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Abstract 

Knowledge gaps pertaining to the remediation of freshwater lakes impacted by oil spills have persisted despite recent record highs for oil 
production and transportation across vulnerable regions in North America. The Freshwater Oil Spill Remediation Study (FOReSt), conducted at 
the IISD-Experimental Lakes Area in Canada, is focusing on the efficacy of minimally invasive methods for remediating oil spills in freshwater 
boreal lakes. In this study, the impacts and remediation of diluted bitumen (dilbit) and conventional heavy crude oil (CHV) spills were investigated. 
Two common species of small-bodied fish, fathead minnows (Pimephales promelas) and finescale dace (Chrosomus neogaeus), were used to 
assess exposure to oil constituents in enclosed shoreline ecosystems impacted by model oil spills. Exposure to polycyclic aromatic compounds 
(PACs), the most toxicologically relevant compounds in oil, were assessed in fish by measuring metabolite concentrations in bile. Finescale dace 
and fathead minnows from oil treated enclosures each had biliary pyrene metabolite concentrations that were positively correlated with pyrene 
concentrations in the water of the enclosures. Three months after the initial spills, fish in the enclosure receiving dilbit had significantly more 
biliary PAC metabolites than fish in reference enclosures that did not receive oil. PAC exposure in experimental fish was not always related to 
aqueous PAC concentrations, which may have implications for future remediation efforts and assessments of future freshwater oil spills using 
bile metabolites. 
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Introduction

Additional information is required regarding the efficacy 
of methods for remediation, reclamation, and restoration of 
freshwater habitats affected by oil spills [1]. In response, the IISD-
Experimental Lakes Area, in Northwest Ontario, Canada, initiated 
the Freshwater Oil Spill Remediation Study (FOReSt) to examine 
the utility of using minimally invasive remediation methods to 
degrade oil that is not removed by initial oil spill cleanup methods 
(i.e., residual oil). In year 1 of the study shoreline enclosures 
were treated with model spills of crude oil and, following a 
primary cleanup, were remediated using a monitored natural 
recovery (MNR). Unlike laboratory-based studies, lake enclosures 
encompass entire model ecosystems while still allowing for a 
controlled experimental environment. This study will help inform 
remediation efforts of shorelines affected by future unintentional 
oil releases.

Determining exposure and recovery of oil spill impacted 
sites is challenging. While chemical recovery can be readily 
determined, biological and ecological recovery is more difficult 
to assess. Measuring biliary polycyclic aromatic compound 
(PAC) metabolites in fish is a powerful tool for assessing short-
term exposure and metabolism of oil constituents [2,3]. PACs 
are the compounds of greatest concern with respect to toxicity 
of oil to fish. In fish, PACs are generally metabolized by enzymes 
of the cytochrome P4501A family [4]. These enzymes are found 
in several tissues of fish but are at their highest concentration 
in the liver. As a result, many PAC metabolites are excreted and 
accumulated in the gallbladder and can be quantified in bile. 
Numerous studies have linked biliary PAC concentrations to short-
term PAC exposure and they are a commonly used biomarker in 
environmental monitoring and laboratory studies [3-5]. In the 
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present study biliary metabolite concentrations in fish were used 
to assess the efficacy of a remediation method on different oil 
products and to delineate the routes of PAC exposure to fish using 
parent PAC concentrations in enclosure water and sediment.

Small-bodied fish are especially useful for monitoring studies 
because they tend to have small home ranges, exhibit high site 
fidelity and feed within localized foodwebs. They are often 
abundant and many have widespread geographical distributions, 
making them even more useful for comparative studies. Two 
small-bodied fish species, fathead minnows (Pimephales 
promelas) and finescale dace (Chrosomus neogaeus), were used as 
exposure indicators for the current study. The species are widely 
distributed across North America and are likely to be found at a 
high proportion of potential spill sites in the continent, especially 
those in the northern latitudes [6,7]. Dose-dependent responses 
to PACs have previously been demonstrated in fathead minnows 
[8].

In this study, four shoreline enclosures were constructed and 
stocked with fathead minnows. Two enclosures were unoiled 
and used as references, one received a model diluted bitumen 
(dilbit) spill, and one received a model conventional heavy crude 
oil spill. Primary clean-up of surface oil was initiated 72 hours 
after oil introduction to reflect realistic response times and the 
sole secondary remediation activity was MNR. MNR relies upon 
microbial break down of petrochemicals following initial clean-up 
of surface oil, is utilized in situations where human intervention 

would negatively impact the spill location more than the oil 
itself or in ecosystems where natural remediation is expected to 
proceed quickly, and is best accompanied by increased monitoring 
and recovery trajectory modeling [1,9]. Fish were retrieved at two 
different time points to assess ongoing PAC exposure using bile 
metabolites, the concentrations of which were compared between 
the enclosures and to the parent PAC concentrations in sediment 
and water. Bile metabolites from both time collection periods 
indicated ongoing exposure to PACs. This study’s approach 
mirrors the historic and ongoing use of biliary PAC metabolites in 
assessing exposure from freshwater and marine oil spills globally.

Methods and Materials

Location and enclosures

The study setting and shoreline enclosures have previously 
been described [10]. Briefly, the study was conducted at 
the International Institute for Sustainable Development-
Experimental Lakes Area (IISD-ELA) in the boreal forest of 
Northwest Ontario, Canada. IISD-ELA encompasses 58 small lakes 
and their watersheds, which are set aside for scientific research. 
The region is sparsely populated so lakes are largely unaffected by 
anthropogenic impacts and are representative of pristine boreal 
lakes at-risk for oil spills across the country. Experimental work 
took place on Lake 260, a hydrologically isolated bedrock lake 
with a maximum depth of 14.4m, a volume of 1.764 × 106m3, and 
a surface area of 34 hectares [11].

Figure 1: The reference enclosures used in the study.  An identical set was erected nearby and were subject to model oil spills.
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This study commenced in spring 2018 with two enclosures 
(Curry Industries, Winnipeg, Canada) deployed on sand/
organic shorelines in Lake 260. Each enclosure extended 10m 
from the shoreline into the lake with a width of 5m (Figure 1). 
The enclosures were comprised of floating collars from which 
impermeable polypropylene curtains extended down to the lake 
bottom where they were sealed to the underlying sediments using 
sandbags to prevent the exchange of water between the cells or 
the general lake environment. Each enclosure was divided down 
the middle by another curtain to create two side by side enclosure 
cells, each 2.5m wide × 10m long (note: from this point forward, 
any use of the word “enclosure” refers to these half-enclosure 
cells). A skirt protruding from the end of the floating collar 
extended 5m onto the shoreline and was also pinned into place 
with sandbags. Each of the enclosures was protected with fine 
grade mesh to prevent unwanted interactions with native fauna 
beyond the scope of the experiment.

Oil weathering and application

Two oil products were used in the study: Western Canadian 
Select (CHV) and Cold Lake Blend (dilbit). To simulate spill 
scenarios and weathering of oil prior to deposition on a shoreline, 
both oil products were weathered over 25cm of lake water (220L) 
in 1m diameter stainless steel evaporation pans. Seven (7kg) of 
CHV and dilbit were weathered for 36h in separate evaporation 
pans after which the oils were retrieved with stainless steel 
spoons and placed into glass bottles for transport to the enclosure 
site. Details regarding the chemical characterization of the pre-
weathered and weathered oils are provided in Palace et al. 
[10]. The oil was weathered from June 14-16 and application to 
enclosures occurred on June 16, 2018. With a weathering period 
of this duration, the partial-to-total evaporation from the oil of 
volatile compounds such as benzene, alkyl-benzenes, toluene, 
xylenes, 2-3 ring PAHs and <C17 alkanes can be expected, leading 
to an increased viscosity of the product [1,12,13]. 

Each oil product was applied to the surface of the water in its 
designated enclosure, approximately 1 meter from the shoreline 
and evenly distributed over the full width of the enclosure. In 
total, 1460g of CHV and 1563g of dilbit were applied to their 
respective enclosures. In accordance with realistic response times 
to oil products spill scenarios, no remediation action was taken 
for 72 hours. After this time had elapsed, free floating oil was 
recovered from the water surface using oleophilic sorbent pads 
(Spill Ninja Oil Only Pads, MEP Brothers, Winnipeg, Canada). No 
attempt was made to remove oil from vegetation, the enclosure 
walls or from shoreline substrates. Following the sorbent pad 
cleaning, monitored natural recovery (MNR) was applied as 
the sole remediation method to address the residual oil [9]. 
The enclosures were monitored for 3 months, and the study 
concluded when oiled shoreline substrates were removed and the 
mesocosms were dismantled fifteen weeks later, on October 4.

Water and sediment sampling and PAC testing

Water was collected for quantitation of alkanes, PACs, and 
alkylated-PACs 3 days prior to the introduction of oil to determine 
baselines, and then on days 1, 2, 3, 5, 9, 13, 18, 53, and 80 after 
oil application. Water samples were pumped from a depth of 
approximately 10cm, three meters from the shoreline. Samples 
were collected in glass amber bottles with head space minimized 
and stored at 4°C prior to transport to Winnipeg where extraction 
occurred within seven days of collection. Surface grab samples 
of sediment and soil were collected monthly, stored in amber 
glass bottles at -80°C until analysis, and analyzed for the same oil 
constituents as the water. PAC concentrations were measured in 
water and sediment extracts using GC-MS/MS at the Centre for Oil 
and Gas Research and Development in Winnipeg as described by 
Idowu et al. [14].

Fish stocking, recovery, and gall bladder collection

Baited minnow traps were used to remove any native fish 
trapped inside the enclosures during their installation. Prior to oil 
application, each enclosure was stocked with 12 fathead minnows 
(6 male, 6 female) captured from Lake 260. Fish were anesthetized 
with pH buffered MS-222 (pH=7.0) (0.1g/L), weighed and 
measured, had their sex determined, and their caudal fin was 
clipped as an identifying mark. They were allowed to recover 
in fresh lake water before being introduced into their randomly 
assigned enclosure. The fish were released into their enclosures 
in Lake 260 on the day of oil introduction. A first round of fish 
harvesting occurred July 17–Aug 9, beginning one month after oil 
introduction. Fish were collected using baited minnow traps set 
overnight inside the enclosures. Recovered fish were transported 
to the on-site laboratory (~6km drive) in oxygen enriched lake 
water, where they were sacrificed using an overdose of pH 
buffered MS-222 (0.4g/L), measured, weighed, and had their gall 
bladders excised. Gall bladders were stored on dry ice in 0.5ml 
Eppendorf tubes and transported back to Winnipeg where they 
were stored in the dark at -80°C with exposure to light minimized 
during transportation. Following this first collection period, the 
enclosures were restocked with fish in the same method as they 
were in June. A final round of fish harvesting occurred September 
11-28 prior to the decommissioning of the mesocosms.

Preparation of bile samples

Preparation and HPLC-F analysis of bile followed methods 
of Jonsson et al. [15] and Grung et al. [16], each acknowledging 
Krahn et al. [17] as providing an initial analytical framework. Due 
to the small size of each gallbladder, bile quantity was determined 
by weight. For analysis, gallbladders were allowed to thaw and 
were weighed on an analytical balance (0.0001g) while still in 
the microcentrifuge tube used for storage. Once weighed, each 
microcentrifuge tube had 50μL of 0.5% ascorbic acid buffer (pH: 
5.0) added, the contents were vortexed, and then centrifuged 
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for 5min at 9,600g. Gallbladders were then minced within their 
tubes to ensure full extraction of bile and the resulting bile/
buffer mixture was transferred to a 1.5mL microcentrifuge tube 
containing 5μL of β-glucuronidase solution to liberate conjugated 
forms of PAC metabolites. The samples were vortexed and 
incubated at 37°C in the dark for 2-5 hours. Following incubation, 
50μL of methanol containing 0.5% ascorbic acid was added, the 
tubes were briefly vortexed and then centrifuged for 5min at 9,600 
g with the supernatant analyzed. Gallbladders that appeared to 
have larger volumes of bile (>10μL) were further diluted with 
additional buffer and 0.5% ascorbic acid methanol (in a 1:1 ratio). 
During incubation, tubes used for gall bladder storage were dried 
and re-weighed to determine the mass of the empty gallbladders 
and to allow calculation of bile mass. 

HPLC-F analysis

The HPLC system consisted of a Varian ProStar 410 
Autosampler, Varian ProStar 210 pumps, ZORBAX RR Eclipse 
XDB-C18, 80Å, 2.1 x 50mm, 3.5µm column, and a Varian ProStar 
363 fluorescence detector. Optimum excitation/emission (ex/
em) wavelength pairs for each analyte were determined by direct 
injection into the fluorescence detector with a syringe pump while 
scanning through a range of emission or excitation wavelengths. 
The optimal ex/em pairs used were 275/361nm for 2-naphthol, 
300/383nm for 1-phenanthrol, 340/384nm for 1-pyrenol, 
265/380nm for 2-chrysenol, and 381/435nm for 3-benzo[a]
pyrenol. Ultrapure water (A) and methanol (B) comprised the 
mobile phase for the elution. The elution profile was as follows: 
0-1 minute, isocratic 38% B; 1-35 min, 38-95% B linear gradient; 
35-37min, isocratic 95% B; 37-45min, 95-38% B linear gradient; 
45-50min, isocratic 38% B. The flow rate was 0.30mL/min. The 
chromatography column was held at 40°C during analysis and the 
autosampler delivered 10μL for each injection.

Calculations

The concentrations of 1-pyrenol were calculated from an 
average response factor obtained from a 10ng/mL mixed standard 
containing all analytes run at the beginning, middle, and end of 
each sample run. The concentration of 2-chrysenol was calculated 
from the recovery of the metabolite in a reference sample spiked 
to 10ng/mL with each analyte. In some samples, run on a newer 
chromatographic column, 2-chrysenol could not be quantified 
in experimental samples due to a changed elution pattern and 
interference. In these samples, a consistent peak was observed 30 
seconds after the 2-chrysenol peak. This was presumed to be a 
different isomer of chrysenol, was dubbed x-chrysenol, and was 
quantified in the same manner as 2-chrysenol. The concentration 
of phenanthrols was estimated based on the average response 
factor of 1-phenanthrol in the 10ng/mL mixed standard. When 
other isomers were detected, the response factor of 1-phenanthrol 
was corrected with the relative response factor of the isomer 
in question. When isomers coeluted, their concentrations were 
estimated based on the relative amount of each co-eluting isomer 
in fully resolved samples. For calculations, the density of bile was 

assumed to be 1.00g/mL, which is slightly higher than the 0.975g/
mL reported for sheepshead minnow (Cyprinodon Variegatus) 
[15].

Statistical analysis

Statistical tests were performed using RStudio software 
with statistical significance accepted at p < 0.05. The parametric 
least squares regression and Welch’s 2-sided t-test were run as 
appropriate, with the Shapiro-Wilk test performed as necessary 
to assess the normality of data for t-tests. The assumptions 
of normality and homogeneity of variance were confirmed 
graphically using histograms and quantile-quantile plots of 
the residuals and a heteroscedasticity plot of the residuals, 
respectively. Metabolite data was natural log-transformed as 
necessary to meet the assumptions of the models and achieve 
the best possible fit. When group comparisons were required, the 
assumptions of the parametric ANOVA were not met by the data 
of this study, thus the non-parametric Kruskal-Wallis test was run 
instead in conjunction with a post-hoc Holm corrected Mann-
Whitney-Wilcoxon test.

Results

A total of only 10 of 96 fin-clipped fathead minnows were 
recovered from the experimental enclosures for the combined 
retrieval periods. However, many unexpected finescale dace were 
also captured. These fish were either not captured during the 
original removals, infiltrated the enclosures after construction or 
hatched from eggs laid prior to enclosure construction. Regardless 
of their origin, all fish with a body length > 37cm were assumed 
to be resident in the enclosures and were subject to biliary 
metabolite analysis, regardless of species (see Supplemental 
Information for body sizes). In total, bile from 75 individual 
fish was analyzed, though statistical analysis was hampered 
by uneven recoveries among the different enclosures and time 
periods. Nevertheless, significant differences in PAC metabolite 
concentrations were observed among different enclosures and 
aqueous PAC concentrations were found to predict fish exposure.

Method validation

The analytic method for PAC metabolites in bile was validated 
according to Eurachem guidelines [18]. The determined limits of 
detection (LOD) and limits of quantitation (LOQ) are shown in Table 
1. Both were obtained from replicate measurements of each analyte 
in reference material (archived fish bile from Lake Winnipeg) after 
spiked reagent blanks yielded poor, unrepresentative recoveries 
in comparison. A high concentration of 1-pyrenol and non-detect 
of 2-chrysenol in the reference material prevented accurate 
determination of their LOD and LOQ. For each analyte, linearity 
was demonstrated over the range 1-250ng/mL (see Supplemental 
Information). The method was shown to be robust to changes in 
incubation times (1-8 hours) and bile volume (3-10μL; 5μL was 
the default volume for method development). The method was 
also robust to chromatography column changes (Waters XSelect 
HSS T3 XP Column, 100Å, 2.5µm, 2.1mm X 50mm, specifically), 
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though slight changes in elution time of other compounds in 
bile samples sometimes led to interference with 2-chrysenol. 
While 2-naphthol standards demonstrated excellent potential for 
analysis, interference in bile samples precluded their quantitation 
in this study. Triphenylamine, often used as an internal standard 
in HPLC-F biliary metabolite analysis [19,20], was tested for use 

in this method, but demonstrated unsuitably low recoveries. In its 
absence, each sample run contained a sample of reference bile and 
a sample of reference bile spiked to achieve an additional 10ng/
mL of each metabolite, which assessed metabolite recoveries and 
the efficiency of the enzymatic decoupling of parent metabolites. 

Table 1: Limits of detection and quantitation (LOD/LOQ) for the bile metabolites analyzed in the FOReSt study. These quantities reflect 
concentrations found in the bile/buffer/methanol solution run on the column. LOD/LOQ in bile will vary from sample to sample based on the volume 
of bile extracted. Under the method, the reported LOQs correspond to concentrations of 9.54ng/mL (1-phenanthrol) and 3.58ng/mL (3-benzo[a]
pyrenol) in a 5μL sample of bile. 

Analyte Limit of Detection (ng/mL) Limit of Detection (pg) Limit of Quantitation (ng/mL) Limit of Quantitation (pg)

1-Phenanthrol 0.14 1.45 0.48 4.82

3-BaPol 0.05 0.54 0.18 1.81

Metabolite concentrations	

With the exception of 3-benzo[a]pyrenol, which was not 
reliably detected in any sample, the targeted metabolites were 
detected in samples, and at concentrations above the determined 
limits of quantitation when applicable. The fish from the two 
different collection periods are shown separately and the 
disparity in fish collections across the different enclosures are 

readily apparent (Figure 2 & 3). No documentation was available 
for several fish collected in late July/early August and these are 
labelled as unknown, though they are likely finescale dace or 
fathead minnows. Additional information regarding fish size, 
sex, and bile mass recoveries of experimental fish, as well as 
summary statistics for metabolite concentrations, are compiled in 
Supplemental Information.

Figure 2:  Concentrations of phenanthrols (Panel a), 1-pyrenol (Panel b) and 2-chrysenol (Panel c) in bile of fish from the first 
collection period (late July/early Aug).  Box plots show the 25th percentile (bottom hinge), median (centre line), 75th percentile (top 
hinge), and whiskers extending to 1.5 interquartile range.  No significant differences (p<0.05) between treatments were detected.  
CHV ≡ conventional heavy, dilbit ≡ diluted bitumen, ref ≡ reference.
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Figure 3: Concentrations of phenanthrols (Panel a), 1-pyrenol (Panel b) and 2-chrysenol (Panel c) in bile of fish from the second 
collection period (Sept).  Box plots show the 25th percentile (bottom hinge), median (centre line), 75th percentile (top hinge), and 
whiskers extending to 1.5 interquartile range.  Significant differences (p<0.05) between treatments are denoted by lower case 
letters.  CHV ≡ conventional heavy crude oil, dilbit ≡ diluted bitumen, ref ≡ reference.

Comparisons between species

Uneven fish recoveries, with respect to both quantity and 
species, across the enclosures meant determining the equivalency 
of biliary metabolite concentrations between fathead minnows 
and finescale dace was of critical importance. Only Reference 
Enclosure #2 in late July/early Aug (5 FHM, 16 FSD) and Reference 
Enclosure #1 in September (5 FHM, 6 FSD) had sufficient 
quantities of both fish for meaningful comparisons. While no 

significant differences in metabolite concentrations between the 
two species was found, the large confidence intervals indicate the 
differences between the two species could be significant relative to 
the measured concentrations (Table 2). Thus, the two species are 
treated separately whenever possible. Statistical analyses using 
all fish are also presented, though conclusions from these models 
cannot be considered as robust as species-specific ones. Similarly, 
due to differences detected at the second sampling period, we did 
not pool results from fish in the two reference enclosures.

Table 2: Welch’s 2-sided t-test comparing biliary metabolites between species in the same enclosures. All concentrations are ng/mL. *t-test was 
run on log-transformed data; confidence interval is not available, Δ ≡ difference between the means, CI ≡ confidence interval

Enclosure Metabolite
Fathead Minnow Finescale Dace

Δ p-value 95% CI
Mean SD Mean SD

Ref 2 Phenanthrols 160 107.9 216.1 78.7 -56.1 0.33 -261.96

Ref 1 Phenanthrols 67.4 33.8 101.2 64.6 -33.8 0.3 -140.9

Ref 2 1-pyrenol 99 64 75.9 47.8 23.1 0.49 -155.5

Ref 1* 1-pyrenol 21.4 17.1 33 21.9 -11.5 0.3 N/A

Ref 1 x-chrysenol 43.4 23.8 45.2 21.2 -1.8 0.9 -63.1
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Comparisons between enclosures for late July/early 
August (1st Sample Period)

No significant effect of enclosure on metabolite concentrations 
was found for any of the analytes (phenanthrols: H(3)=6.88, 
p=0.08; 1-pyrenol: H(3)=1.45, p=0.69; 2-chrysenol: H(2)=2.22, 
p=0.33) for the first collection period. The CHV enclosure was 
omitted from the test for 2-chrysenol due to a lack of data.

Comparisons between enclosures for September (2nd 
Sample Period)

The quantities of fish in the second collection period allowed 
for comparison among finescale dace, in addition to all fish. For 
finescale dace, significant effects of enclosure on metabolite 
concentration were found for each analyte except phenanthrols 
(H(3)=9.6, p=0.022). For 1-pyrenol (H(3)=15.6, p=0.001), the 
Dilbit and CHV enclosures were found to have significantly 
higher concentrations than Reference Enclosure #2 (p=0.002 
and p=0.048) but not Reference Enclosure #1. For 2-chrysenol 
(H(2)=15.4, p<0.001) each of the three enclosures for which data 
was available were found to be significantly different from each 
other. 

Significant effects of enclosure on metabolite concentration 
were also found for each metabolite using all species in each 
enclosure. For phenanthrols (H(3)=15.6, p = 0.001), pairwise 
comparison indicated the Dilbit enclosure fish had higher 
metabolite concentrations than both reference enclosures 
(p=0.002, p=0.034,). 1-pyrenol (H(3)=19.1, p<0.001) 
concentrations were found to be significantly different between 
the Dilbit enclosure and the two reference enclosures (p=0.040, 
p<0.001) as well as between the CHV enclosure and Reference 
Enclosure #2 (p=0.030). Differences between the two references 
(p=0.053) and the CHV enclosure and Reference Enclosure #1 
(p=0.053) were marginally significant. For 2-chrysenol, Reference 
Enclosure #1 was not included in the analysis due to a lack of data 
however metabolite concentrations were affected by enclosure 
(H(2)=17.0, p<0.001) in the other three. Metabolite concentrations 
of 2-chrysenol were found to be significantly different in each of 
the three enclosures.

Effects of sample time, sex and fish size on bile 
metabolites

There were few significant differences in concentrations 
of metabolites in finescale dace between the first and second 
sample times. While differences were observed for phenanthrol 
in Reference Enclosure #1 and for 1-pyrenol in both reference 
enclosures, no differences were observed for the CHV enclosure, 
likely as a consequence of small sample size (n=4 for both 
collection periods). The Dilbit enclosure was omitted from the 
analysis due to lack of fish in July/Aug, and 2-chrysenol was only 
available for both time periods for Reference Enclosure #2.

Only two enclosures, both references from the first sampling 
period, had a sufficient quantity and sex distribution of one species 
of fish to assess for differences in metabolite concentrations 
between sex. In Reference Enclosure #1, no differences between 
sex were found for any of the metabolites (p=0.265-0.918). In 
Reference Enclosure #2, no differences between sex were found for 
2-chrysenol (p=0.738), however male finescale dace (M=282.1ng/
mL) were found to have higher phenanthrol concentrations than 
females (M=186.1ng/mL, p=0.002). Significant differences were 
also found between males (M=121.7ng/mL) and females (M=55.1 
ng/mL) for 1-pyrenol (p=0.026).

Finescale dace in Reference Enclosure #1 and Reference 
Enclosure #2 from the first collection period and in the Dilbit 
enclosure from the second collection period were investigated 
for a relationship between metabolite concentration and fish 
size (body length). For Reference Enclosure #1 in July/August, 
the regression was not significant for any of the metabolites 
(phenanthrol: R² = 0.044, F(1,8)=0.61, p=0.456; 1-pyrenol: R² 
<0.001, F(1,8)<0.01, p=0.965; 2-chrysenol: R² = 0.029, F(1,7)=0.78, 
p=0.408). For Reference Enclosure #2, however, the regression 
was significant (R² = 0.294, F(1,14)=7.24, p=0.018), as body size 
did predict phenanthrol metabolite concentration (β=-10.1±8.0 
(95% CI), p=0.018), with smaller fish having larger metabolite 
concentrations. This significance was not observed for 1-pyrenol 
(R² = 0.096, F(1,14)=2.60, p=0.129) nor 2-chrysenol (R² = 0.058, 
F(1,8)=0.49, p=0.502). In the Dilbit enclosure in September a 
significant relationship (R² = 0.510, F(1,7)=9.3, p=0.019) was 
found with fish size predicting phenanthrol concentration 
(β=6.1±4.7, p=0.019). Contrary to Reference Enclosure #2 in 
July/August, here phenanthrol concentration increased with fish 
size. No such relationship was found for 1-pyrenol (R² = 0.056, 
F(1,7)=0.58, p=0.472) nor 2-chrysenol (R² = 0.075, F(1,7)=1.65, 
p=0.240).

Metabolite concentrations and sediment and water 
PAC concentrations

Least square regressions were performed to probe the 
relationship between water PAC concentrations and biliary 
metabolite concentrations across each of the enclosures. Water 
was collected monthly, though sample collection times did 
not always overlap with fish collections (see Supplemental 
Information). For fish collected within a week of a water sampling 
date, concentrations from that date were used in the analysis. 
Water concentrations were estimated for fish collected outside 
of this time range by interpolating between the two most recent 
sampling dates. Water PAC concentrations in September were an 
exception, as fish were caught 3 weeks after water sampling, but 
no later data was available for interpolation. No water data was 
available for Reference Enclosure #2 fish in September and these 
fish were omitted from regressions. Separate regressions were run 
for each of finescale dace, fathead minnows, and all fish. Sediment 
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PAC concentration data (see Supplemental Information) was only 
available for the first collection period, but models generated with 
it did not sufficiently meet the assumptions of a regression and 
have been omitted.

Concentrations of 1-pyrenol in finescale dace, fathead 

minnows, and all fish combined were significantly and positively 
predicted by aqueous pyrene concentrations (Figure 4). Aqueous 
concentrations of phenanthrene and chrysene did not significantly 
predict biliary concentrations for their respective metabolites. 

 

Figure 4: Least squares regression of natural log-transformed 1-pyrenol and water pyrene for fathead minnow (a), finescale dace 
(b), and all fish (c).  CHV ≡ conventional heavy crude oil, Dilbit ≡ diluted bitumen, ref ≡ reference, FHM ≡ fathead minnow, FSD ≡ 
finescale dace, NRBD ≡ northern redbelly dace.

Discussion

Two and a half months after model oil spills and subsequent 
remediation, biliary PAC metabolite concentrations in small-
bodied fish exposed to model oil spills in shoreline enclosures 
demonstrated a significant increase in PAC exposure compared to 
fish in reference enclosures. This was especially noticeable for fish 
exposed to dilbit, which had significantly higher concentrations 
of all three metabolites compared to reference fish. Aqueous 
pyrene concentrations predicted exposure in experimental fish, 
regardless of species. Statistical analysis in the study, especially 
for the first collection period, was hampered by low fish recoveries 
from oiled enclosures.

The correlation between aqueous pyrene and biliary pyrene 
concentrations in this study is particularly notable in assessing 
spill remediation efforts and is also significant within the wider 
literature. Studies of biliary metabolites in wild fish, when using 
targeted analyses, often focus on 1-pyrenol as this compound 
accounted for 76% of biliary PAC metabolites in a study of 
European eels (Anguilla) [21,22]. Our results validate 1-pyrenol’s 
use as a biomarker in wild fathead minnows and finescale 

dace, thereby permitting comparison of the concentrations 
of metabolites in the experimental fish to those measured in 
other studies of PAC pollution or future oil spills. If aqueous 
concentrations of pyrene can be lowered in an environment 
following remediation, whether in response to an oil spill or 
commercial pollution, small-bodied fish should experience less 
uptake and less exposure. This has important implications for fish 
health. Pyrene itself has been linked to toxic outcomes in fish and 
threshold biliary 1-pyrenol concentrations have been identified 
for several species of predatory marine fish above which chronic 
health effects may occur [21,23]. All fish in this study were 
below the lowest of these threshold concentrations, 483 ng/g 
bile, which was identified for Atlantic Cod (Gadus morhua). The 
relationship between aqueous pyrene and its biliary metabolite 
concentrations may also be characteristic of other PACs in crude 
oil, particularly alkylated PACs, though metabolites of these 
compounds were not quantified in this study. Nevertheless, 
alkylated PACs are characteristic of petrogenic PAC sources and 
are often more toxic than unalkylated analogues [24,25]. In the 
case of fathead minnows, the pyrene model explained much of 
the variance in the population (R²=0.332). The models were 
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less predictive in finescale dace and in all species combined. 
The difference may be an artifact of the sample size; a smaller 
population of fathead minnows (n=15) potentially allows for less 
variation compared to the larger population of finescale dace 
(n=45) across all enclosures. Alternatively, these differences may 
stem from species-species differences in behaviour, metabolism, 
and/or habitat preferences. Sex, size, and seasonal differences 
may also contribute non-PAC related variation for each species, 
none of which parent PAC modelling attempts to explain.

Unlike pyrene, aqueous concentrations of phenanthrene 
and chrysene did not predict biliary metabolite concentrations. 
This lack of relationship may be attributed to several factors. 
For one, aqueous exposure may simply be a more prominent 
route of uptake for pyrene compared to the other PACs studied. 
In a seven-day exposure of juvenile fathead minnows to different 
concentrations of water accommodated fractions of dilbit 
(0%, 3%, 10%, 30%), a nominal concentration range of 1.72-
157.4ng/L for phenanthrene was required to observe a significant 
difference in phenanthrol between exposure groups [26]. This 
is much narrower than the range of aqueous phenanthrene 
concentrations in this study, though literature has also shown 
aqueous exposure to a mixture of PACs with a pyrene range of 
0.6-6.0 ng/L was sufficient to observe significant differences 
in exposure for Atlantic cod (Gadus morhua) [27]. Alternatively, 
aqueous uptake through the gills, compared to other routes of 
exposure, may have been less prominent for other PACs than for 
pyrene in this study. Dermal uptake of PACs through sediment and 
ingestion through diet are alternate routes of exposure for fish 
[28] and parent PACs in these media were not fully quantified in 
this study. Lab studies have observed uptake of benzo[a]pyrene 
from sediment in fathead minnows and noted fish disturbance of 
the sediment led to higher aqueous concentrations of benzo[a]
pyrene in aquaria [29]. The PACs in the dynamic ecosystem of 
the enclosures may also differ in their bioavailability, driven by 
differences in their KOW [30]. Lastly, lack of correlations between 
metabolite concentrations and parent PACs may simply be a 
product of fluctuating experimental conditions. The variance in 
aqueous concentrations, even within a collection period, is readily 
apparent (see Supplemental Information) and limited the study’s 
ability to assess exposure concentrations for the fish. A study with 
a large exposure range would be more resilient to this margin of 
error, but this study’s relatively narrow concentration gradient 
reduces its predictive usefulness. The lack of correlation between 
some metabolites in this study, however, is not a failure but rather 
an important finding. Fluctuations are part of natural systems 
and illustrate the difficulties presented in modelling actual spill 
scenario exposures. While this study has demonstrated that 
modelling can be an effective tool for predicting fish exposure to 
PACs after an oil spill, it has also shown that direct measurement 
can be the most reliable tool in assessing fish exposure.

Benzo[a]pyrene is a PAC of notable concern for fish health and 
one of its metabolites, benzo[a]pyrene-7,8-diol-9,10-epoxide, is 
particularly carcinogenic [30]. In experimental fish one benzo[a]

pyrene metabolite, 3-benzo[a]pyrenol, was targeted but was not 
detected in any of the bile. This is supported by laboratory exposure 
of fathead minnows to benzo[a]pyrene, where Grimard et al. [8] 
found no significant difference between biliary concentrations 
of 3-benzo[a]pyrenol in fish exposed to 30ng/L benzo[a]pyrene 
compared with an unexposed control group. In our study, the 
maximum aqueous concentration of benzo[a]pyrene between the 
four enclosures at either collection point was <0.4ng/L. 

Direct comparison of metabolite concentrations between fish 
in enclosures aids interpretation of the results of modelling. In 
September, all species of Dilbit enclosure fish were significantly 
more exposed to all three parent PACs than the reference 
enclosure fish. When only finescale dace were considered, these 
differences still held for pyrene and chrysene, despite aqueous 
PAC concentrations being nearly identical in Reference Enclosure 
#1 and the Dilbit enclosure during fish collection (Reference 
Enclosure #2 concentrations were not available). For chrysene, 
the Dilbit enclosure fish (all species or finescale dace) only had 
significantly higher metabolite concentrations than the CHV 
enclosure, despite aqueous parent PAC concentrations being, 
at minimum, double in the CHV enclosure than in the Dilbit or 
Reference #1 enclosures. Similarly, CHV 1-pyrenol concentrations 
were only significantly higher than the Reference Enclosure #2 fish, 
with no differences observed for phenanthrols. For 2-chrysenol, 
concentrations in the CHV fish were significantly lower than those 
of Reference Enclosure #2. This data demonstrates that while 
aqueous PAC concentrations can help predict some exposure 
to fish, other environmental factors play an important role in 
governing fish uptake, as evidenced by the significant differences 
between populations with recent exposure to nearly identical 
aqueous PAC concentrations in this study. Dietary inputs, which 
were not measured in this study, are a probable candidate to 
explain some of these differences. Whereas fish can quickly 
metabolize PAC compounds, lower trophic level organisms unable 
to process PACs may serve as continual sources of exposure 
after water concentrations return to baseline concentrations. In 
assessing fish exposure to PACs in the wake of an oil spill and 
subsequent remediation, measuring water concentrations is not 
enough. Though they predicted some PAC exposure here, this 
study indicates that fish must be sampled directly to fully assess 
ongoing exposure to PACs.

Recent literature contains few comparable studies of biliary 
metabolites in small-bodied freshwater fish to compare and 
contextualize the results of this study. Nevertheless, median 
concentrations of 1-pyrenol in oiled enclosure fish in this study 
were well below median values of common minnow (Phoxinus 
phoxinus) residing in sedimentation ponds subject to road runoff, 
which were greater than 1000ng/g [16].

In addition to aforementioned predictors of PAC exposure, 
other factors relevant to this study can influence biliary 
concentrations of PAC metabolites. Variables such as species, 
size, and sex each have the potential to contribute to variability. 
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Previous research on biliary metabolites has identified both size 
and sex as potentially influencing measured concentrations. We 
recently reviewed two studies that reported a significant impact 
of sex on metabolite concentrations and another six studies that 
did not [3]. While most of these studies were on marine fish, 
no difference between sexes was found among five species of 
freshwater fish within the Athabasca/Slave River system [32]. 
Correlations, or lack thereof, between fish size are less commonly 
reported but have been identified in several studies [23,33]. Many 
studies on wild fish selectively sample their fish based on size and 
sex and these factors may have contributed variation to the data 
in the current study. While species were treated independently 
whenever possible, sex and size were not considered in analyses 
as they did not consistently demonstrate significant regressions 
or differences between populations in this study.

Seasonal variation in biliary PAC metabolite concentrations 
are frequently reported in wild fish [3] and may have been 
observed in this study. Significant differences were noted for 
several metabolites between July/Aug and September in finescale 
dace from the two reference enclosures. Finescale dace breed 
in the spring from April to June while fathead minnows breed 
in July and August at our study site [6,34]. Reproductive efforts 
may have affected the uptake and metabolism of PACs in late July/
August compared to late September. Alternatively, lower parent 
PAC concentrations in the enclosures for the later collection 
period may be responsible. Significant differences in metabolite 
concentrations between the two collection periods may be 
attributable to a combination of both factors.

Due to low recaptures of tagged fish, the residence time for 
many experimental fish is unknown but is not expected to have 
influenced results. A widely cited study on sheepshead minnow 
suggests peak PAC metabolite concentrations are reached within 
2-6 days of exposure [16,23,35]. Similarly, at PAC concentrations 
relevant to this study, exposed fathead minnows reached peak 
metabolite concentrations within 7 days [8]. Thus, it is assumed 
fish collected have been in the enclosures long enough to yield PAC 
metabolite concentrations reflective of the conditions, despite the 
unknown residence times.

Conclusion

Analysis of PAC metabolites in bile of small-bodied fish 
can provide information regarding their exposure after an oil 
spill, but additional work is required to fully understand routes 
of exposure. After remediating model oil spills in shoreline 
enclosures, fish were collected and analyzed for biliary PAC 
metabolites to assess their exposure to PACs. Between all four 
experimental enclosures, be they reference or oiled, aqueous 
pyrene concentrations significantly predicted biliary 1-pyrenol 
levels in both species studied. The study also found that additional 
factors influencing fish exposure to PACs can supersede modelling 
based on water and sediment concentrations of PACs and create 
significant differences between populations. Although each 

species is apt to serve as a monitoring species for PACs, simply 
measuring the water concentrations of PACs in the wake of an 
oil spill and its remediation is insufficient to assess exposure to 
resident minnows.
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Supplementary Information

S1 Aqueous and Sediment Parent PAC Concentrations in the Enclosures
Table S1: Aqueous parent PAC concentrations in each enclosure for each fish collection period. N/A is listed when no fish were collected from that 
enclosure during the corresponding collection period. ND ≡ No data.

PAC Fish Collection Period Water Sampling Date
Water Concentration (ng/L)

Ref 1 Ref 2 CHV Dilbit

Phenanthrene N/A 3-Jul-18 4.02 9.29 1.95 4.46

Phenanthrene July 17-19 Estimate 3.33 5.48 N/A 3.03

Phenanthrene July 25-27 Estimate N/A 4.22 1.51 N/A

Phenanthrene Aug 1-9 7-Aug-18 2.64 1.68 1.29 1.6

Phenanthrene Sept 27-28 4-Sep-18 1.88 ND 4.75 2.92

Pyrene N/A 3-Jul-18 3.01 1.49 2.11 3.68

Pyrene July 17-19 Estimate 1.79 1.19 N/A 2.32

Pyrene July 25-27 Estimate N/A 1.08 1.33 N/A
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Pyrene Aug 1-9 7-Aug-18 0.57 0.88 0.94 0.97

Pyrene Sept 27-28 4-Sep-18 0.51 ND 1.07 0.53

Chrysene N/A 3-Jul-18 1.1 0.99 0.61 3.75

Chrysene July 17-19 Estimate 0.71 0.58 N/A 2.03

Chrysene July 25-27 Estimate N/A 0.44 0.42 N/A

Chrysene Aug 1-9 7-Aug-18 0.31 0.17 0.32 0.31

Chrysene Sept 27-28 4-Sep-18 0.23 ND 0.49 0.18

Table S2: Sediment parent PAC concentrations in each enclosure for each fish collection period. N/A is listed when no fish were collected from that 
enclosure during the corresponding collection period. ND ≡ No data.

PAC Fish Collection Period Sediment Sampling Date
Sediment Concentration (ng/L)

Ref 1 Ref 2 CHV Dilbit

Phenanthrene July 17-19 12-Jul-21 2.42 1.59 25.43 11.08

Phenanthrene July 25-27 Estimate N/A 1.44 29.43 N/A

Phenanthrene Aug 1-9 9-Aug-21 2.63 1.28 33.42 7.67

Phenanthrene Sept 27-28 ND ND ND ND ND

Pyrene July 17-19 12-Jul-21 1.7 1.46 15.72 6.83

Pyrene July 25-27 Estimate N/A 2.24 30 N/A

Pyrene Aug 1-9 9-Aug-21 8.49 3.02 44.29 22.08

Pyrene Sept 27-28 ND ND ND ND ND

Chrysene July 17-19 12-Jul-21 0.37 0.1 3.2 2.84

Chrysene July 25-27 Estimate N/A 0.09 9.53 N/A

Chrysene Aug 1-9 9-Aug-21 0.27 0.09 15.86 0.67

Chrysene Sept 27-28 ND ND ND ND ND

S2 Additional Metrics of Experimental Fish

Table S3: The sex and bile mass of experimental fish from the first collection period (late July-early Aug). FHM ≡ fathead minnow, FSD ≡ finescale 
dace, Unk ≡ unknown; the sex of some fish was indeterminate at the time of collection, for others the information was lost.

Enclosure Species Fish

Sex Bile Mass (mg)

Male Female Unk Median Mean SD Low High

Ref 1

FHM 2 2 - - - 7.54 - 6.99 8.1

FSD 10 5 5 - 4.79 4.62 2.44 0.54 8.6

Unknown 2 - - 2 - 3.74 - 3.69 3.78

All 14 7 5 2 4.79 4.91 2.35 0.54 8.6

Ref 2

FHM 5 2 3 - 2.31 4.73 2.74 2.31 7.86

FSD 16 5 11 - 6.64 7.43 4.38 1.36 16

Unknown 2 - - 2 - 5.24 - 3.44 7.04

All 23 7 14 2 6.64 6.65 4.02 1.36 16

CHV

FHM 2 1 1 - - 9 - 7.95 10

Unknown 2 - - 2 - 9.57 - 8.22 10.9

All 4 1 1 2 9.13 9.28 1.43 7.95 10.9

Dilbit

FHM 1 - 1 - - 3.34 - - -

FSD 1 - 1 - - 11.8 - - -

All 2 - 2 - - 7.57 - 3.34 11.8

http://dx.doi.org/10.19080/IJESNR.2022.30.556293


How to cite this article:   Jamie D, Lisa P, Gregg T, Lauren T, Vince P. Assessing Exposure of Small-Bodied Fish to Polycyclic Aromatic Compounds from 
Crude Oil Spills using Biliary Metabolites. Int J Environ Sci Nat Res. 2022; 30(4): 556293. DOI: 10.19080/IJESNR.2022.30.556293013

International Journal of Environmental Sciences & Natural Resources

Table S4: Body length and metabolite detection rates of experimental fish from the first collection period (late July-early Aug). Unk ≡ unknown, 
mdn ≡ median; PHE ≡ phenanthrols; 1-PYR ≡ 1-pyrenol, 2-CHR ≡ 2-chrysenol. For phenanthrol, any samples below the limit of quantitation are 
considered non-detects. For 1-pyrenol and 2-chrysenol, limits of quantitation and limits of detection are not available and only non-detects are 
reported. 2-chrysenol was not quantified in all fish.

Enclosure Species Fish
Body Length (mm) Percent Detection

Mdn Mean SD Low High PHE 1-PYR 2-CHR

Ref 1

FHM 2 - 58 - 57 59 100 100 100

FSD 10 52.5 51.7 7.1 40 63 100 100 89

Unk 2 N/A N/A N/A N/A N/A 100 100 100

All 14 54 52.8 6.9 40 63 100 100 91

Ref 2

FHM 5 50 52.4 3.4 50 57 100 100 100

FSD 16 54 53.6 4.6 46 63 100 100 89

Unk 2 N/A N/A N/A N/A N/A 100 100 N/A

All 23 54 53.3 4.3 46 63 100 100 92

CHV

FHM 2 - 60 - 58 62 100 100 100

Unk 2 N/A N/A N/A N/A N/A 100 100 N/A

All 4 - - - - - 100 100 100

Dilbit

FHM 1 - 53 - - - 100 100 100

FSD 1 - 56 - - - 100 100 100

All 2 - 54.5 - 53 56 100 100 100

Table S5: The sex and bile mass of experimental fish from the second collection period (Sept). Unk ≡ unknown; the sex of some fish was 
indeterminate at the time of collection, for others the information was lost.

Enclosure Species Fish

Sex Bile Mass (mg)

Male Female Unk Median Mean SD Low High

Ref 1

FHM 5 - - 5 2.35 2.22 0.69 1.09 2.78

FSD 6 2 3 1 1.8 1.93 1.23 0.4 3.78

All 11 2 3 6 2.12 2.06 0.98 0.4 3.78

Ref 2

FSD 6 1 5 - 4.72 5.26 2.07 3.55 9.16

NRBD 1 - 1 - - 4.17 - - -

All 7 1 6 - 4.2 5.11 1.94 3.55 9.16

CHV FSD (all) 4 1 3 - 3.37 3.34 1.74 1.19 5.42

Dilbit

FHM 1 - 1 - - 2.68 - - -

FSD 9 2 7 - 4.74 4.24 1.57 1.11 6.32

All 10 2 8 - 4.15 4.08 1.56 1.11 6.32

Table S6: Body length and metabolite detection rates of experimental fish from the second collection period (Sept). Mdn ≡ median; PHE ≡ 
phenanthrols; 1-PYR ≡ 1-pyrenol, 2-CHR ≡ 2-chrysenol.For phenanthrol, any samples below the limit of quantitation are considered non-detects. 
For 1-pyrenol and 2-chrysenol, limits of quantitation and limits of detection are not available and only non-detects are reported. 2-chrysenol was 
not quantified in all fish.

Enclosure Species Fish

Body Length (mm) Percent Detection

Mdn Mean SD Low High PHE 1-PYR 2-CHR

Ref 1

FHM 5 38 38 1 37 39 100 100 N/A

FSD 6 48 46.5 6.1 36 53 100 100 N/A

All 11 39 42.6 6.2 36 53 100 100 N/A

Ref 2

FSD 6 53.5 52.8 4.1 46 57 100 100 100

NRBD 1 - 45 - - - 100 100 100

All 7 52 51.7 4.8 45 57 100 100 100
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CHV FSD (all) 4 47 47.3 10.3 37 58 100 100 25

Dilbit

FHM 1 - 55 - - - 100 100 100

FSD 9 48 46.8 7.5 34 55 100 100 100

All 10 48.5 47.6 7.5 34 55 100 100 100

S3 Metabolite Calibration Curves

The calibration curves (using the average of three trials) validating the use of a single concentration response factor of each metabolite are shown 
below. Responses for 1-pyrenol and 2-chrysenol were off-scale at 250 ng/mL and were only assessed from 1-100ng/mL.

S3.1 1-phenanthrol

Table S7: 1-phenanthrol concentration curve fluorescent responses (μV·Min).

Concentration (ng/mL) Trial 1 Trial 2 Trial 3 Average Std Dev

1 763.8 642.2 708.9 704.967 60.8954

2 1563.2 1661.5 1627.5 1617.4 49.9222

5 4198.9 4398.2 4182.3 4259.8 120.145

10 8605.2 8532.7 8366.7 8501.53 122.266

25 22157.4 22112.9 21144.4 21804.9 572.442

50 45192.4 45832.8 42529.9 44518.4 1751.58

100 91486.4 90016.7 84711.9 88738.3 3563.58

250 242788 226498 211928 227071 15438.3

R² 0.99945 0.99998 1 0.99993  

S3.2 1-pyrenol

Table S8: 1-pyrenol concentration curve fluorescent responses (μV·Min).

Concentration (ng/mL) Trial 1 Trial 2 Trial 3 Average Std Dev

1 4466.2 4475.1 3946.4 4295.9 302.709

2 8781.6 9171 8687.9 8880.17 256.189

5 23205.8 23698 22841.6 23248.5 429.791

10 46390.3 46708.5 44827.8 45975.5 1006.62

25 120135 119511 115516 118387 2506.39

50 248315 255231 235416 246321 10056.9

100 508572 501195 484895 498221 12115.5

R² 0.99978 0.99973 0.99977 0.99987  

S3.3 2-chrysenol

Table S9: 2-chrysenol concentration curve fluorescent responses (μV·Min).

Concentration (ng/mL) Trial 1 Trial 2 Trial 3 Average Std Dev

1 2548.1 2917.5 2846.8 2770.8 196.077

2 4430.4 5021.2 5232.6 4894.73 415.784

5 12994.7 12402.1 12575.1 12657.3 304.732

10 25852.2 26851.3 26224.6 26309.4 504.915

25 67364 68962.2 67996.6 68107.6 804.861

50 140569 147634 136270 141491 5737.77

100 296802 290948 281056 289602 7958.71

R² 0.99907 0.99968 0.99974 0.9997  
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S3.4 3-benzo[a]pyrenol

Benzo[a]pyrenol calibration curves were affected by the retention of a small amount of compound on the chromatographic column after each 
standard. Standard curves with blanks after each injection were not evaluated after no 3-benzo[a]pyrenol was detected in experimental fish.

Table S10: 3-benzo[a]pyrenol concentration curve fluorescent responses (μV·Min).

Concentration (ng/mL) Trial 1 Trial 2 Trial 3 Average Std Dev

1 78.2 502 463.2 347.8 234.285

2 273.5 714.3 642.8 543.533 236.573

5 1301.2 2064.4 1871.1 1745.57 396.784

10 3994.7 4862.4 4689.2 4515.43 459.208

25 14574.3 16080.7 15180.7 15278.6 757.954

50 36947.2 39537.5 36080.9 37521.9 1798.53

100 89040 90671.5 85908.2 88539.9 2420.71

250 280199 258467 249432 262699 15814.4

R² 0.99178 0.99657 0.99552 0.99475  

S4 Metabolite Summary Data for the First Collection Period (Late July/Early August)

Table S11: Summary data for phenanthrol metabolites by enclosure and species for the first collection period (late July/early Aug). FHM ≡ fathead 
minnow, FSD ≡ finescale dace, CHV ≡ conventional heavy crude oil, dilbit ≡ diluted bitumen, ref ≡ reference.

Enclosure Species  Fish

Phenanthrols (ng/mL)

Mean Median Std dev Min Max

Ref 1

FHM 2 200.6 - - 127.3 274

FSD 10 225.9 242.7 80.6 53.4 355.1

Unknown 2 119.1 - - 118.8 119.4

All 14 207.1 224.9 82.4 53.4 355.1

Ref 2

FHM 5 160 189.6 107.9 17.3 267.4

FSD 16 216.1 226.8 78.7 81.4 345.7

Unknown 2 342.1 - - 287.5 396.8

All 23 214.8 226.9 93.6 17.3 396.8

CHV

FHM 2 52.1 - - 8.58 95.6

Unknown 2 106.7 - - 67.7 184.7

All 4 79.4 62.1 79.5 8.58 184.7

Dilbit

FHM 1 199.3 - - - -

FSD 1 682.2 - - - -

All 2 440.7 - - 199.3 682.2

Table S12: Summary data for 1-pyrenol by enclosure and species for the first collection period (late July/early Aug). FHM ≡ fathead minnow, FSD 
≡ finescale dace, CHV ≡ conventional heavy crude oil, dilbit ≡ diluted bitumen, ref ≡ reference.

Enclosure Species  Fish

1-pyrenol (ng/mL)

Mean Median Std dev Min Max

Ref 1

FHM 2 137.1 - - 60.9 213.4

FSD 10 67.3 64.3 26.4 36.6 130.2

Unknown 2 129.2 - - 107.4 151

All 14 86.1 67.5 49.1 36.6 213.4

Ref 2

FHM 5 99 85.5 64 23.4 177.8

FSD 16 75.9 69.9 47.8 12.6 181.6

Unknown 2 79.2 - - 54.6 103.8

All 23 81.2 74.5 49.5 12.6 181.6
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CHV

FHM 2 94.4 - - 25.2 163.7

Unknown 2 135.3 - - 78.1 192.4

All 4 114.8 120.9 77 25.2 192.4

Dilbit

FHM 1 50.7 - - - -

FSD 1 243.3 - - - -

All 2 147 - - 50.7 243.3

Table S13: Summary data for 2-chrysenol by enclosure and species for the first collection period (late July/early Aug). FHM ≡ fathead minnow, FSD 
≡ finescale dace, CHV ≡ conventional heavy crude oil, dilbit ≡ diluted bitumen, ref ≡ reference, ND ≡ no detect.

Enclosure Species  Fish

2-chrysenol (ng/mL)

Mean Median Std dev Min Max

Ref 1

FHM 2 37.9 - - 11.6 64.1

FSD 9 19.6 7.6 23.7 ND 68.1

All 11 22.9 11.6 25.4 ND 68.1

Ref 2

FHM 2 11.6 - - 7.1 16.1

FSD 10 28.3 21.7 28.8 ND 87.1

All 12 25.5 17.2 26.9 ND 87.1

CHV - - - - - - -

Dilbit

FHM 1 40.2 - - - -

FSD 1 63.8 - - - -

All 2 52 - - 40.2 63.8

S5 Metabolite Summary Data for the Second Collection Period (September)

Table S14: Summary data for phenanthrols by enclosure and species for the second collection period (Sept). FHM ≡ fathead minnow, FSD ≡ 
finescale dace, NRBD ≡ northern red belly dace, CHV ≡ conventional heavy crude oil, dilbit ≡ diluted bitumen, ref ≡ reference.

Enclosure Species  Fish

Phenanthrols (ng/mL)

Mean Median Std dev Min Max

Ref 1

FHM 5 67.4 71.8 33.8 24.4 101.6

FSD 6 101.2 80.5 64.6 33.9 210.5

All 11 85.8 71.8 53.5 24.4 210.5

Ref 2

FSD 6 176.1 182.6 21.1 146.3 196.1

NRBD 1 33.6 - - - -

All 7 155.8 178.1 57.2 33.6 196.1

CHV FSD (all) 4 137.3 146.5 67.7 50.1 206.3

Dilbit

FHM 1 273.1 - - - -

FSD 9 219.7 205.4 60.3 116.1 331.2

All 10 225 206.9 59.3 116.1 331.2

Table S15: Summary data for 1-pyrenol by enclosure and species for the second collection period (Sept). FHM ≡ fathead minnow, FSD ≡ finescale 
dace, NRBD ≡ northern red belly dace, CHV ≡ conventional heavy crude oil, dilbit ≡ diluted bitumen, ref ≡ reference.

Enclosure Species  Fish

1-pyrenol (ng/mL)

Mean Median Std dev Min Max

Ref 1

FHM 5 21.4 20.4 17.1 1.2 45.1

FSD 6 33 21.3 21.9 16.3 64

All 11 27.7 20.4 19.8 1.2 64

Ref 2

FSD 6 10.4 9.1 5.5 4.6 20.6

NRBD 1 4.6 - - - -

All 7 9.6 8.6 5.5 4.6 20.6
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CHV FSD (all) 4 79.6 69.9 39.5 47.3 131.2

Dilbit

FHM 1 42.4 - - - -

FSD 9 58.9 43.3 34.7 25.5 134.3

All 10 57.2 42.8 33.1 25.5 134.3

Table S16: Summary data for 2-chrysenol by enclosure and species for the second collection period (Sept). FHM ≡ fathead minnow, FSD ≡ 
finescale dace, NRBD ≡ northern red belly dace, ND ≡ no detect, CHV ≡ conventional heavy crude oil, dilbit ≡ diluted bitumen, ref ≡ reference.

Enclosure Species  Fish
2-chrysenol (ng/mL)

Mean Median Std dev Min Max

Ref 2 (E2)

FSD 6 6.9 6.7 3.5 2.4 11.1

NRBD 1 3.4 - - - -

All 7 6.4 5.9 3.5 2.4 11.1

CHV FSD (all) 4 0.4 ND 0.7 ND 1.4

Dilbit 

FHM 1 27.9 - - - -

FSD 9 52.9 50.4 28.2 18.3 109.2

All 10 50.4 46.9 27.7 18.3 109.2
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