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Abstract

Permanent reclamation of tailings generated by surface mining in the Canadian oil sands may be achieved through the crea-
tion of end pit lakes (EPLs) in which tailings are stored in mined-out pits and capped with water. However, these tailings
contain high concentrations of dissolved organics, metals, and salts, and thus surface water quality of EPLs is a significant
concern. This is the first study to investigate the chronic toxicity of surface water from Base Mine Lake (BML), the Canadian
oil sands first large-scale EPL, to aquatic invertebrates that play a vital role in the early development of aquatic ecosystems
(Chironomus dilutus and Ceriodaphnia dubia). After exposure of C. dilutus larvae for 23 days and C. dubia neonates for
8 days, no mortality was observed in any treatment with whole BML surface water. However, the emergence of C. dilutus
adults was delayed by nearly 1 week, and their survival was significantly reduced (36%) compared with the controls. Repro-
duction (fecundity) of C. dubia was reduced by 20% after exposure to 2014 BML surface water; however, the effect was not
observed after exposure to BML surface water collected a year later in 2015. Despite some adverse effects, the results of
this study indicate that BML surface water quality is improving over time and is able to support certain salt-tolerant aquatic
organisms. Because salinity within BML will persist for decades without manual intervention, the ecological development
of the lake will likely resemble that of a brackish or estuarine ecosystem with reduced diversity.

The extraction and separation of bitumen from surface-
mined ore in the Athabasca region of Canada’s Alberta
oil sands results in the generation of vast quantities of oil
sands process-affected water (OSPW) and fluid fine tailings
(FFT). These waste products contain high concentrations
of dissolved organic acids, metals, and salts that adversely
affect a range of physiological endpoints in aquatic organ-
isms, such as fish and invertebrates (Alharbi et al. 2016a;
Anderson et al. 2012a; Bartlett et al. 2017; Bauer et al. 2017,
2019; Kavanagh et al. 2011; Lari et al. 2017, 2018, 2019;
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Leclair et al. 2013; MacDonald et al. 2013; McNeill et al.
2012; van den Heuvel et al. 2012; Wiseman et al. 2013a). In
many cases, the aquatic toxicity of whole OSPW has been
mitigated or eliminated following the reduction or removal
of the dissolved organic fraction via physical and chemical
treatments, such as ozonation and activated charcoal (Ander-
son et al. 2012b; He et al. 2010, 2011, 2012a, b; Lyons et al.
2018; McQueen et al. 2017; Wiseman et al. 2013b). Thus,
the dissolved organic fraction of OSPW is now generally
accepted as being the primary driver of aquatic toxicity.
Historically, this has been attributed to the high concentra-
tions of naphthenic acids (NAs) found in OSPW. However,
more recent studies have shown that NAs (0>~ compounds)
comprise only a portion of the total organic fraction and that
other compounds, such as the O>*, NO*, and SO* classes,
also contribute to the toxicity of OSPW (Alharbi et al.
2016b; Morandi et al. 2015, 2016; Sun et al. 2017).

Due to a lack of effective and economical large-scale
treatment methods, surface mine operators have accumu-
lated nearly 1 trillion L of fluid tailings (AEP 2015a) stored
in ponds covering more than 88 km? of land (AEP 2015b).
One of the proposed methods for permanent reclamation is
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the establishment of end pit lakes (EPLs) in which FFT is
stored in mined-out ore pits and capped with a mixture of
OSPW and fresh water. In doing so, oil sands mine operators
can use these readily available waste products as backfill
materials to solve the issues of accumulation and storage,
while relying on natural aging processes as well as manual
intervention to improve surface water quality over time. In
order to test the large-scale effectiveness of EPLs within the
Canadian oil sands, Syncrude established Base Mine Lake
(BML) in December 2012—an 8 km? EPL containing 186
billion L of FFT capped with 58 billion L of fresh water and
OSPW (Dompierre et al. 2016, 2017). Detailed geochemical
and hydrological characterization of BML is ongoing and
described elsewhere (Arriaga et al. 2019; Dompierre et al.
2016, 2017; Risacher et al. 2018; Tedford et al. 2019; White
and Liber 2018). Once acceptable surface water quality has
been achieved within BML, the lake may be incorporated
into the surrounding watershed for permanent reclamation
or discharged into another regional water body, such as the
Athabasca River. However, while the toxicity of OSPW may
be reduced from aging due to natural degradation and trans-
formation of organic acids, some toxicity is still observed in
OSPW samples taken from smaller-scale tailings ponds that
have been aging for over a decade (Anderson et al. 2012b;
Wiseman et al. 2013a). Thus, the time required for BML to
reach acceptable surface water quality remains a significant
concern.

In a year-long wetland microcosm study, Toor et al.
(2013a) showed that although NA concentrations natu-
rally decreased over time leading to reduced acute toxicity,
some residual fraction of NAs were recalcitrant and associ-
ated with persistent chronic toxicity. It was discovered that
natural in situ degradation was dependent upon structure,
with small and slightly unsaturated NAs degrading signifi-
cantly faster than large and highly unsaturated NAs (Toor
et al. 2013b). Thus, the use of natural biodegradation pro-
cesses within small-scale tailings ponds or large-scale EPLs
will likely be insufficient to completely remove dissolved
organic-associated toxicity from OSPW in a timely manner
(Anderson et al. 2012a; Toor et al. 2013b). Nonetheless,
in extremely long reclamation strategies in which OSPW
will age for decades (such as EPLs), the contribution of
the organic fraction to toxicity is expected to slowly dimin-
ish over time. However, most inorganic constituents, such
as major ions, will likely persist in systems such as BML
indefinitely (Dompierre et al. 2016, 2017; White and Liber,
2018). Many OSPW toxicity studies acknowledge elevated
concentrations of major ions, such as sodium (Na%), chloride
(CI™), sulfate (SO42_), and bicarbonate (HCO;™), but rarely
discuss their influence on the observed toxicity. Results for
the specific toxicity of OSPW-associated metals are even
more limited. However, recent studies have begun to high-
light the toxicity of inorganic constituents in aged OSPW,
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especially to sensitive aquatic invertebrates, and the poten-
tial significance this may have for long-term oil sands rec-
lamation (Bauer et al. 2019; McQueen et al. 2017; White
and Liber 2018).

Although the aquatic toxicity of whole OSPW has already
been well characterized, historically most of these studies
have examined the effects of raw untreated water on fish
and focused on short exposures for release scenarios. In the
case of BML, it is more appropriate to examine the potential
long-term effects of the more dilute surface water on lower
trophic level organisms that will play a role in the colo-
nization and ecological development of aquatic EPL eco-
systems. In this study, we investigated the chronic toxicity
of whole BML surface water as well as reconstituted BML
saltwater to Chironomus dilutus and Ceriodaphnia dubia,
two species of freshwater invertebrates ubiquitous through-
out Canadian aquatic ecosystems. Along with other com-
mon aquatic invertebrates, such as Daphnia and Hyalella,
these organisms fulfill a vital role in aquatic ecosystems by
converting primary producers (phytoplankton and bacteria)
into animal protein. Thus, they form an important link in
aquatic food chains and comprise a significant portion of
the diet of higher trophic level organisms, such as juvenile
fish and waterfowl (Environment Canada 1997, 2007). We
examined apical endpoints, such as survival, growth, and
reproduction, to assess the early surface water quality of
BML and to predict potential population-level effects as the
lake develops over time.

Materials and Methods
Test Organisms

All tests were conducted using organisms from in-house cul-
tures at the University of Saskatchewan Toxicology Centre
(Saskatoon, SK, Canada) maintained according to Environ-
ment Canada Biological Test Method guidelines (1997,
2007). Chironomus dilutus mass cultures were raised in
15-L aquaria containing aerated, carbon- and bio-filtered
municipal water from the City of Saskatoon, and a thin
layer of silica sand (particle size 200-400 pm). Cultures
were fed 15 mL of Nutrafin fish flake slurry (Rolf C. Hagen
Inc., Montreal, QC) three times per week, and water was
changed at least once per week. Ceriodaphnia dubia mass
cultures were raised in 2-L glass jars containing moderately
hard reconstituted water (MHRW) and fed 15 mL of algae
(Raphidocelis subcapitata, 3.0-3.5x10 cells/mL) and 4 mL
of YCT (yeast, cerophyll, and trout chow) daily; water was
changed at least three times per week. Both C. dilutus and
C. dubia cultures were kept in an environmental chamber
maintained at 23 + 1 °C with a 16:8 h light:dark photoperiod
(<600 Ix for C. dubia).



Archives of Environmental Contamination and Toxicology (2020) 78:439-450

441

Exposure Waters

Surface water samples were collected from BML in October
2014 and used as exposure water in the C. dilutus toxic-
ity test. Additional samples were obtained in August 2015,
and as a result, both 2014 and 2015 BML surface waters
were used in the subsequent C. dubia toxicity test. Detailed
information on the sampling and chemical composition of
these BML surface water samples is reported by White and
Liber (2018). Based on the lack of observed effects on sur-
vival and growth in diluted 25% and 50% 2014 BML surface
water treatments in a C. dilutus pilot study (not shown), only
the fully concentrated (100%) 2014 BML surface water was
used in the partial lifecycle test. Conversely, the C. dubia
toxicity tests were performed with additional 25% and
50% BML dilution treatments due to the higher sensitivity
expected of C. dubia from the results of a preliminary NaCl
salinity toxicity test (refer to Supplementary Material). Cul-
ture water for each test organism was used as the freshwater
control and dilution water in each of the respective toxicity
tests to remove the need for acclimation. As a result, the
water chemistry of the freshwater control in the C. dilutus
test varied slightly from that of the C. dubia test. To account
for the potential effects of the elevated salinity found within
BML surface water, reconstituted saltwater treatments were
also prepared and tested to mimic the major ion composi-
tion of each BML surface water treatment (100% saltwater
for the 2014 BML surface water in the C. dilutus test, and
25%, 50%, and 100% saltwaters in the C. dubia test for both
2014 and 2015 BML surface waters). Recipes, water quality
parameters, and major ion concentrations for culture fresh-
waters and reconstituted saltwaters are listed in Tables S1
and S2. All chemical salts were obtained from Fisher Sci-
entific (Ottawa, ON, Canada). Conventional water quality
parameters (temperature, conductivity, pH, hardness, alka-
linity, ammonia, and dissolved oxygen) were measured in the
Water Quality Laboratory at the University of Saskatchewan
Toxicology Centre. Major ion concentrations were analyzed
by Maxxam Analytics (Calgary, AB, Canada). More detailed
information on chemical analyses is described by White and
Liber (2018).

Chironomus dilutus Partial Lifecycle Assessment

Although C. dilutus egg masses have been found to be very
resistant to contaminants, first-instar larvae are the most sen-
sitive life stage, with tolerance progressively increasing with
age and instar (Gauss et al. 1985). To be as environmentally
relevant as possible, the partial lifecycle test was initiated
(Day 0) with an egg mass placed directly into each of three
15-L aquaria containing silica sand and one of the exposure
waters (culture freshwater, 100% reconstituted 2014 BML
saltwater and 100% 2014 BML surface water). The three

egg masses were all <24 h old, approximately the same size,
and isolated from adults from a single in-house culture and
breeding jar. The aquaria were fed 15 mL of Nutrafin slurry
approximately every other day, following normal cultur-
ing procedures, and daily observations were made on the
appearance of each egg mass. After 11 days of exposure, the
second phase of the exposure was initiated with 100 larvae
randomly isolated from each aquarium. An additional five
groups of ten larvae were randomly selected and isolated
from each aquarium and then oven dried at 60 °C for 72 h to
determine average 11-day larval dry weights for each treat-
ment (Supplementary Material).

The second phase of the exposure period was conducted
in accordance with standard Environment Canada Biological
Test guidelines (1997) with 100 second-instar larvae ran-
domly isolated from each exposure aquarium and transferred
in groups of 10 into 300-mL lidded tall form glass beakers
containing 50 mL of silica sand and 200 mL of exposure
water. Since the organisms had already been exposed for
11 days at this point in the test, they were transferred from
the exposure aquaria into the glass test vessels with their
larval cases intact. To investigate both larval and adult end-
points, ten replicates of ten organisms (100 organisms per
treatment) were used so that half of the test vessels could be
terminated before pupation (Day 23), whereas the remaining
five test vessels in each treatment continued the exposure
through to adult emergence (until Day 39). Each beaker of
ten organisms was continuously aerated and fed 60 pL of
Nutrafin slurry daily; water changes (80-90% of volume,
approximately 175 mL) and water chemistry (temperature,
dissolved oxygen, pH, conductivity, total hardness, alkalin-
ity, and total ammonia) were performed every other day.
All test vessels were maintained under the same environ-
mental conditions as previously described for the culture
aquaria. Observations on survival as well as larval activity
and behavior were recorded daily. Once the first pupation
was observed (Day 23), half of the test vessels in each treat-
ment were terminated and final observations of larval sur-
vival were recorded. These larvae were then removed from
their sediment cases and oven dried. The remaining five
test vessels in each treatment continued with the exposure
unchanged, and daily observations were expanded to take
note of the timing of larval pupation and adult emergence.
Subsets of individual organisms from each treatment, as well
as larval cases, were collected from test vessels at test ter-
mination and stored in 70% ethanol for morphological and
structural characterization.

Ceriodaphnia dubia Survival and Reproduction
Assessment

The C. dubia toxicity test was conducted in accordance with
standard Environment Canada Biological Test guidelines
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(2007) using 25-mL borosilicate glass test tubes contain-
ing 15 mL of exposure water, 250 uL of algae (R. subcapi-
tata), 25 pL of YCT, 1.2 pg of sodium selenate (Na,SeQ,),
and 0.5 pg of vitamin B12. Each test tube contained a sin-
gle <24-h-old C. dubia neonate obtained from in-house cul-
tures that had produced a minimum of three healthy broods
prior to test initiation. All exposure waters were aerated for at
least 48 h before setup and were continuously aerated through-
out the entire test before each daily renewal. Each treatment
contained ten replicates (10 organisms total) held in test tube
racks maintained under the same environmental conditions as
the mass cultures (experimental design is depicted in Fig. S1).
Test organisms were transferred to clean test tubes contain-
ing fresh exposure water, food, and nutrient solutions daily
using transfer pipettes. During this process, the orientation and
order of treatment groups were randomized to minimize the
potential effects of small variations in chamber light intensity.
Observations on mortality, brood counts, and general appear-
ance were recorded daily before water changes. Water-quality
parameters (temperature, dissolved oxygen, pH, conductivity,
total hardness, and alkalinity) were measured daily during
water changes: new test solutions on Days 0, 2, 4, and 6; old
test solutions on Days 1, 3, 5, and 7. Due to the small volume
of water contained within each test tube, water quality for
“old” water was measured as a composite of all ten replicates
per treatment. Test endpoints were survival (8 days) and the
total number of neonates produced in the first three broods
(<8 days).

Data and Statistical Analysis

Due to the percentage-based concentrations of the treatments
in both tests (0-100%) no dose-response curves were calcu-
lated. Instead, to compare the effects among the freshwater
control, saltwater, and BML surface water exposures (as well
as differences between 2014 and 2015), endpoints from each
treatment of the C. dilutus (survival, larval, and adult dry
weights) and C. dubia (survival, brood counts) toxicity tests
were analyzed using one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc tests. If results did not pass the
Shapiro—Wilk normality test, significant differences among
treatments were instead determined using Kruskal-Wallis one-
way ANOVA on Ranks followed by Dunn’s post hoc tests. All
data and statistical analyses were performed and plotted with
Sigmaplot version 12.0 software (Systat Software Inc., San
Jose, CA) and conducted with a=0.05.
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Results and Discussion
Chironomus dilutus Partial Lifecycle Assessment

Chironomids were exposed to the treatment waters directly
as egg masses to mimic potential introduction to BML
via surface water oviposition and to capture effects on the
earliest life stage and initial case building activity. Even
with the longer and more environmentally relevant expo-
sure scenario, no significant effects on larval survival were
observed in any treatment. Furthermore, exposure to the
reconstituted saltwater control had no statistically signifi-
cant effect on any endpoint, which was consistent with
the lack of effects observed in the saltwater controls of
Anderson et al. (2012a, b). This apparent lack of effect of
salinity was expected, as chironomids are generally much
more tolerant of elevated major ion concentrations than
other organisms (C. dilutus 20-day IC,, of 2316 mg C1"/L
compared to C. dubia 7-day IC,5 of 454 mg C17/L; Elphick
et al. 2011). Complete survival in the BML treatment was
also consistent with exposures of chironomids to aged
OSPW from similar reclamation ponds (Anderson et al.
2012b) but in contrast to the significant 45% larval mortal-
ity observed in exposure to fresh OSPW (Anderson et al.
2012a, b).

Although there were no effects on survival, hatching
of the egg masses in the BML surface water treatment
appeared delayed and corresponded with a small but sig-
nificant 27% reduction in larval biomass after 23 days
of exposure compared with the freshwater and saltwater
controls (Fig. S2). This was also similar to the reductions
observed in other oil sands reclamation ponds (approxi-
mately 20%; Anderson et al. 2012b), but significantly
less than the 64% reduction in larval biomass observed
after 10 days of exposure to fresh OSPW (Anderson et al.
2012a, b). Slight decreases in larval activity, biomass, and
structural integrity of sediment cases in the BML surface
water treatment were also consistent with observations
by Anderson et al. (2012b) for other reclamation ponds.
Despite these reductions, no statistically significant dif-
ferences were observed in the final biomass of success-
fully emerged adults after accounting for sex (females
are approximately 2.5 X larger than males due to morpho-
logical differences; Fig. S3). However, it is important to
note that the time required to reach final biomass varied
depending on when adult emergence occurred. It is also
worth noting that exposure to environmental stressors
often leads to greater proportions of males in chironomid
populations (Liber et al. 1996); however, no effects on sex
ratio were observed in either this study (Fig. S4) or that of
Anderson et al. (2012b).
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Adult Emergence

Adult emergence in the saltwater control was delayed by
2 days compared with the freshwater control, but still fol-
lowed the same pattern and rate, and resulted in a similar
number of successfully emerged adults (Fig. 1). Conversely,
adult emergence in the BML surface water treatment was
reduced by 40% and delayed by up to 5 days compared with
the controls. Thus, even though the adult chironomids in the
BML surface water treatment were the same size as those in
the freshwater and saltwater controls, they required nearly an
additional week of growth to achieve it. A similar effect was
observed in organisms exposed to fresh OSPW, although the
delay in emergence was significantly longer (approximately
11 days), while no significant delay was observed in organ-
isms exposed to other oil sands reclamation pond waters
(Anderson et al. 2012a, b).

To more accurately identify effects on the survival and
emergence of C. dilutus adults, organisms were grouped
categorically at test termination based on those that: (A)
emerged completely from their exuvia and were able to
leave the water’s surface (survival, successful emergence);
(B) emerged completely from their exuvia but were unable
to leave the water’s surface and drowned (mortality, suc-
cessful emergence); (C) were unable to completely emerge
from their exuvia (mortality, failed emergence); (D) died as
pupae (mortality, failed emergence); and (E) died as larvae
(mortality, failed pupation). Average percentages of organ-
isms observed within each category of each treatment are
shown in Fig. 2. Average successful emergence (survival A)
in the freshwater control, saltwater control, and BML surface
water were 60%, 64%, and 36%, respectively. This successful
emergence rate in BML surface water was almost identical

to that of chironomids exposed to the other reclamation
pond waters (approximately 35%; Anderson et al. 2012b),
and significantly higher than those exposed to fresh OSPW
(13%; Anderson et al. 2012a). It should be noted that the
successful emergence rate of the freshwater control in this
study was lower than desired at only 60%, which may have
been due to overcrowding of test vessels during later stages
of the exposure. The studies by Anderson et al. (2012a, b)
purposely deviated from standard testing procedure by using
larger 1-L beakers containing 500 mL of test solution and
observed control emergence rates of approximately 80%.
This suggests that improvements to test design may lead to
an increase in the emergence success of organisms exposed
to BML surface water. This is further supported by the fact
that the successful pupation rate in BML surface water
(90%; A+B+C+D) was approximately 15-20% higher
than the rates observed in the other reclamation pond waters
(approximately 70-75%; Anderson et al. 2012b).

Organic Acids

Based on the results of a previous study by Liber et al.
(1996), Anderson et al. (2012b) suggested that reductions in
pupation and adult emergence were a result of reduced larval
biomass caused by NA-induced stress or alterations in bioen-
ergetics. Reductions in larval activity and integrity of cases
were also attributed to stress and decreased energy stores
(Anderson et al. 2012a). A later study by Wiseman et al.
(2013a) found increased abundances of the oxidative stress-
related transcripts gst, cat, gpx, increased abundances of the
endocrine disruption-related transcripts usp, esr, err, and
increased lipid peroxidation in C. dilutus exposed to fresh
OSPW. As a result, oxidative stress-induced apoptosis was
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proposed as the cause for decreased survival and growth via
metabolism of organic compounds (NAs) in larvae resulting
in the production of reactive oxygen species (Wiseman et al.
2013a). Additionally, effects on development (reduced pupa-
tion and emergence) were attributed to disruption of endo-
crine function, likely due to smaller organic acids with estro-
gen-like properties (Wiseman et al. 2013a). These effects
were not observed in C. dilutus larvae exposed to reclama-
tion pond water, which supports the conclusion that aging
reduces concentrations of NAs and their associated toxicity
(Wiseman et al. 2013a). The results of this study support the
organic acid fraction as being the primary driver of OSPW
toxicity to C. dilutus as similar effects between surface water
from BML and the other water-capped oil sands reclama-
tion ponds corresponded with similar concentrations of
NAs (13-25 mg/L; Anderson et al. 2012b; White and Liber
2018). It is important to note that even though the toxicity
of aged reclamation pond water was significantly reduced
compared with fresh OSPW, it still contained an appreciable
concentration of NAs and caused a significant reduction in
the success of C. dilutus adult emergence (Wiseman et al.
2013a). Anderson et al. (2012a) also found that ozonation of
fresh OSPW significantly reduced the concentration of NAs
and their associated toxicity, but a small concentration and
some effects remained. This suggests that some recalcitrant
fraction of NAs will likely persist within BML surface water
and continue to affect the growth and development of sensi-
tive invertebrate species for some time.

Surface Tension

The most interesting result from this study was that the
reduction in emergence success of organisms exposed to
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BML surface water appeared to be due to a significant
increase in the proportion of fully emerged adults that
were unable to leave the surface of the water and drowned
(mortality B). The average mortality values for these
organisms within the freshwater control, saltwater con-
trol, and BML surface water treatments were 6%, 10%,
and 32%, respectively. Unfortunately, Anderson et al.
(2012a, b) did not qualitatively assess adult emergence
and therefore it is unknown whether a similar phenomenon
occurred in their studies. Based on qualitative observa-
tions of water samples throughout the duration of this test,
the surface tension of BML surface water was noticeably
lower than that of the freshwater and saltwater controls,
which may have been at least partly responsible for the
observed effects on emergence. Studies characterizing
OSPW and its dissolved organic fraction have frequently
made note of the surfactant-like properties and structure
of NAs (Alharbi et al. 2016a; Clemente and Fedorak 2005;
Frank et al. 2008; Pourrezai et al. 2011; Schramm and
Smith 1985). However, this surfactant effect in reducing
surface water tension of OSPW and its impact on aquatic
organisms has not been previously demonstrated. This is
unsurprising, as this effect would have the most impact
on insects, especially those that require surface tension to
transition from an aquatic pupal stage to a terrestrial adult
stage (such as C. dilutus), which have only been briefly
examined in the context of OSPW toxicity. This apparent
inability to escape the surface of BML water may also be
a result of decreased energy, as previously discussed, or
a combination of this effect with reduced surface tension.
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Ceriodaphnia dubia Survival and Reproduction

Aside from 90% survival in the freshwater control, 100%
survival was observed in all C. dubia test treatments after
8 days of exposure (Fig. S5). Furthermore, no statistically
significant differences were observed in reproduction among
any of the treatments, or between the two years, at the 25%
and 50% dilution levels, except for 2015 BML surface water
which caused a small but statistically significant increase
in reproduction. Conversely, statistically significant rates of
reproduction inhibition were observed in both the 2014 and
2015 100% BML saltwater controls (53% and 52% inhibi-
tion, respectively). Some inhibition of reproduction (19%)
was observed in the 100% 2014 BML surface water treat-
ment; however, the 100% 2015 BML surface water did not
cause any statistically significant inhibition of reproduction
(Fig. 3).

Salinity

We have previously identified that Na*, Cl~, and
HCO;™ are the major ions that comprise the vast majority
of the salinity within BML surface water (92% of total
osmolarity) and also pose the highest potential toxicolog-
ical risk to sensitive freshwater aquatic organisms such
as C. dubia (White and Liber 2018). Studies of chronic
toxicity of major ions and salinity on the growth and

reproduction of cladocerans, such as C. dubia, generally
attribute effects to altered energy allocation due to impair-
ment of osmoregulation (Erickson et al. 2017; Freitas and
Rocha 2011; Lasier and Hardin 2010; Mount et al. 2016;
Simmons 2012; Soucek and Dickinson 2016). The hemo-
lymph of freshwater cladocerans, such as Ceriodaphnia,
is hyperosmotic relative to the external environment; thus,
osmoregulation is largely dependent on the active uptake
and concentration of major ions against a concentration
gradient, such as CI~ exchange for HCO;™ via active Na*/
K* ATP transport pumps (Aladin 1991; Aladin and Potts
1995; Hoke et al. 1992). Because the body wall of clad-
ocerans has very low permeability to water and ions, these
transport processes occur via specialized, highly perme-
able membranes containing mitochondria-rich ion-trans-
porting cells (also known as chloride cells or ionocytes)
localized at the epipodites—gill-like structures attached to
the base of the legs (Aladin 1991). In environments with
increased salinity, such as BML, concentration gradients
across these membranes are altered, resulting in greater
energy required to maintain homeostasis and leading to
stress. Several other related mechanisms of effect also
have been identified, including direct damage to embryos
(Freitas and Rocha 2011), altered membrane permeability
(Baker et al. 2017), competition at uptake sites (Simmons
2012; Soucek and Dickinson 2016), and decreased filter-
feeding rates (Soucek 2007).
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Fig.3 Average number of neonates produced per Ceriodaphnia
dubia adult in the first three broods (A), and calculated reproduction
inhibition (B), after exposure to a freshwater control (moderately hard
reconstituted water, MHRW), saltwater control (reconstituted 2014
and 2015 BML saltwater), and 2014 and 2015 BML surface water.
The BML surface water treatments were tested at 25%, 50%, and

100% strength (dilution in MHRW) with paired saltwater controls at
the same concentrations. Error bars represent 1 standard deviation of
the mean. Significant differences among treatments were determined
using one-way ANOVA followed by Tukey’s post hoc test (n=6-10,
a=0.05) and are denoted by letters

@ Springer



446

Archives of Environmental Contamination and Toxicology (2020) 78:439-450

The effects of salinity within BML surface water on
C. dubia can be predicted as a function of total osmolarity
and Ca* concentration using the acute ‘general ion toxicity
submodel’ developed by Erickson et al. (2018; Eq. 16), as
previously demonstrated (White and Liber 2018). Based on
the water chemistry reported in Table S2, the model pro-
vided C. dubia 48-h osmolarity LCs, values of 74 mM for
the 100% BML surface water and 78 mM for the 100% salt-
water controls. These values were approximately 30% higher
than the measured osmolarity in the 2014 and 2015 100%
BML surface water and saltwater treatments (51-55 mM),
which seemed to support the lack of mortality observed in
the saltwater treatments. A subsequent model for the chronic
toxicity of major ions to C. dubia was recently published
by the same group (Mount et al. 2019; Eq. 6). The chronic
toxicity model is based on the same “general ion toxicity
submodel” parameters (total osmolarity and Ca>* concentra-
tion) described by Erickson et al. (2018), but instead esti-
mates a 7-day ICs, for C. dubia reproduction. Based on the
water chemistry reported in Table S2, the model provided
C. dubia 7-day osmolarity I1Cs, values of 36-37 mM for
the 100% BML surface waters and 100% saltwater controls.
These values were consistent with the results of Mount et al.
(2019), which indicate that the acute-to-chronic ratio for the
toxicity of Na salts is approximately 2 (1.9, 1.8, and 2.3
for NaCl, Na,SO,, and NaHCO;, respectively). Compared
with the acute toxicity model, the predicted chronic tox-
icity ICs, values were approximately 30% lower than the
measured osmolarity in the 100% BML surface water and
saltwater controls, indicating > 50% inhibition of reproduc-
tion. However, the results of the preliminary NaCl toxicity
test yielded a somewhat higher 7-day C. dubia osmolarity
ICs, of 52 mM, which indicated approximately 50% inhibi-
tion of reproduction in the 100% BML surface waters and
100% saltwater controls (refer to Supplementary Material for
the full discussion of the NaCl toxicity test results; Figs. S6
and S7). Overall, these predictions were relatively consistent
with the 52-53% inhibition observed in the 100% saltwater
controls but significantly higher than the 0-19% inhibition
observed in the 100% BML surface water treatments.

Water Hardness and Trace Elements

These discrepancies may be at least partially explained by
differences in water hardness among the different treatments
and tests. Water hardness has been shown to have a signifi-
cant effect on mitigating the toxicity of salinity to sensitive
freshwater organisms, such as C. dubia (Elphick et al. 2011;
Erickson et al. 2017; Lasier and Hardin 2010; Mount et al.
2019, 2016). The NaCl toxicity test was performed using
a stock solution spiked directly into the 60 mg CaCO,/L
MHRW C. dubia culture and dilution water, whereas the
reconstituted BML saltwater was prepared to have a water
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hardness as close to natural BML surface water as possi-
ble (100 mg CaCO,/L). However, due to the high pH and
HCO,;/CO4>~ concentration within the reconstituted saltwa-
ters, it was difficult to maintain the desired water hardness
of 100 mg CaCO,/L, because the Ca and Mg visibly pre-
cipitated out of solution over time as carbonates. The same
phenomenon was observed in the reconstituted saltwater pre-
pared in the C. dilutus test, although it had no effect on the
results due to the higher tolerance of C. dilutus to salinity.
In an attempt to correct for this decrease, the 100% saltwater
solutions used in the C. dubia toxicity test were prepared at
a higher initial water hardness (120 mg CaCO»/L), but still
dropped to 70-80 mg CaCO,/L after a few days of aera-
tion. Substantial precipitation and settling of CaCO; also
occurred in C. dubia tests at high pH by Mount et al. (2016),
with a 92% reduction observed in the concentration of dis-
solved CaCOj after only 48 h (1500 mg/L to 120 mg/L).

It also is worth noting that Mount et al. (2016) used
amended saltwaters instead of reconstituted saltwaters in
their toxicity tests (chemical salts were added to natural
field-collected water instead of laboratory water). Natural
field-collected water contains background alkalinity without
the need for the excessive addition of chemical NaHCO;
salt used in this study, while also containing trace nutrients
which provide beneficial effects and a more realistic expo-
sure scenario (Mount et al. 2016). This is supported by the
hormesis-like effects observed in the 25% and 50% dilution
2015 BML surface water treatments, which were likely due
to the very low concentrations of trace elements measured
within BML surface water (White and Liber 2018), many
of which are essential micronutrients for C. dubia (Naddy
et al. 1995). It is therefore reasonable to assume that improv-
ing the saltwater formulation to more adequately mimic
the chemical composition of BML surface water would
further reduce the observed inhibition of C. dubia repro-
duction. However, only increasing the water hardness by
20 mg CaCO4/L and adding some trace nutrients to the 100%
saltwater controls seems insufficient to achieve the substan-
tial amelioration of reproduction success observed in the
100% BML surface water treatments.

Dissolved Organic Carbon

The only other difference in the chemical composition
between the reconstituted saltwaters and BML surface
waters was the absence of dissolved organic carbon (DOC).
It was therefore hypothesized that the presence of DOC
within BML surface water (23-24 mg/L) may have had an
attenuating effect on the toxicity of the major ions. This
apparent antagonism between major ion toxicity and dis-
solved organic acids (NAs) has previously been observed
in pilot studies of OSPW exposure to both C. dubia and
chironomids (Kennedy 2012; Turcotte et al. 2009), as well
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as in a recent study by Bauer et al. (2019). Attenuating salt-
organic acid interactions also have been observed in toxicity
tests of major ions to C. dubia (Lasier and Hardin 2010) and
NAs to fathead minnows (Kavanagh et al. 2012). In both
cases, the effect was only observed in tests with HCOj salts,
but not Cl or SO, salts. The conservation of this bicarbo-
nate-organic acid interaction between different species and
research groups (and the apparent lack of similar interactions
with Cl and SO,) suggests a specific mechanism of action
and supports the conclusions of both groups that the effect
may be due to altered uptake (Kavanagh et al. 2012; Lasier
and Hardin 2010). More recent studies of HCO;™ toxicity
(Harper et al. 2014; Vera et al. 2014) attribute effects to
the disruption of active C1"/HCO;~ exchange and regula-
tion resulting in the inhibition of C1~ uptake by cladocerans
based on the mechanism proposed by Hoke et al. (1992).
High concentrations of HCO;™ also have been observed to
cause significant reductions in Na*/K* ATP pump activity
in fathead minnows (Farag and Harper 2014). However, the
influence of dissolved organic compounds on this mecha-
nism and its potential effect within BML surface water
remain unknown.

Ecological Development of Base Mine Lake

Although salinity within BML surface water likely poses the
highest concern for freshwater organisms with rapid devel-
opment and reproduction, our results suggest that BML sur-
face water quality has reached an acceptable level to support
populations of certain salt-tolerant invertebrates. Further-
more, the reduction in reproduction inhibition observed in
the C. dubia test (19% in 2014, 0% in 2015) suggests that
BML surface water quality continues to improve over time.
This is supported by the discovery of wild Daphnia pulex
in a sample of BML surface water collected in August 2016
(White and Liber 2018). Recent studies also have discov-
ered a relatively dynamic and diverse microbial community
within the surface water of BML (Mori et al. 2019; Richard-
son et al. 2020), particularly in the upper oxygenated zone
where they may serve as a potential food source for higher
trophic level organisms such as daphnids. However, Richard-
son et al. (2020) also detected a low relative abundance of
photosynthesizers, attributed to the high turbidity measured
within BML surface water (Tedford et al. 2019), which may
ultimately limit the potential for robust ecological develop-
ment within BML.

For salt-tolerant organisms with longer and more com-
plex lifecycles, such as C. dilutus, long-term exposure to
BML surface water may adversely affect development due
to the presence of persistent dissolved organic acids. Unfor-
tunately, neither the exposure duration used in this study,
nor those of Anderson et al. (2012a, b), extended for the full
lifecycle of C. dilutus. Without knowledge of the effects of

BML surface water exposure on adult reproduction and the
development of subsequent progeny, it is difficult to predict
population-level effects in the field. It has previously been
shown that a reduction in larval growth can be associated
with a decline in the reproductive output of female chirono-
mids (Sibley et al. 1997), although the ovipositing success
of females and their second-generation offspring may be
unaffected (Liber et al. 1996). Despite observed delays and
reductions in larval growth, the similar biomass of all suc-
cessfully emerged adults in this study suggests that exposure
to BML surface water may not significantly affect reproduc-
tive success. It has been proposed that delays in the time to
emergence of C. dilutus adults, as well as altered behavior
and case structure, may increase the susceptibility of lar-
vae and pupae to predators (Anderson et al. 2012b; Sibley
et al. 1997). However, this will only be of concern once
BML surface water is able to support higher trophic level
organisms, such as fish, at which point the toxicity of BML
surface water and prevalence of these effects will likely be
even further reduced. Delays in adult emergence may also
affect mating success if they are sex-specific, such as those
observed by Anderson et al. (2012a), although the lack of
effect on sex ratio in successfully emerged adults in BML
surface water suggests otherwise. Of all test endpoints, the
reduced emergence success (36%) of adults exposed to BML
surface water is therefore the most concerning with respect
to long-term ecosystem health. Despite this reduction, adults
who did successfully emerge appeared normal and healthy,
which may indicate that reproduction and population growth
will still occur in BML, albeit at lower rates compared with
natural aquatic ecosystems. This prediction is supported by
the results of previous surveys of aquatic insect populations
and colonization in OSPW-affected constructed wetlands of
the Canadian oil sands region. Whelly (2000) observed simi-
lar reductions in the growth and survival of OSPW-exposed
Chironomus larvae in these systems but no significant effects
on the rates of oviposition or total adults. However, both
Whelly (2000) and Leonhardt (2003) observed a general
trend of decreased species abundance and richness that indi-
cated functional, but low-diversity ecosystems.

Conclusions

This is the first study to examine the toxicity of BML surface
water to freshwater invertebrates involved in the colonization
and early development of aquatic ecosystems. Due to the
more dilute nature of BML surface water compared with raw
OSPW, no statistically significant mortality was observed
after chronic exposure of C. dilutus larvae and C. dubia neo-
nates to either whole BML surface water or reconstituted
BML saltwater. However, a significant delay in the growth
and time to emergence, as well as a reduction in emergence
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success, was observed in adult C. dilutus over the course of
the partial lifecycle test (approximately 25-40 days). These
effects were attributed to the dissolved organic compounds
within BML surface water, because no similar effects were
observed in the saltwater controls. As a result, these effects
are expected to diminish over time as BML continues to age
and will likely only influence the total number of organisms
within the ecosystem, because adults who did emerge suc-
cessfully appeared to be healthy and were of the same size,
shape, and sex ratio as those in the controls. In the C. dubia
tests, a 20% reduction in reproductive output (fecundity)
was observed in organisms exposed for 8 days to whole
BML surface water collected in 2014 but was not observed
in organisms exposed to BML surface water collected the
following year (2015). These results, in addition to the dis-
covery of wild Daphnia pulex adults and neonates in a BML
surface water sample collected in 2016 (White and Liber
2018), indicate that the surface water quality of BML con-
tinues to improve over time and has reached an acceptable
level to support populations of certain salt-tolerant aquatic
organisms. However, salinity within BML will continue to
be a persistent concern for decades, and thus the ecologi-
cal development of the lake will likely resemble that of a
brackish or estuarine ecosystem with reduced diversity and
possibly reduced abundance.
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