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Abstract: Our study evaluated whether exposure to naphthenic acid fraction compounds (NAFCs) extracted from oil sands
process–affected waters (OSPW) has adverse effects on fish embryos that persist into later life. We exposed fathead minnow
(Pimephales promelas) embryos to concentrations of NAFCs found in OSPW (2.5–54mg/L) for 7 days (1 day postfertilization
to hatch), then raised surviving larvae in outdoor mesocosms of uncontaminated lake water for 1 month. Embryos exposed
to NAFCs were more likely to exhibit malformations (by up to 8‐fold) and had slower heart rates (by up to 24%) compared to
controls. Fish raised in uncontaminated lake water following exposure to NAFCs as embryos, were 2.5‐fold less likely to
survive during the larval stage than control fish. These fish also showed up to a 45% decrease in swim activity and a 36%
increase in swim burst events during behavioral tests relative to controls. We conclude that exposure to NAFCs during the
embryonic stage can have lasting effects on fish survival, physiology, and behavior that persist at least through the larval
stage. These findings of delayed mortalities and persistent sublethal effects of embryonic NAFC exposure are relevant to
informing the development of regulations on treated OSPW releases from mining operations. Environ Toxicol Chem
2022;41:1319–1332. © 2022 The Authors. Environmental Toxicology and Chemistry published by Wiley Periodicals LLC on
behalf of SETAC.
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INTRODUCTION
The Canadian oil sands industry generates approximately

3 million barrels of bitumen per day (Alberta Energy Regulator,
2021a). Extracting bitumen from oil sands is a water‐intensive
process that produces large volumes of fluid tailings that are

stored in temporary settling basins (hereafter, tailings ponds).
The water portion of these tailings becomes separated from
suspended solids after the solids settle out in tailings ponds
and is called oil sands process‐affected water (OSPW). The
OSPW from tailings ponds is used repeatedly for bitumen ex-
traction, causing it to become concentrated with salts, metals,
residual bitumen, and a complex suite of dissolved organic
compounds derived from natural bitumen. It is well known that
OSPW is toxic to invertebrates, fish, amphibians, birds, and
mammals (Li et al., 2017). Currently, the oil sands industry
stores over 1.4 billion m3 of OSPW in tailings ponds
(Alberta Energy Regulator, 2021b). Holding large volumes
of OSPW in tailings ponds poses environmental
risks because of possible groundwater contamination and ac-
cidental breaches of impoundment structures (Commission for
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Environmental Cooperation, 2020; Frank et al., 2014; Hewitt
et al., 2020). To mitigate these risks, plans are underway to
treat OSPW and release it to the environment (Alberta Energy
Regulator, 2017; Government of Alberta, 2015). A greater un-
derstanding of the effects of the toxic compounds in OSPW on
aquatic biota under field conditions is needed to inform the
regulations currently under development for the safe release of
treated OSPW to the environment.

Naphthenic acid fraction compounds (NAFCs), an acid‐
extractable organic fraction of OSPW, are important contributors
to the toxicity of OSPW (Morandi et al., 2015). Classical naph-
thenic acids are characterized by the general formula CnH2n+

ZO2, where n represents the carbon number and Z represents
the number of hydrogen atoms lost to a ring structure or double
bond (Richardson & Ternes, 2018). The term NAFC includes
classical naphthenic acids as well as more complex structures
that contain three or more oxygen atoms and heteroatoms of
sulfur and nitrogen (Rowland et al., 2011). Concentrations of
NAFCs range from 20 to 80mg/L in OSPW tailings ponds (Ma-
haffey & Dube, 2017) and 5 to 40mg/L in reclamation ponds
(Anderson et al., 2012; Kavanagh et al., 2013) and are <1mg/L in
surface waters of the Athabasca River (Sun et al., 2017). Because
NAFCs are highly persistent in the environment and can remain
in OSPW in tailings ponds for decades (Marentette, Frank, Bar-
tlett, et al., 2015), it is critical to understand both the immediate
effects such as outright lethality and any sublethal, persistent
effects of NAFC exposures that may affect aquatic species later
in life.

The period of the typical fish life cycle most sensitive to
environmental stressors is in the early stages, spanning im-
mediate postfertilization through embryogenesis to the larval
free‐feeding stage (Organisation for Economic Co‐operation
and Development [OECD], 2013). Most published studies
investigating the effects of NAFCs on fish focus on early‐life
exposures, and several studies have investigated embryonic
exposures specifically to OSPW‐derived NAFCs from active
tailings ponds in the Canadian oil sands region (see Loughery
et al., 2019; Madison et al., 2020; Marentette, Frank,
Bartlett, et al., 2015; Marentette, Frank, Hewitt, et al., 2015;
Peters et al., 2007). Fish embryos exposed to NAFCs tend to
have lower survival, to hatch prematurely, and to be smaller
when they hatch. These fish also exhibit reduced embryonic
heart rates and heart malformations, such as pericardial
edemas (Loughery et al., 2019; Madison et al., 2020;
Marentette, Frank, Bartlett, et al., 2015; Marentette, Frank,
Hewitt, et al., 2015; Peters et al., 2007). These impairments
may lead to complications later in life that could affect the
fitness of fish populations.

While these studies investigating fish embryonic and larval
exposures to NAFCs provide important information about their
immediate toxicity, few experiments ran longer than 3 weeks or
investigated sublethal endpoints; and thus, there is limited in-
formation about any lasting sublethal effects of NAFC exposure
across multiple life stages in fish. Identifying possible sublethal
effects of environmentally relevant OSPW fractions including
NAFCs is vital for the development of NAFC environmental
quality guidelines, which have yet to be defined by the

Canadian Council of Ministers of the Environment (2020) or the
Government of Canada (2021). The overall aim of the present
study was to examine whether embryonic exposure to NAFCs
has chronic effects on the survival, development, and behavior
of larval fish reared in lake water under seminatural field con-
ditions. Specifically, we were interested in whether a short‐term
exposure to NAFCs derived from OSPW during the embryonic
stage can cause adverse, sublethal effects that manifest
themselves during the larval stage. Investigating persistent ef-
fects of NAFC exposure on fish across multiple life stages is
vital to fully understand the potential impacts of OSPW releases
into the environment (be they intentional or accidental) and for
making evidence‐informed decisions regarding OSPW man-
agement. Because recent end‐of‐pipe regulations and effects‐
based monitoring frameworks for the oil sands sector will
permit OSPW release into natural surface waters once it is
deemed to be in a “ready‐to‐release state” (Alberta Energy
Regulator, 2017; Government of Alberta, 2015), it is essential
to define threshold NAFC concentrations to inform the specific
criteria for “ready‐to‐release” OSPW. We chose to investigate
early‐life effects on development following NAFC exposure
because if fish physiology is impaired either structurally or
functionally during this critical life‐history stage, impacts may
persist into adulthood and manifest in essential characteristics
like swimming performance (Incardona et al., 2015). We also
chose to investigate behavioral endpoints because changes in
behavior have immediate consequences for fish growth, re-
production, and survival (Smith & Blumstein, 2008). Thus, if
NAFCs impair fish development and behavior, there could be
ecologically important consequences that influence fish pop-
ulations in the Canadian oil sands region.

In the present study, we exposed embryonic fathead
minnow (Pimephales promelas), a robust indicator species that
is tolerant to harsh environmental conditions and is native to
the Canadian oil sands region (Ankley & Villeneuve, 2006;
Wallace & McCart, 1984), to different environmentally relevant
concentrations of NAFCs that are found in OSPW tailings
ponds. We then raised the larvae in uncontaminated lake water
for 1 month in outdoor mesocosms, to test the following hy-
potheses: embryonic exposure to NAFCs impairs development
in fish in a exposure‐dependent manner, thereby reducing
embryonic survival and hatching viability and increasing in-
cidences of malformations (hypothesis 1 [H1]); and impaired
development attributable to embryonic NAFC exposure has
sublethal effects that persist into later life stages, including
decreased larval survival and growth and altered larval
behavior (hypothesis 2 [H2]).

MATERIALS AND METHODS
Study species

Fathead minnows occur naturally in the Athabasca River
watershed, a major waterway running directly through the oil
sands region of Alberta, Canada. Fathead minnows can be
found in the main stem of the river, its tributaries, and sur-
rounding lakes (Wallace & McCart, 1984). Therefore, fathead
minnows in the oil sands region may be potentially exposed to
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NAFCs by controlled releases of treated OSPW into the
Athabasca River, accidental breaches of tailings ponds into the
watershed, or contamination of groundwater via leaching of
OSPW‐derived chemicals from tailings ponds (Commission for
Environmental Cooperation, 2020). Furthermore, fathead min-
nows are fairly tolerant to harsh environmental conditions and
are a reliable model species in aquatic toxicology studies
(Ankley & Villeneuve, 2006).

Preparation and characterization of the NAFC
extract and treatment solutions

Approximately 2000 L of fresh OSPW was collected from an
active tailings pond in 2011 (Industry A Fresh; Bartlett
et al., 2017; Marentette, Frank, Bartlett, et al., 2015). Total
NAFCs were extracted and purified from this sample as de-
scribed by Frank et al. (2006). This extract has been extensively
investigated for embryo‐larval toxicity in fathead minnow and
walleye (Sander vitreus; Marentette, Frank, Bartlett, et al., 2015;
Marentette, Frank, Hewitt, et al., 2015) and acute toxicity to
three aquatic invertebrates and chemically compared to com-
mercial naphthenic acid mixtures (Bartlett et al., 2017). More-
over, Marentette, Frank, Bartlett, et al. (2015) measured the
presence of five alkylated polycyclic aromatic hydrocarbons
(PAHs) and 15 US Environmental Protection Agency (USEPA)
priority PAHs in their highest exposure solution prepared
from this NAFC extract. These compounds were detected
at a concentration of 0.005 µg/ml of alkylated PAHs (C1‐
phenanthrene, C1‐chrysene, and C2‐chrysene) and 0.002 µg/ml
of USEPA priority PAHs (e.g., phenanthrene and chrysene; see
Marentette, Frank, Bartlett, et al., 2015).

For the present study, the NAFC concentration in the extract
was measured by negative‐ion electrospray ionization high‐
resolution mass spectrometry (ESI‐HRMS; Orbitrap) following
methods in Headley et al. (2013). In brief, analysis was carried
out using a dual‐pressure linear ion trap‐Orbitrap mass spec-
trometer (LTQ Orbitrap Elite; Thermo Fisher Scientific)
equipped with an ESI interface operated in negative ion mode.
Data were acquired in full‐scan mode from a mass to charge
ratio (m/z) 100 to 600, and the average mass resolving power
(m/Δm50%) was 242,000 at m/z 250. N‐Butyl benzenesulfona-
mide was used as lock mass compound for scan‐to‐scan mass
calibration correction. A previously characterized Athabasca
OSPW large‐volume extract was used as a standard for the
quantification of NAFCs in the samples (Rogers et al., 2002).
The NAFC concentration of the extract as measured by ESI‐
HRMS was 2636mg/L. This concentration is lower than that
reported for the same extract previously (i.e., 1998mg/L of
NAFCs by a liquid chromatography/quadrupole‐time of flight
[LC‐QToF/MS] method). This discrepancy is likely due to
the different analytical methods employed (ESI‐HRMS vs.
LC‐QToF/MS and calibrations therein) because evaporation of
the extracts would have been negligible under the storage
conditions. The NAFC extract was stored in sealed amber glass
bottles in darkness at 4 °C and preserved in 0.05M NaOH.

The NAFC extract was nominally diluted with filtered lake
water to working stock solutions of 2.5, 6.5, 10, 14.5, 21, 29.5,

40, and 54mg/L, in 10‐L polyethylene containers. These NAFC
concentrations are environmentally relevant and can be found
in tailings ponds and reclamation ponds in Alberta (Anderson
et al., 2012; Kavanagh et al., 2013; Mahaffey & Dube, 2017).
The pH of the working stock solutions was adjusted to 8.3± 0.1
using 0.1M hydrochloric acid, to match the pH of the lake
water controls. Water samples were collected from treatment
solutions throughout the exposure period (on days 0, 3, and 6)
for further chemical analyses and stored in 250‐ml amber glass
bottles at 4 °C. The class distribution, size of compounds
(carbon number and double‐bond equivalents), and total
NAFC concentrations present in the samples were determined
by Orbitrap ESI‐HRMS (Headley et al., 2013). Class distributions
were established with acquired accurate mass data and Com-
poser, Ver 1.5.3 (Sierra Analytics), with mass accuracies of
<2 ppm. Measured NAFC concentration values were approx-
imately half of the NAFC values that were nominally calculated
(Figure 1C). We suspect there was a reduction in sample re-
covery by ESI‐HRMS due to matrix‐related ion suppression ef-
fects caused by the lake water present in the samples;
therefore, we retained the nominal concentration values of
NAFCs for all subsequent analyses, following Marentette,
Frank, Bartlett et al. (2015) and Bartlett et al. (2017). The con-
centration of NAFC compounds detected in the treatment
solutions did not change (i.e., degrade) over the 7‐day
exposure period (Figure 1D).

Experimental design
We conducted our experiment at the Queen's University

Biological Station (44°33′55″N 76°19′35″W) from July 15 to
August 21, 2019. Water for the experiment was sourced from
Opinicon Lake adjacent to the field station (water chemistry
described in Supporting Information, Table S1). Fathead
minnow embryos (n= 1637, >24 h postfertilization [hpf]) from a
minimum of 10 breeding pairs were obtained from Aquatox
Testing and Consulting, to ensure that life stages of embryos
were consistent for embryotoxicity assessment. The experi-
ment consisted of two phases: a 7‐day static exposure phase,
where embryos were continuously exposed to different con-
centrations of NAFCs from 24 hpf to hatch, and a 1‐month
postexposure phase, where larvae were raised in lake water
(filtered through a 500‐μm stainless steel sieve) to monitor for
persistent or latent effects of their prior NAFC exposure. The
seminatural study simulated fish exposure to NAFCs in an
exposure–response design using environmentally relevant
NAFC concentrations, investigating contaminant exposure
over multiple life stages of fish, and assessing sensitive
early–life stage toxicology endpoints.

The exposure phase took place outdoors in a tent that al-
lowed embryos to experience natural variations in air temper-
ature and sunlight (Supporting Information, Figure S1). On the
first day of the experiment (hereafter, day 0), clumps of em-
bryos were gently removed from the spawning tiles following a
standard procedure for culturing fathead minnow embryos
(USEPA, 2006) and randomly distributed among exposure
vessels (1‐L glass jars, 18 cm height × 8.5 cm diameter, n= 27;
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Bernardin). Exposure vessels were filled with one of the eight
NAFC concentrations (2.5, 6.5, 10, 14.5, 21, 29.5, 40, and
54mg/L) or filtered lake water as the control. There were three
exposure vessel replicates per treatment, each containing
49–65 embryos. Exposure of embryos to NAFCs lasted be-
tween 4 and 6 days, depending on time to hatch. Each ex-
posure vessel was maintained above 7mg/L dissolved oxygen
via continuous aeration with an aquarium air pump (Hailea
HAP60), and exposure vessels were held in a water bath (60‐L
container). Treatment solutions were 90% renewed on day 3 of
the exposure, except for the 40‐ and 54‐mg/L treatments,
where we observed nearly 100% embryonic mortality by day 3;
and thus, these treatments were thereafter terminated. Ex-
posure concentrations did not change significantly over the
course of the exposure phase (Figure 1); thus, exposure sol-
utions were not renewed more frequently to minimize external

disturbances to embryos. All animal procurement and ex-
perimental procedures were carried out in accordance with the
Queen's University Animal Care Committee (protocol no.
2018‐1829).

After hatch, larvae were monitored for 3 days in glass jars
(filled with uncontaminated lake water) and, after the onset of
exogenous feeding, transferred to mesocosms for the 1‐month
postexposure phase. Larvae (total n= 430) from the control,
2.5‐, 6.5‐, 10‐, 14.5‐, and 21‐mg/L treatments (three replicates/
treatment) were transferred to outdoor mesocosms (92 cm
height × 75 cm diameter, white opaque plastic, n= 18) filled
with 300 L of filtered lake water (Supporting Information,
Figure S2). The higher treatments (i.e., 29.5, 40, and 54mg/L)
were not included in the postexposure phase because very few
embryos survived to day 7 at these concentrations (Figure 2A).
Larvae were fed brine shrimp (Artemia franciscana) to satiation

FIGURE 1: Chemical analysis of naphthenic acid fraction compounds (NAFCs) measured in seminatural exposure vessels during the 7‐day em-
bryonic exposure. Percentage abundance of compounds by size for a representative NAFC sample from the highest‐concentration NAFC solution
(A, nominal 54mg/L NAFCs) and the control (B, filtered lake water). The size of compounds is represented as the number of double‐bond
equivalents (1.5–8.5) and the number of carbons present (7–20). Samples shown were collected on the first day of exposure, which did not change in
abundance by more than ±0.3% in all samples by the end of exposure. Relationship between nominal and measured NAFC concentrations in
exposure vessels throughout the exposure period (C); diagonal dashed line indicates 1:1 relationship compared to the line of best fit for measured
versus nominal NAFC concentrations (y= 0.38x+ 0.74). Temporal trends in NAFC concentrations (D), with vertical dashed lines indicating dates
when NAFC solution was added to exposure vessels.
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twice daily. Larvae were also observed consuming algae and
insect larvae growing in the mesocosms. Given the volume of
the mesocosms, water was not exchanged during the post-
exposure phase, to reduce disturbance to developing fish.

Light intensity and water temperature were continuously
monitored using HOBO data loggers (Onset) and placed inside
the water bath housing exposure vessels as well as inside one
exposure vessel and four mesocosms filled with filtered lake
water (Supporting Information, Table S2). We measured pH
and dissolved oxygen daily using a Hana meter (H198129) and
conductivity and salinity using a Hach meter (H140d) on the first
day of the experiment in exposure vessels and daily in

mesocosms (Supporting Information, Table S3). All water pa-
rameters remained within the suggested ranges for fathead
minnow early–life stage toxicity testing (Supporting In-
formation, Tables S2 and S3; OECD, 2013).

Exposure‐phase endpoints
During the exposure phase, we assessed the following

endpoints: embryonic mortality, embryonic heart rate, full‐
body twitching rate (i.e., any rapid full‐body movement), dry
mass, malformations, and viability at hatch.

FIGURE 2: Embryonic mortality (A), hatch viability (B), heart rate at 96 h postfertilization (C), body twitching rate at hatch (D), and mass at hatch (E) in fathead
minnows (Pimephales promelas) as functions of exposure to nominal concentrations of naphthenic acid fraction compounds (NAFCs). Solid lines represent
the line of best fit, gray‐shaded areas are the ±95% confidence intervals, and each circle represents one replicate exposure vessel. Exposure to NAFCs
significantly increased embryo mortality and decreased hatch viability (generalized linear mixed‐effects model [GLMM], Wald's Chi‐squared (1,18)= 84.7,
p<0.0001), decreased heart rate (linear mixed‐effects model [LME] F(1,18.1)= 32.9, p<0.001), increased twitching rate (LME, F(1,17.3)=17.5, p< 0.001),
and a trend towards increased mass at hatch (GLM, F(1,24)= 3.13, P= 0.089).
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Mortality and hatch viability were assessed daily in the
morning. Embryos were counted as dead and removed if an
opaque discoloration and an absence of movement were ob-
served (OECD, 2013). Hatch viability was defined as the pro-
portion of embryos that produced fully hatched, viable
embryos; fish exhibiting more than two mild malformations or
more than one moderate or one severe malformation were
considered nonviable (after Marentette, Frank, Bartlett,
et al., 2015).

Heart rate was assessed at 96 hpf (following Marentette,
Frank, Bartlett, et al., 2015), where embryos (n= 9 per treat-
ment, n= 3 per replicate exposure vessel) were randomly
chosen and gently pipetted in 24‐well microplates (Thermo
Scientific™ BioLite Microwell Plate; 1 ml volume/well) in their
corresponding treatment solution. Because there was 100%
mortality by day 3 in the highest NAFC treatment (54mg/L;
Figure 2A), heart rate analysis was not possible for that treat-
ment. Embryos were videotaped using a custom‐built camera
with a macro zoom lens for 30 s to estimate average heartbeat
per minute, as described by Marentette, Frank, Bartlett, et al.
(2015). Individual heart rates were counted manually from the
videos by an observer unaware of NAFC treatment.

Dry mass at hatch was assessed by defrosting newly hatched
sac fry (n= 279) that were previously euthanized and frozen.
Vials were centrifuged briefly and then placed in a drying oven
for 24 h at 70 °C (Quincy Lab; model A1‐2052). Vials were
weighed using an analytical balance (±0.001 g, P‐403; Denver
Instrument). Because there was close to 100% mortality in the
40‐ and 54‐mg/L NAFC treatments (Figure 2A), embryos from
these treatments were excluded from further analyses.

Full‐body twitching rate was assessed by randomly choosing
a subset of newly hatched sac fry (n= 9 per treatment) and
gently pipetting them into six‐well microplates (Thermo Sci-
entific BioLite Microwell Plate; 3ml volume/well). A total of
three fish per exposure vessel were placed inside one well, and
only one well was used at a time per microplate. Groups of fish
were acclimated for 3min, before a 3‐min activity assessment
began. Video cameras (Canon HF R800) were mounted over-
head, and recordings were initiated prior to the acclimation
period to minimize external disturbances to the fish. We re-
corded the total number of muscular twitches (any rapid full‐
body movement) per fish to calculate the average twitching
rate per minute. Following each trial, fish were euthanized in
0.2% buffered tricaine methanesulfonate (MS‐222) solution
(sodium bicarbonate ratio 2:1, m/v; Acros Organics, Thermo
Fisher Scientific), photographed, and stored in vials at −20 °C.

Malformations were assessed in a subset of newly hatched
sac fry (n= 45–50 per treatment) that were euthanized in
MS‐222 and photographed using the custom‐built camera with
a macro zoom lens. Embryos that hatched prematurely (prior to
120 hpf) were underdeveloped and could not be included
in the analysis. Photographs were later analyzed for car-
diovascular (pericardial edema, hemorrhaging), craniofacial
(anomaly in structure and size of head, eyes, and jaw), my-
oskeletal (spinal curvatures), and peritoneal (yolk sac edema)
malformations using a modified scoring index from Villalobos
et al. (2000; Supporting Information, Tables S4 and S5).

Malformations were scored from 0 to 3, where 0= no ob-
servable effect, 1=mild effect, 2=moderate effect, and
3= severe effect, then summed to obtain the overall severity
index score per fish. For total severity scores, 0= no observable
effect, 1–4=mild effect, 5–8=moderate effect, and 9–
12= severe effect. Analyses were performed independently by
three researchers naive to treatment, and the overall severity
index was the average of the three scores. Carcasses were
grouped by replicate and stored at −20 °C.

Postexposure‐phase endpoints
Mortality, size, and behavior of larvae were assessed after

1 month of rearing in mesocosms supplied with filtered Opi-
nicon Lake water. Larval mortality was determined by assessing
the number of individuals alive in the mesocosms at the start of
the postexposure phase and assessing the number of in-
dividuals alive in the mesocosms 1 month later. For all fish alive,
fork length was measured from digital photographs (EOS
100D; Canon) taken at the beginning and end of the rearing
period and analyzed using ImageJ2 software (Rueden
et al., 2017). Wet mass of individuals was measured using an
analytical balance (±0.001 g, P‐403; Denver Instrument) at the
end of the rearing period. The condition factor was calculated
as Fulton's index (Froese, 2006).

Larval behavior was assessed with and without a food
stimulus. Behavioral test arenas consisted of plastic Petri dishes
(6 × 6 × 1 cm) filled with filtered lake water. Five larvae were
placed in each test arena and allowed to acclimate for 10min.
The larvae were then filmed with a video camera (Canon HF
R800). After regular activity was recorded for 120 s without a
food stimulus, 1ml of brine shrimp was introduced to the
center of the test arena via transfer pipette, and larvae were
recorded for an additional 120 s. Using the Behavioral
Observation Research Interactive Software (Ver 7.9.8; Friard &
Gamba, 2016), an individual larva in each video was assessed
for three behavioral metrics: time spent swimming, number of
burst events (i.e., sudden increase in velocity), and time spent
in the middle of the arena. All video tests had coded labels so
that the individual analyzing behavior videos was naive to each
treatment.

Statistical analyses
Statistical analyses were performed using R, Ver 3.6.2

(R Foundation for Statistical Computing, 2020). Model residuals
were visually assessed to ensure that model assumptions for
normality and homogeneity were met. If a data set did not
meet assumptions (i.e., larval swimming activity), data were
square root–transformed. To test the influence of NAFC con-
centration on fish, we used linear mixed‐effects models (LMEs)
to assess the following endpoints: embryonic heart rate, dry
mass, and malformations at hatch; larval growth (mass, length,
and condition factor); and larval behavior (swimming activity,
burst events, and space use). For all models, NAFC treatment
was treated as a linear predictor, and replicate was treated as a
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random effect. To assess the influence of NAFC concentration
on embryonic and larval mortality and hatch viability, we used
generalized linear mixed‐effect models (GLMMs) with mortality
or hatch viability as binary response variables, NAFC treatment
as a linear predictor, and replicate as a random error term.

Exposure–response relationships for embryonic mortality,
hatch success, heart rate, and twitching rate, as well as larval
mortality, were modeled using log‐logistic (logit) regression
with the drc package (Ritz et al., 2015), and the bmd package
(Jensen et al., 2020) was used to estimate the benchmark
concentration (to the 10th percentile with 95% confidence in-
terval [CI]) for NAFCs (Jenson et al., 2020; Ritz &
Streibig, 2005). The four‐parameter log‐logistic function (LL.4)
was used in exposure–response models for binary endpoints
(embryonic and larval mortality, embryonic hatch viability), and
the three‐parameter log‐logistic function (LL.3) was used in
exposure–response models for all other endpoints (embryonic
heart rate and twitching rate). Lethal and effective concen-
trations for the 50th percentile (LC50 and EC50) with 95% CIs
were calculated from the logit regression models.

RESULTS
NAFCs in treatment solutions

Qualitative characterization of treatment solutions was
consistent with those reported in prior studies that utilized the
same NAFC extract (Bartlett et al., 2017; Marentette, Frank,
Bartlett, et al., 2015; Marentette, Frank, Hewitt, et al., 2015).
Treatment solutions were composed primarily of O2 species
(i.e., monocarboxylic acids with the general structure CnH2n

+ZO2; Table 1). The percentage of O2 species between treat-
ment solutions increased from 77% (2.5 mg/L of NAFCs) to
96% (10 mg/L of NAFCs) of the total class distribution, com-
pared to 6% in filtered lake water (Table 1). The O2 species
with double‐bond equivalent of 3.5–4.5 were most prevalent in
all treatment solutions and collectively comprised >60% of the
total proportion of O2 species (Supporting Information,
Table S6). The class distribution increased to include O3,
O5–O8, N2O2, N2O3, N2O6, NO2S, and OS2 species as more
lake water was present in the sample (Table 1). The proportion
of O3–O8 species was much higher in lake water controls,
which collectively comprised 75% of the class distribution.
Furthermore, treatment solutions contained low–molecular
weight compounds of fewer than 22 C atoms (Figure 1A).
The dominant structures, comprising >50% of NAFCs detected
in treatment solutions, were two‐ to four‐ringed compounds
with 3.5–4.5 double‐bond equivalent, each containing 13–16 C
atoms. In comparison, filtered lake water was comprised of
26% noncyclic compounds with 16 C atoms and a range of
compounds (spanning 3.5–7.5 double‐bond equivalent and
9–15 C atoms), each present at <5% of the total composition
(Figure 1B).

Exposure‐phase endpoints
Embryonic mortality increased significantly with increasing

NAFC concentrations ((GLMM, Wald's Chi‐squared (1,18)=

84.7, p< 0.0001) Figure 2A). Mortality of control embryos was
18% on average and increased >3.7‐fold when embryos were
exposed to NAFC concentrations of ≥40mg/L. Embryos ex-
posed to the 54‐mg/L treatment died between days 1 and 2 of
exposure (48–72 hpf). Embryonic LC50 was 28.5mg/L of
NAFCs (95% CI 26.8–30.3mg/L), and the 10% benchmark
concentration was 22.3mg/L NAFCs (95% CI 19.4–26.4mg/L).

Hatch viability of embryos significantly decreased with
increasing NAFC concentrations (Figure 2B), with 85% of em-
bryos from controls viable at the end of exposure and a 3‐fold
reduction in viability following exposure to 29.5 mg/L of
NAFCs. The EC50 for hatch viability was 30mg/L NAFCs (95%
CI 26.8–33.2 mg/L), and the 10% benchmark concentration was
21.7mg/L NAFCs (95% CI 16.1–27.4mg/L).

Embryonic heart rate was reduced as a function of exposure
to increasing NAFC concentrations (LME, F(1,18.1)= 32.9,
p< 0.0001; Figure 2C). At 96 hpf, the average heart rate of
control embryos was 158± 7 beats/min, whereas the heart rate
of embryos exposed to NAFCs was reduced by up to 24% in
40mg/L NAFCs. The 10% benchmark concentration for heart
rate was 18.6mg/L NAFCs (95% CI 11.1–26.1mg/L).

Twitching rate of newly hatched sac fry increased
significantly with increasing NAFC concentrations (LME,
F(1,17.3)= 17.5, p< 0.001; Figure 2D). The average twitching
rate of control embryos ranged from 3 to 79 twitches/min, and
this increased by up to 7.7‐fold in the 29.5‐mg/L treatment. In
addition, twitches of fish from the 21‐mg/L and 29.5‐mg/L
treatments were characterized by repetitive, circular move-
ments that did not propel the individual forward but rather led
to loss of equilibrium.

Average dry mass of newly hatched sac fry tended to
increase with increasing NAFC concentrations, but this rela-
tionship was not significant (GLM, F(1,24)= 3.13, p= 0.089;
Figure 2E). Hatched fish from controls (n= 40–48) weighed
8.9 μg on average, and hatched fish from the 29.5‐mg/L NAFC
treatment (n= 10) were 5‐fold larger.

The prevalence and severity of malformations consistently
increased as a function of increasing NAFC concentrations
(GLM, F(1,16)= 13.9, p< 0.01; Figure 3A). At hatch, 77% of
control fish had an severity index score of 0, indicating normal
development. The proportion of malformations increased 4.8‐
to 8‐fold across indices following exposure to 21mg/L of
NAFCs, which was the highest treatment assessed for malfor-
mations because of high mortality rates in the 29.5‐, 40‐, and
54‐mg/L treatments. Almost half of the fish that hatched in the
21‐mg/L treatment had an severity index score in the moderate
to high severity range, with severe pericardial edemas being
the most prevalent malformation (47% of malformed fish;
Figure 3B) and with spinal curvatures (kyphosis, lordosis, and
bent) present at high severity in 20% of these fish (Figure 3C).
Severely underdeveloped craniofacial structures including the
head and jaw were observed in 28% of fish from the 21‐mg/L
treatment, whereas another 15% exhibited moderate cranio-
facial malformations (Figure 3D), and fluid accumulations
around the yolk sac (peritoneal edemas) were present at high
severity in 15% of these fish (Figure 3E). Control fish that were
malformed (19%) had severity index scores in the mild severity
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range, with relatively few fish (4%) exhibiting severe pericardial
edemas.

Postexposure‐phase endpoints
Larval fish raised in uncontaminated lake water were less

likely to survive the 1‐month rearing period if they were ex-
posed to NAFCs as embryos (GLMM, Wald's Chi‐squared
(1,12) = 9.06, p < 0.01; Figure 4A). As expected, mortality rate
of larval fish increased as a function of NAFC concentration.
Mortality in control mesocosms was 8.4± 5.1% but in fish
exposed to NAFCs was up to 2.5‐fold higher. The 10%
benchmark concentration was 7.1 mg/L NAFCs (95% CI
0–16mg/L).

Larval behaviors when a food stimulus was added to the
test arena were altered by embryonic NAFC exposure, as

evidenced by a trend towards decreases in swimming time
(Figure 4C; LME, F(1,16)= 2.67, p= 0.12) and a significant
increase in frequency of burst swims (Figure 4B; LME,
F(1,16)= 6.47, p= 0.022). Fish in the 21‐mg/L treatment dem-
onstrated an average 8% decrease in swimming time com-
pared to controls, but in one test we observed a decrease of
45% compared to controls. In addition, fish in the 21‐mg/L
treatment demonstrated a 36% increase in burst frequency
relative to controls. Space use did not vary significantly
between treatment groups (Figure 4D; LME, F(1,16)= 2.7,
p= 0.12).

Embryonic NAFC exposure did not significantly affect
larval length LME, F(1, 16.4)= 2.37, p= 0.14 mass LME,
F(1,16.1)= 4.11, p= 0.059 or condition factor LME, F(1,16.3)=
1.78, p= 0.2. Rather, fish density significantly influenced larval
growth models, resulting in significant increases in larval length

TABLE 1: Chemical class distributions of eight naphthenic acid fraction compounds (NAFC) treatment solutions and one control treatment (filtered
lake water)

Class

Class distribution (%)

Control

Treatments—nominal NAFC concentration (mg/L)

2.5 6.5 10 14.5 21 30 40 54

N2 1.13 0.19 0.22 0.21 0.22 0.34 0.37 0.47 0.34
O 0.95 1.33 0.83 0.54 0.74 0.49 0.51 0.58 0.46
O2 6.03 77.1 93.9 95.8 93.4 94.3 94.3 94.8 94.8
O2S 1.14 1.75 2.28 2.36 2.55 2.55 2.75 2.21 2.41
O4 11.5 1.31 0.46 1.89 1.89 1.67 1.69 1.31 1.43
S2 0.11 – – 0.18 1.21 0.63 0.34 0.71 0.54
O3 6.87 1.31 0.11 – – – – – –
O6 18.4 3.44 0.46 – – – – – –
N2O2 2.75 0.11 – – – – – – –
N2O3 0.14 0.24 – – – – – – –
N2O6 0.08 1.75 – – – – – – –
NO2S 0.06 0.08 – – – – – – –
O5 15.9 4.33 – – – – – – –
O7 13.65 4.95 – – – – – – –
O8 8.18 3.49 – – – – – – –
OS2 0.17 0.09 – – – – – – –
N 0.06 – – – – – – – –
N2O 0.29 – – – – – – – –
N2O4 0.29 – – – – – – – –
N2O5 0.07 – – – – – – – –
N3OS 0.13 – – – – – – – –
N3S 0.18 – – – – – – – –
NO2 0.08 – – – – – – – –
NO3 0.50 – – – – – – – –
NO4 0.51 – – – – – – – –
NO5 0.58 – – – – – – – –
NO6 0.40 – – – – – – – –
NO7 0.20 – – – – – – – –
NO8 0.05 – – – – – – – –
O10 1.25 – – – – – – – –
O2S2 0.22 – – – – – – – –
O3S 1.45 – – – – – – – –
O3S2 0.36 – – – – – – – –
O9 3.42 – – – – – – – –
OS 0.38 – – – – – – – –
OS4 0.14 – – – – – – – –
S3 2.04 – – – – – – – –

Data shown are from samples collected on the first day of the experiment. Abundance of chemical classes did not change by more than ±0.3% in all samples by the end
of exposure.
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FIGURE 3: Percent malformations at hatch in fathead minnows (Pimephales promelas) following a 7‐day exposure to nominal concentrations of
naphthenic acid fraction compounds (NAFCs). Total (A); cardiovascular, including pericardial edema and hemorrhaging (B); myoskeletal, specifically
spinal curvatures (C); craniofacial, including altered head, eye, and jaw development (D); and peritoneal, specifically yolk sac edema (E) malfor-
mations. Malformations for each index are further categorized as mild, moderate, or severe, based on the severity of the malformation. Images show
representations of each malformation, scored from 0 (no malformation) to 3 (severe malformations). Data and images from high treatments
(>21mg/L NAFCs) were excluded because of high rates of mortality. The prevalence and severity of malformations increased significantly as a
function of increasing NAFC concentrations (generalized linear model, GLM, F(1,16)= 13.9, p< 0.01).

FIGURE 4: Postembryonic exposure–phase larval mortality in fathead minnows (Pimephales promelas; A; gray areas represent ±95% confidence
intervals, each point represents one replicate exposure vessel) and behavioral responses to a food stimulus, including burst events (B), swim
duration (C), and duration in the middle of the arena (D), as functions of nominal concentrations of naphthenic acid fraction components (NAFCs).
Points and error bars (B–D) are means± standard deviation. Embryonic exposure to NAFCs significantly increased larval mortality GLMM, Wald's
Chi‐squared(1,12)= 9.06, p< 0.01 and frequency of burst swims LME, F(1,16)= 6.47, p= 0.022 Swimming duration LME, F(1,16)= 2.66, p= 0.12
and duration in the middle of the arena LME, F(1,16)= 2.7, P= 0.12 did not vary significantly between treatment groups.
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(Supporting Information, Table S8; ANOVA, χ2[2]= 10.79,
p< 0.01), mass (Supporting Information, Table S8; ANOVA,
χ2[3]= 102.41, p< 0.001), and condition factor (Supporting
Information, Table S8; ANOVA, χ2[3]= 78.18, p< 0.001).

DISCUSSION
Embryonic exposure to NAFCs resulted in decreased em-

bryonic survival and hatch viability. It also resulted in increased
malformations, locomotory impairments, and mass at hatch in
exposed fathead minnows, supporting H1. Furthermore, em-
bryonic exposure to NAFCs had persistent adverse effects on
larval fish survival and behavior after 1 month of rearing in
filtered Opinicon Lake water, supporting H2. These findings
highlight the relevance of studies extending beyond embryonic
exposures because we show that short embryonic exposure to
NAFCs elicits chronic toxic effects on fish that persist into the
larval stage. Understanding the effects of NAFCs across mul-
tiple life stages of fish is vital to understanding the implications
of releasing OSPW into natural environments.

Embryonic NAFC exposure increases embryonic
and larval mortality

Under seminatural field conditions, both embryonic and
larval mortality of fathead minnows increased with increasing
NAFC exposure concentrations. These findings differ from pre-
vious studies that reported that embryonic exposure to NAFCs
or OSPW did not affect larval mortality at 16 (Marentette, Frank,
Hewitt, et al., 2015; same extract as present study) or 28 (Siwik
et al., 2000) days posthatch for fathead minnows. Though the
immediate toxicity of NAFCs on fish is proposed to be a result of
acute narcosis (Frank et al., 2009), the mechanism for NAFC
toxicity persisting into the larval stage and causing increased
larval mortality is not clear. In contrast to Marentette, Frank,
Bartlett, et al. (2015) and Siwik et al. (2000), NAFC‐exposed
fathead minnows in the present study were transferred to mes-
ocosms filled with filtered lake water at hatch. It is possible that
the differing exposure conditions that included lake water and
natural light were sufficient to elicit the differences observed.
Furthermore, the introduction to a novel environment posthatch
may have posed an additional challenge to the fish exposed to
NAFCs in the present study.

In the present study, the prevalence and severity of mal-
formations at hatch increased as a function of NAFC con-
centration, with pericardial edemas being the most frequent
malformation observed. These findings are consistent with
previous studies that found similar cardiac malformations in
fish exposed to NAFCs (Madison et al., 2020; Marentette,
Frank, Bartlett, et al., 2015; Marentette, Frank, Hewitt,
et al., 2015 [same extract as present study]; Peters et al., 2007)
and polycyclic aromatic compounds (PACs) derived from
crude oil (Incardona et al., 2009) during early‐life develop-
ment. There are several possible mechanisms by which NAFC
exposure causes malformations in embryos. First, restricted
blood flow to tissues as a result of cardiac dysfunction could
cause malformations at hatch. Fish exposed to commercial

naphthenic acids show heart development problems and poor
blood circulation with malformations at hatch (Peters
et al., 2007), suggesting that any morphological defects
are secondary to impaired blood circulation (Incardona
et al., 2015). Second, the metabolism of NAFCs could be
damaging cells and endogenous molecules within the em-
bryo, thereby impairing normal development. Marentette
et al. (2017) reported altered expression levels of genes in-
volved in oxidative stress via the aryl‐hydrocarbon receptor
(AhR) pathway in walleye embryos exposed to the same ex-
tract as used in the present study. The metabolism of aromatic
hydrocarbons via the AhR pathway can cause oxidative stress
by producing reactive oxygen species; these chemical species
damage DNA, cause lipid and protein degradation and cell
death, and are associated with a suite of malformations and
deformations at hatch. Third, NAFCs could be altering genetic
expression in embryos during organogenesis. Transcriptome
profiling of fathead minnow embryos exposed to the same
NAFC extract used in the present study displayed altered
expression of gene networks involved in skeletal develop-
ment, bone formation, and arteriogenesis, among other
pathways (Loughery et al., 2019).

The impaired development we observed at the embryonic
stage may have had subsequent and persistent effects on
larval survival and driven the observed changes in behavior.
Several studies have demonstrated that impaired heart de-
velopment can have lasting effects on fish into adulthood.
Hicken et al. (2011) showed that embryonic exposure to crude
oil caused sublethal cardiotoxicity, altering heart morphology
and reducing swim performance in fish after 1 year of being
reared in clean water. Similarly, Incardona et al. (2015) found
that embryonic exposure to crude oil causes both structural
and functional changes in fish hearts that impair cardiores-
piratory performance in adulthood. Berube et al. (2022) pre-
dicted that cardiovascular deformities in embryos exposed to
conventional oil could explain the latent fish mortality ob-
served in a depuration period following oil exposure. In the
present study, embryos exposed to NAFCs showed decreases
in average heart rates, consistent with other early–life stage
exposure experiments using the same extract (see Maren-
tette, Frank, Bartlett, et al., 2015). This reduction in heart
contractility may be due to inhibited cardiac development and
function because embryonic exposure to OSPW and NAFC
extracts has been shown to alter the expression of genes in-
volved in cardiomyocyte differentiation and calcium ion ho-
meostasis in the heart (Loughery et al., 2019; Philibert
et al., 2019). Calcium ions play a critical role in regulating
heart contractility, and altered heart contractility during em-
bryonic development can lead to defective cardiac morpho-
genesis or cardiac failure in more severe cases (Andrés‐
Delgado & Mercader, 2016). Should the impaired heart de-
velopment that we observed in fish embryos persist into later
life stages, cardiovascular function essential for fish survival
and swimming performance could be hindered. Though the
exact mechanisms are still unclear, it is apparent that ex-
posure to NAFCs impairs embryonic development in fish and
may have lasting effects on fish survival.
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Embryonic NAFC exposure did not affect
larval growth

Though embryonic mass tended to increase as a function of
NAFC exposure, NAFC exposure did not affect larval growth.
Rather, variation in rearing densities between treatments likely
influenced differences in larval growth. Similar to Smith et al.
(1978), lower fish densities could have contributed to the in-
creased growth that we observed in treatments with higher
NAFC concentrations. The current literature on the effect of
NAFC exposure on subsequent fish size is equivocal. While
some studies reported increased size at hatch following em-
bryonic OSPW exposure (Siwik et al., 2000), others found re-
ductions in size (He et al., 2012; Peters et al., 2007), while yet
others have reported no effect on size (Bauer et al., 2019;
Marentette, Frank, Bartlett, et al., 2015). Studies involving fish
in later life stages also show equivocal growth pattern results.
Kavanagh et al. (2013) found that fathead minnows in OSPW
ponds either did not change in size relative to reference ponds
or were larger depending on the season. Similarly, Siwik et al.
(2000) found no difference in fish growth at 28 or 56 days after
OSPW exposure, although their OSPW‐exposed larvae were
larger after 7 days. Fish growth is an integrative process that
accounts for changes in a multitude of biotic and abiotic factors
including population density, food abundance, and temper-
ature (Siwik et al., 2000), complicating the interpretation of fish
growth as a metric of contaminant exposure. Furthermore, the
inconsistencies of the source material used across studies (e.g.,
tailings pond used, age of pond, extraction method) may
preclude direct comparisons of results between studies. In the
present study, variations in stocking density between rearing
mesocosms appear to have had more influence on larval fish
growth than embryonic NAFC exposure levels.

Embryonic NAFC exposure alters embryonic
and larval activity

Both newly hatched embryos and 1‐month‐old larvae
showed degrees of behavioral alterations increasing with
NAFC exposure concentrations. This finding indicates that ex-
posure to different NAFC concentrations affecting embryonic
activity can also induce persistent effects on fish activity during
the larval stage and possibly beyond. These behavioral
changes are of importance because larvae displayed changes
in behavior 1 month after removal from NAFC exposure, in-
dicating that embryonic exposure to NAFCs has lasting effects
on fathead minnow development that affect fish behavior in
later life stages. To our knowledge, this is the first study to
show that embryonic NAFC exposure can alter larval fish
behavior and thus serves as an important consideration for
evaluating the effects of NAFCs in aquatic ecosystems.

The observed changes in posthatch twitching activity are
likely attributed to disrupted neurophysiological function from
acute NAFC‐induced narcosis (Sharma, 2019). Compounds that
disrupt cell membrane integrity can interfere with nerve func-
tioning (van Wezel & Opperhuizen, 1995). It has been found
that NAFCs disrupt cell membranes via narcosis (Frank

et al., 2009); thus, they may have contributed to the changes in
embryonic activity through this mechanism. One study showed
that PACs, another family of compounds that can disrupt cell
membranes, disrupted dopaminergic and serotonergic systems
in the brain, causing increased neurotransmitter turnover and
altered stress responses in fish (Gesto et al., 2009). These be-
havioral changes are important and ecologically relevant be-
cause impairments to nerve function could render exposed fish
unable to swim away from a potential exposure of OSPW within
natural ecosystems.

Chemical contaminants can alter fish behavior in multiple
different ways, including changes in sensory or motor functions.
The disrupted cardiovascular development we observed in fish
embryos could have hindered cardiovascular performance as
larvae, thus altering larval activity patterns. Furthermore, the
observed changes in swimming and increase in burst events are
indicative of freezing and darting behaviors, which are common
anxiety‐ or fear‐related behaviors in many fish species (Cachat
et al., 2010). Our findings are similar to those of Philibert et al.
(2019), who found that embryonic exposure to OSPW altered
larval activity levels and anxiety behaviors in adult fish and,
moreover, that these altered behaviors were transgenerational.
The observed changes in fish activity in the present study may
have great ecological importance because changes in small‐
scale activity can alter encounter rates with food, resources,
mates, and predators (Saaristo et al., 2018). If fish embryos are
exposed to stressors such as OSPW‐derived NAFCs during de-
velopment, they may experience lasting effects on fish survival
and behavior beyond the changes in larvae that we observed.

Our findings highlight that exposure to NAFCs impairs
embryonic survival and development and that, subsequently,
these embryonic exposures impair larval fish survival and be-
havior. Changes in fish development and behavior may have
important implications if fish are exposed to NAFCs in the
Canadian oil sands region. We showed that exposure to
28–30mg/L NAFCs causes a 50% reduction in survival and
hatch viability in embryonic fish. As well, we found that ex-
posure to 21mg/L NAFCs has persistent adverse effects on
larval survival and behaviors that could influence fish survival.
Even a small variation in mortality can have major impacts on
fish recruitment (Scott & Sloman, 2004). Thus, if fish are ex-
posed to similar mixtures of fresh, untreated NAFCs following
the accidental release of OSPW in natural ecosystems, these
exposures have the potential to impair fish recruitment and
populations in the Canadian oil sands region.

CONCLUSION
In Canada, new end‐of‐pipe regulations and an effects‐based

monitoring framework for the oil sands sector will ultimately
permit OSPW release into natural surface waters once it is
deemed to be in a ready‐to‐release state (Alberta Energy Reg-
ulator, 2017; Government of Alberta, 2015). The specific criteria
for “ready‐to‐release” OSPW should be informed by threshold
NAFC concentrations, but these safe release limits have yet to
be defined by the Canadian Council of Ministers of the Envi-
ronment (2020), though naphthenic acids are currently under
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development to be listed by the Government of Canada (2021).
Evidence‐informed decisions regarding tailings pond manage-
ment require more research on the effects of NAFCs on aquatic
wildlife including fishes, particularly studies on sublethal effects
of lower concentrations that could persist throughout life his-
tories. In our study, two main findings emerged that are
important for understanding the persistent effects of NAFCs on
fish. First, we found that embryonic exposure to NAFCs impairs
fish embryonic development and later was associated with de-
creased larval survival. Second, our study is the first to demon-
strate that sublethal embryonic NAFC exposure alters larval fish
behavior, a novel finding with important implications for the
survival and performance of fish exposed to sublethal NAFC
concentrations. Our findings point toward the potential for early‐
life exposures to sublethal NAFC concentrations to induce per-
sistent effects on the fitness of fish populations through altered
survival and behavioral patterns later in life. However, more re-
search is required to understand these long‐term implications.
Findings from our study are pertinent for developing end‐of‐pipe
regulations for intended releases of OSPW.
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