optimal densities are considered
3/cm2 (or 1 g/pair of FHM per day). The asterisk indicates a
significant difference from RW (p=0.004)
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and magnesium (e.g., Cu2+, Ni2+) would be relatively
low to C. dilutus or FHMs due to increased competi-
tion. Other water chemistry parameters which differed
between treatments, such as pH, alkalinity, and DOC,
are also known to affect metal bioavailability and
toxicity by complexation of free metal ions, and thus
could contribute to observed differences in reproduc-
tive effects in fish among treatments. However, our
results suggest that the various water chemistry param-
eters were not major factors in contributing to differ-
ences in metal bioaccumulation and toxicity in FHM.

Increases in pH, alkalinity, and DOC are known to
decrease the free ion concentrations and bioavailabil-
ity of waterborne metals by complexation during acute
exposures, which therefore reduce the toxicity of the
metals (Campbell and Stokes 1985; Meador 1991;
Allen and Hansen 1996; Pyle et al. 2002; Niyogi and
Wood 2004). For example, metals may bind to DOC
and become less bioavailable relative to the conditions
of lower DOC, or metal complexes may dissociate
under conditions of low alkalinity and pH and become
available in their most bioavailable free ion form (e.g.,
Cu2+ and Ni2+). Free ion concentrations and bioavail-
ability tend to be more closely linked with metal
toxicity than total dissolved metal concentrations, par-
ticularly when considering waterborne exposures
(Vijver et al. 2004). In 45 % PWE, pH has been
observed to be as low as 6.69±0.43 (Rozon-Ramilo
et al. 2011a) and as high as 7.8±0.1 (Hruska and Dubé
2005). This would suggest that MMEs under more
acidic conditions are likely to result in increased tox-
icity. Interestingly, we did not observe a correlation
between pH and reproductive toxicity. The 45 % PWE
from our first study had a consistently lower pH than
the 45 % PWE from either of our two other studies,
but did not contribute to reduced egg production. It
could also be expected that FHM egg production
would be lower in 45 % PWE treatments with low
DOC due to higher metal bioavailability. However,
based on results from the present studies, it seems
unlikely that there is any relationship between lower
DOC and decreased egg production. For example, at
DOC concentrations of approximately 5 mg/l in 45 %
PWE, FHMs produced fewer eggs than the RW treat-
ment in one exposure (study 3) yet produced a similar
number of eggs relative to the RW treatment in anoth-
er exposure (study 1).

There were some differences in pH, alkalinity, DOC,
nitrates, and magnesium concentrations between the

45 % PWE, single metal, and mixed metal treatments
in our studies. These factors can influence metal toxic-
ity, primarily by influencing metal speciation. However,
the metal speciation results suggest similar species of
Cu, Ni, and Se among all treatments. Cu was generally
not in the free ionic form (Cu2+). The concentration of
Cu2+ in the exposure water was estimated to be ~5 % or
less of total copper in each treatment. Selenium existed
primarily as selenate (which has been confirmed in the
45 % PWE; unpublished data), which is much less toxic
relative to the other common inorganic form of seleni-
um, selenite (Brix et al. 2001). These findings also
suggest that the dietary pathway was a more important
uptake route for copper and selenium in fish relative to
the gills.

The free Ni2+, conversely, was found to be the most
common form of nickel in our studies (~50 %); there-
fore, its uptake through the gills may have been im-
portant. Toxicity in fish due to exposure to Ni is
primarily observed through the gills and ultimately
affects respiration. Typically, high concentrations of
dissolved Ni are required in order to see acute effects.
Bioaccumulation of Ni in the gills has been shown to
cause damage to gills and cells involved in oxygen
exchange at levels in acute tests ranging from 9.7 mg/l
to 64 mg/l dissolved Ni (Nath and Kumar 1989; Pane
et al. 2004a). These types of studies are generally done
at high Ni concentrations, approximately 100-fold
higher than levels found in the 45 % PWE or our
metal treatments and are not environmentally realistic.
Chronic Ni exposures at environmentally realistic lev-
els of 243–394 μg/l over longer time frames (40–
90 days) have also been shown to cause decreases in
gas exchange and respiratory impacts in rainbow trout,
although these effects were recorded at a much lower
water hardness levels (~140 mg/l CaCO3) (Pane et al.
2004b) relative to that in PWE, nickel-only, or metal-
mixture treatments in our studies.

4.5 Metal Bioaccumulation

Although free ion concentrations in the water may be
an important source of toxicity, gill–metal binding and
bioaccumulation are believed to better predict toxicity
when compared to waterborne Cu2+ and Ni2+ concen-
trations, particularly in fish species such as rainbow
trout (Oncorhynchus mykiss) and FHMs (Meyer et al.
1999; Pane et al. 2003, 2004a). Furthermore, tissue-
specific metal accumulation provides a good
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indication of the routes of exposure and toxicity.
Waterborne exposure is likely to lead to increased
metal accumulation in the gills, whereas dietary up-
take is likely to lead to increased metal accumulation
mainly in the liver and insignificant or marginal in-
crease in the gills.

Pane et al. (2004b) reported concentrations of ap-
proximately 3 μg/g in the gills of rainbow trout fol-
lowing 42 days of waterborne exposure to 384 μg/l at
a moderate hardness (~140 mg/l CaCO3) in a study
designed to examine the effects of Ni on gill functions.
The levels of Ni bioaccumulation in the gills in our
studies were low at approximately 1 μg/g suggesting
that respiratory effects were probably not an issue.
Pane et al. (2004b) also reported that Ni bioaccumu-
lation occurred primarily in the gills, plasma and
kidneys, with no increases in muscles or livers. Our
results showed a similar trend, with little bioaccumu-
lation of Ni occurring in the carcass or livers of FHM
despite increases in the biofilm and C. dilutus, which
suggests that dietary uptake of Ni was not significant.
Therefore, our results indicate that it is unlikely that Ni
bioaccumulation is contributing to toxic effects in fish
observed in our studies.

Similarly to Ni, our studies frequently resulted in
bioaccumulation of Cu, and Se in biofilm, and bioaccu-
mulation of Cu in C. dilutus from single metal, mixed
metals, and 45 % PWE exposures. These metals have
also been found to increase consistently in the biofilm
and C. dilutus of 45 % PWE treatments in past studies
(Rickwood et al. 2006; Rozon-Ramilo et al. 2011a).
Despite these consistent increases, Cu and Se did not
necessarily result in trophic transfer into the fish tissues.

In fish, liver is the primary organ involved in bio-
accumulation and homeostasis of Cu; therefore, we
would expect any significant increases in Cu to occur
in this type of tissue (Bury et al. 2003). However, Cu
is a highly regulated essential metal and concentra-
tions in fish have been suggested to vary between 7
and 50 μg/g dry weight (d.w.) in the liver under con-
ditions that would not cause adverse effects to fish (or
approximately 1.75–12.5 μg/g wet weight [w.w.], as-
suming water content in the liver of fish is approxi-
mately 0.75 g water/g wet liver) (Couture and Rajotte
2003). Concentrations of Cu in FHM livers from our
studies did not exceed 20 μg/g w.w. and were similar
among treatments. Concentrations of Cu of 20 μg/g
w.w suggest that Cu could be reaching concentrations
great enough to cause effects; however, our present

studies did not find any significant reproductive or
morphometric effects in FHMs during exposure to
Cu. Other studies have reported greater concentrations
of Cu in livers of yellow perch (Perca flavescens),
ranging from ~27 to 62 μg/g w.w. (Brodeur et al.
1997; Sherwood et al. 2000), which suggests that the
concentrations of Cu in the livers of FHMs is on the
lower range of Cu contamination that could cause
energetic effects or stress responses in fish.

Bioaccumulation of Se, like Cu, is known to occur
in the livers of fish. To prevent reproductive impair-
ment, 12 μg/g d.w. concentrations of Se have been
suggested as a maximum threshold in liver tissues.
The maximum concentration of Se bioaccumulation
that was observed in our studies was 2.67 μg/g d.w.
(again, assuming water content in the liver is approx-
imately 75 %). Bioaccumulation of Se in the ovaries
and eggs of fish is also quite common; however, to
observe impacts, accumulation levels have been sug-
gested to be at least 17 μg/g d.w. in cutthroat trout and
greater than 20 μg/g d.w. in FHMs (Chapman et al.
2010). We did not measure Se concentrations in eggs;
however, levels higher than 2.5 μg/g d.w. were not
observed in FHM ovaries from any metal, mixed
metal, or MME exposure in our study. As a result, it
is not surprising that we did not observe increases in
larval deformities in any of our treatments.

Perhaps the most significant finding in these studies
is that Cu, Ni, and Se resulted in similar bioaccumu-
lation in C. dilutus and FHM tissues when alone, in
combination, or when in a more complex MME mix-
ture. These bioaccumulation patterns occurred even
with some variation in Cu, Ni, and Se concentrations
and differences in water chemistry across treatments.
To our knowledge, this is the only study to have
examined and compared the bioaccumulation patterns
in fish between single metals, metal mixtures, and a
complex MME under simultaneous waterborne and
dietary exposures. These types of exposures are ex-
tremely complex and predicting responses to multiple
mixtures is difficult, although necessary for environ-
mental monitoring and risk assessment (Norwood et
al. 2003). The metals we examined (Cu, Ni, and Se) do
not appear to influence the bioaccumulation of each
other in more complex mixtures (either metal mixture
or MME), particularly in high hardness water condi-
tions. However, MMEs contain a variety of other
metals which may still contribute to additive or more
than additive effects on fish.
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Other metals, such as Cd and Zn have been shown
to contribute to reduction in FHM egg production
when in combination with Cu in water at moderate
hardness (~200 mg/l as CaCO3) (Eaton 1973). Effects
on FHM eggs in soft waters for zinc alone have been
reported at concentrations of approximately 145 μg/l
in soft water (Benoit and Holcombe 1978). However,
Cd and Zn were not elevated in 45 % PWE, and
therefore were not examined in the present studies.
In moderately hard water (~200 mg/l as CaCO3), with
Zn concentrations of ~20 μg/l and Cd at <1 μg/l, Cu
concentrations of approximately 34 μg/l and above
have been shown to reduce FHM egg production
(Mount 1968). These Cu, Zn, and Cd concentrations
were nearly identical to the mixed metals component
of the current study, further suggesting that hardness is
a major factor responsible for reducing toxic responses
in MMEs. Whether these effects occur due to other
metals and bioaccumulation should be explored in
future studies. Despite the similar patterns of Cu, Ni,
and Se bioaccumulation, reproductive impacts were
not comparable between metal treatments and the
45 % PWE.

4.6 Other Possible Causes of Effects

As we found no evidence indicating that Cu, Ni, or Se,
either alone or in mixture, contributed to reproductive
impairment in FHMs during exposure to 45 % PWE, it
is possible that other metals or elements were responsi-
ble for effects. The concentration of B, Ba, Li, Rb, Ca,
and Na tend to be greater in 45 % PWE than RW in the
present studies, which was also observed in previous
studies (Rickwood et al. 2006; Rozon-Ramilo et al.
2011a). However, B, Ba, Li, and Rb are generally not
believed to cause toxicity at low concentrations. Ca and
Na were also present almost at similar concentrations in
all treatments, including the single metal and metal
mixture exposures that did not cause reproductive
effects in FHMs, and therefore likely were not respon-
sible for negative effects in the 45 % PWE.

Interestingly, densities of C. dilutus were reduced by
approximately 27 % (study 2) and 53 % (study 3) in
45 % PWE, relative to RW, in two of the three present
studies. The reduction in FHM egg production also
occurred simultaneously with the reduction in C. dilutus
densities in those 45 % PWE exposures. Fish can be
directly impacted through impaired physiology from the
accumulation of toxic metals; however, they may also

be affected indirectly through altered prey abundance or
diversity — a consequence of metal contamination in
the aquatic environments (Campbell et al., 2003;
Rasmussen et al., 2008). Densities of C. dilutus have
been reported to decrease during exposure to 45% PWE
in several previous studies (Hruska and Dubé 2004,
2005; Rozon-Ramilo et al. 2011a); therefore, the role
in food quantity should be examined in future studies to
evaluate its role in metal bioaccumulation and influenc-
ing FHM egg production.

5 Conclusion

Although we were not able to establish whether a
specific metal is contributing to reproductive effects
in FHMs, this research has reduced the likelihood that
any of the three metals we examined plays a signifi-
cant role. There is some evidence that suggests that,
under certain circumstances, Cu, Ni, and Se can be
responsible for reproductive effects in fish; however,
under conditions similar to 45 % PWE, single and
mixed metals exposures alone did not result in any
significant reproductive changes. Still, the 45 % PWE
caused decreased egg production in two of our three
studies. In fact, concentrations of Cu and Se were low
in the 45 % PWE during the mining shutdown in one
of our studies; however, a decrease in FHM egg pro-
duction was still observed. This provides further evi-
dence that Cu and Se are not responsible for
reproductive effects in 45 % PWE. Although water
chemistry parameters and metal concentrations were
marginally variable between some of the treatments,
tissue bioaccumulation patterns were similar between
our single metals, mixed metals, and 45 % PWE
FHMs, and generally low overall. Thus, it appears that
exposure and bioaccumulation of these metals proba-
bly do not play a significant role in inducing repro-
ductive effects in fish. As water chemistry parameters
are known to influence toxicity of metals, artificially
manipulating these parameters would be beneficial in
order to further examine the role of metal bioaccumu-
lation and toxicity in MME effluents.
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