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ARTICLE INFO ABSTRACT

Keywords: Polycyclic aromatic compounds (PACs) - a large group of organic chemicals naturally present in petroleum
Water contaminants deposits (i.e., petrogenic) or released into the environment by incomplete combustion of organic materials (i.e.,
Oil wells

pyrogenic) - represent a potential risk to the health of aquatic ecosystems. In high latitude freshwater ecosystems,
concentrations of PACs may be increasing, yet there are limited studies in such systems to assess change and to
understand threats. Using 10 years of contemporary data from passive samplers deployed across five regions (n
= 43 sites) in the Mackenzie River Basin, we (i) describe baseline levels of PACs, (ii) assess spatiotemporal
patterns, and (iii) evaluate the extent to which environmental factors (fire, snowmelt, and proximity to oil
infrastructure) influence concentrations in this system. Measured concentrations were low, relative to those in
more southern systems, with mixtures primarily being dominated by non-alkylated, low molecular weight
compounds. Concentrations were spatially consistent, except for two sites near Norman Wells (an area of active
oil extraction) with increased levels. Similarly, observed annual variation was minimal, with 2014 having
generally higher levels of PACs. We did not detect effects of fire, snowmelt, or oil infrastructure on concentra-
tions. Taken together, our findings suggest that PACs in the Mackenzie River are currently at low levels and are
primarily petrogenic in origin. They further indicate that ongoing monitoring and testing of environmental
drivers (especially at finer spatial scales) are needed to better predict how ecosystem change will influence PAC
levels in the basin and in other northern systems.

Northwest Territories
Lotic ecosystems
Snow

Fire

Laender et al., 2011; Provencher et al., 2020). As some PACs are known
carcinogens and some are cardiotoxic, genotoxic, and immunotoxic for

1. Introduction

Polycyclic aromatic compounds (PACs) — a group of >100 lipophilic
organic chemicals — are formed under low temperature and high-
pressure conditions over geological time scales (i.e., petrogenic) or
released from the rapid and incomplete combustion of organic matter at
high temperatures (i.e., pyrogenic) and can persist in the environment
by binding to sedimentary organic carbon (Abdel-Shafy and Mansour,
2016; Wallace et al., 2020; Hsieh et al., 2021). In high-latitude marine
and freshwater ecosystems, PACs have been documented at all trophic
levels, with apparent recent increases in lower trophic level biota (De
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vertebrates and invertebrates (Bolden et al., 2017; Idowu et al., 2019;
Wallace et al., 2020; Gyasi et al., 2022), understanding the extent to
which PACs represent potential threats to northern freshwater ecosys-
tems and implementing effective monitoring requires quantifying
baseline levels of PACs across a broad geographic scale (Elmes et al.,
2016). Yet there are scant data describing PACs in freshwater ecosys-
tems of Arctic and subarctic North America (Balmer et al., 2019; Marvin
et al., 2021; but see Yunker et al., 2002; Mundy et al., 2019; Lévesque
et al., 2023). Further, proximate factors and the transport pathways that
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influence observed spatial and annual patterns in PACs, especially in
northern systems, remain poorly understood, limiting our ability to
predict how ongoing environmental change may affect occurrence and
distribution of these pollutants.

Northern Canada’s largest watershed, the Mackenzie River Basin
covers a surface area of approximately 1.8 x 10° km?, which is currently
being impacted by climate change, while also being increasingly
developed for mining and oil and gas extraction (Woo, 2008; Rood et al.,
2017; Culp et al., 2023). Hydrocarbon reserves with natural seepage and
extraction sites are located throughout the basin, including near the
community of Norman Wells, Northwest Territories, where oil extrac-
tion operations have been present for over a century (Bone and Mahnic,
1984; Lockhart et al., 1987; Headley et al., 2002; Lumb et al., 2006).
These reserves and associated operations, as well as erosion of geolog-
ical formations, influence Mackenzie River Basin PAC levels, and while
most early research in this system indicates a predominance of petro-
genic PACs (i.e., with alkyl substituents, typically <3 aromatic rings,
lower molecular weight) that are released by hydrological processes,
such studies primarily measured PACs in sediments and suspended
particulates, rather than surface water (Carey et al., 1990; Yunker and
Macdonald, 1995; Headley et al., 2002; Yunker et al., 2011). This early
work suggests that source attribution of PACs in the Mackenzie River is
distinct from other high-latitude riverine systems, where pyrogenic
source (wood combustion) PACs (i.e., mainly ‘parent’ PACs — without
alkyl groups — and predominantly with higher molecular weights) often
dominate mixtures (Yunker et al., 2002; Elmquist et al., 2008), How-
ever, there are limited contemporary data to evaluate whether source
inputs have changed concurrent with ongoing global change during
recent decades (Muir and Galarneau, 2021).

For example, wildfires have typically increased (in terms of burned
area) at high latitudes, especially in western North America, and could
be becoming a more important source of PACs in the Mackenzie Basin.
Wildfire-derived PACs could enter the system either from transport of
contaminated soil and ash via runoff, or through atmospheric transport
and subsequent deposition of volatilized compounds (Jones et al., 2022;
Kieta et al., 2023), with elevated atmospheric PACs related to forest-fire
events being observed at great distances from the fires (Yu et al., 2019).
Although atmospheric contributions of PACs, especially those from
human and industrial activities, are considered minimal in the Mack-
enzie Basin, the relative contribution of this transport pathway may
have changed in recent decades (Tevlin et al., 2021; Li et al., 2022). In
particular, PACs that are transported in the atmosphere during the
winter period can be deposited on and accumulate in snowpacks in cold
regions (Ahad et al., 2021; Vecchiato et al., 2024). Evidence of PACs
from snowpack being found in riverine surface water samples is equiv-
ocal, however, and may be dependent on surrounding landscape (Birks
et al., 2017; Nguyen et al., 2018).

To characterize a suite of 42 PACs in surface water throughout the
Mackenzie River Basin and to better understand which processes could
be influencing variation in PACs in this northern freshwater ecosystem,
we analyzed ten years (2012-2021) of surface water data collected
across the basin by the Northwest Territories’ Community Based
Monitoring (CBM) (NWT-wide Community-based Water Quality Moni-
toring Program, 2022). Our specific objectives were to i) describe
baseline levels of PACs at a basin-wide scale; ii) characterize spatial and
annual patterns of PACs (relative abundance and concentrations) in
surface water; and iii) to evaluate how variability in extent of wildfire,
amount of snowmelt, and presence of oil infrastructure might influence
these patterns. Based on historic data, we expected that levels of PACs in
surface water would be low, relative to more anthropogenically affected
systems, and that petrogenic PACs would dominate mixtures (Yunker
and Macdonald, 1995; Yunker et al., 2011). We also expected that
burning of soil and vegetation during wildfires would lead to elevated
levels of soil-bound (i.e., high molecular weight) pyrogenic PACs in the
watershed and that subsequent runoff would influence the PACs detec-
ted in surface water (Kieta et al., 2023). Specifically, we anticipated that
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increasing fire extent in the year preceding our measurements would
result in elevated concentrations of higher molecular weight PACs in our
samples. Although transfer of atmospherically-derived PACs (deposited
onto the snowpack) and snowmelt-induced pulses in PACs have been
observed in some systems (alpine and urban streams), we did not expect
this pathway would be significant in the Mackenzie River Basin, where
atmospheric contributions of most PACs are minimal (Yunker et al.,
1993). Rather, we predicted that increasing snowmelt would dilute PAC
concentrations in surface water, resulting in a negative relationship
between measured levels and snowpack in the preceding year. Finally,
because we assumed that presence of oil infrastructure (i.e., petroleum
wells) on the landscape would reflect the presence of natural deposits of
hydrocarbons, we expected to observe a positive relationship between
the relative abundance of petrogenic PACs and the number of wells in
the surrounding area.

2. Materials and methods
2.1. Data collection and preparation

2.1.1. Polycyclic aromatic compounds

To conduct our analyses, we compiled data from 2012 to 2021,
collected by the CBM (NWT-wide Community-based Water Quality
Monitoring Program, 2022). To augment the sampling sites for this
dataset, we also included concentrations from samples we collected in
2021. In both cases, lipid-free polyethylene membrane devices (PMDs)
were deployed to passively sample PACs that are most bioavailable to
aquatic species (i.e., lighter and more water-soluble; Wallace et al.,
2020) over a 15-30 day period between June and September. We
acknowledge that PMDs consistently under sample PACs that bind to
sediment (i.e., high molecular weights) and may not provide a
comprehensive assessment of all PACs (Gustafson and Dickhut, 1997;
Mzoughi and Chouba, 2011; Rabodonirina et al., 2015), but as indicated
by others, maintain that these types of samplers are a valuable tool for
beginning to understand ecological risk (Lohmann, 2012; Alvarez et al.,
2014).

Performance reference compounds (PRCs) were spiked inside each
PMD during fabrication. PRCs were used to calculate PAC concentra-
tions, while accounting for variable temperature, water flow, and build
up on the membrane during deployment (McGrath and Di Toro, 2009).
We placed PMDs at various sites (ranging from 60 to 68.6° N; n = 43
sites) across the Arctic drainage area and the Great Slave Lake drainage
area of the Mackenzie River Basin (Fig. 1), with the final dataset
comprising 480 samples (1-31 samples per site) and 42 measured PACs
(Table A1). All PMDs were analyzed at the Biogeochemical Analytical
Service Laboratory at the University of Alberta, with detailed analytical
methods available elsewhere (Anderson et al., 2008; Alvarez, 2010). All
measured PACs had method detection levels less than 3.3 ng/L. Fabri-
cation blanks, certified reference material, and duplicate samples were
used as quality control measures. The relative percent difference be-
tween duplicates was <7%, well below the recommendation of <20%
for reliable results (Kelly et al., 2009).

To prepare data for analyses, we replaced all measurements less than
the detection limit with half the detection limit (Fromme et al., 2004;
Wan et al., 2007; Ratelle et al., 2020, see Tables A2 and A3). To reduce
statistical issues related to collinearity and the impact of non-detects, we
then summed measured PACs into six sub-class groupings representing
PACs of interest, due to relationships with source attribution and
toxicity (Ahad et al., 2021; Provencher et al., 2022; Thomas et al., 2022).
Sub-class included parent lower molecular weight compounds (PLMW),
parent higher molecular weight compounds (PHMW), parent heterocy-
clic aromatic compounds (PHET), alkylated lower molecular weight
compounds (ALMW), alkylated higher molecular weight compounds
(AHMW), and alkylated heterocyclic aromatic compounds (AHET)
(Table Al).
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Fig. 1. An overview of the sampling locations and frequencies over the sample period (2012-2021) in the Mackenzie River basin with Northwest Territories, Canada

administrative regions outlined.

2.1.2. Environmental covariates

We extracted landscape-level data including snowmelt, wildfire burn
areas, and both federally and non-federally regulated oil wells. To select
the most appropriate spatial resolution for data extraction, we used a
Principal Components Analysis (PCA) of the six PAC sums to assess the
variance attributed to the differing levels of spatial aggregation in PACs
(major basins, sub basins, and sub-sub basins) in the watershed
boundaries (National Hydro Network, 2020). We visually determined
that very little variation existed at any level (see Figure A1). Therefore,
we extracted snowmelt and burn area data at the major basin level. We
removed parts of the watershed that were not located on the mainland (i.
e., Canadian Arctic Archipelago) to more accurately determine the in-
fluence of environmental covariates on water in the Mackenzie River
basin.

To estimate annual snowmelt, we obtained snow water equivalent
(mm) measurements within the watersheds in April of the year of PAC
measurements using the ERA5-Land dataset (Munoz Sabater, 2019;
Mortimer et al., 2020), which is the optimal time to measure peak
snowfall for the winter. Snow water equivalent is measured as the depth

of the water if the snow melted and spread evenly over the grid box (9
km grid spacing across the watershed). We extracted the area of wildfire
burn for each major basin that included sampling locations in the year
prior to PAC measurements from a dataset compiled by Robinne (2020).
The Office of the Regulator of Oil & Gas Operations and the Canada
Energy Regulator provided oil well locations, from which we deter-
mined the number of oil wells within 10 km of each site using QGIS
version 3.28.3- Firenze (QGIS Development Team, 2022), assuming that
wells within this radius were a suitable proxy for natural hydrocarbon
deposits in the area.

2.2. Statistical analysis

All statistical analyses and plotting were conducted in R version 4.2.2
(R Core Team, 2022). Figures were produced using the packages ggplot2
(Wickham, 2016), ggpubr (Kassambara, 2023), and gridExtra (Auguie,
2017). Prior to analysis, all PAC sums (total PACs, PLMW, PHMW,
PHET, ALMW, AHMW, AHET) were log-transformed to achieve normal
distributions.
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We used linear mixed models (LMM) to determine the impact of
environmental covariates on PAC concentrations using the package
Imertest (Kuznetsova et al., 2017). LMMs allow us to account for
covariance among clustered measurements at the site, year, and month
levels while focusing on the effects of environmental covariates on PACs
(Littell et al., 2006). The random effects structure was selected by
comparing structures using the model with the most parameters (Zuur
et al., 2009). As we were more interested in the environmental factors
affecting PAC concentrations compared to the spatial and temporal
variation, we included site and year within the random structure. We
also used month within year in the random structure as the PMDs were
not deployed every month in every year. First, we investigated the sum
of all PACs as our response variable. Next, we focused on four PAC
groups: PLMW, ALMW, PHMW, and AHMW. We chose PLMW and
ALMW because they are indicative of a petrogenic source (Neff et al.,
2005; Stogiannidis and Laane, 2015), and preliminary data summaries
indicated that PLMW and ALMW PACs were the most abundant in the
Mackenzie River basin. To incorporate more pyrogenic PACs, we chose
PHMWSs and AHMWs because they were more variable between years
and sites compared to PHET and AHET during preliminary analyses.

We constructed a candidate model set for each response variable (see
Table A4). We compared the relative strength of support for the inclu-
sion of each environmental factor using Akaike’s Information Criterion
and Akaike weights (w;) to rank models (Burnham and Anderson, 2002;
Carreira et al., 2023). Our predictor variables included the number of oil
wells within 10 km of the PMD deployment site, burn percentage in the
previous year, and snow water equivalent (referred to as snowmelt from
this point forward). All predictor variables were standardized (con-
verted to z-scores) to avoid scaling issues. Burn percentage and snow-
melt were correlated and not used in the same models (r = —0.7). We
also included quadratic terms for our three predictor variables to test for
potential non-linear relationships. Conclusions regarding fixed effects
was based on precision (85% confidence intervals, CI) of the regression
coefficient (f) (Arnold, 2010).

Afterwards, we completed a post-hoc analysis to determine if there
were any differences between sites or administrative regions (see Fig. 1)
that may indicate that more fine-scale environmental factors not
sampled in this study could be influencing PAC levels and composition
at a scale smaller than a water basin. These post-hoc mixed effects
models included year and month within year in the random structure.
We used packages multcomp (Hothorn et al., 2008) and emmeans
(Lenth, 2023) to determine differences between sites or regions within

Table 1
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the model.
3. Results
3.1. Baseline levels and observed patterns

Across all sampled locations of the Mackenzie River Basin, surface
water concentrations of PACs (all compounds combined) were typically
low, ranging from just over 3 ng/L in some years to a high of approxi-
mately 300 ng/L in 2014, with parent compounds consistently being the
dominant class (Table 1). Across the PAC sub-classes, low molecular
weight compounds were typically more prevalent than either high mo-
lecular weight or heterocyclic compounds, with the latter consistently
being the lowest in relative abundance (and therefore not investigated
further in this study). In most years, PLMWs were the predominant PAC
sub-class. ALMWs were usually the second greatest contributor to the
summed PAC concentrations, apart from 2012 to 2013, when their
relative contribution was greater than that of PLMWs (Table 1). Con-
centrations of total PACs were generally similar across sites, although
concentrations of lower molecular compounds (both PLMW and ALMW)
in 2014 were higher to the north and west of Great Slave Lake, with
smaller increases in PHMWs and AHMWs (Fig. 2). In 2017, there was a
noticeable increase in levels of all sub-classes west of Great Bear Lake.

The composition of PAC mixtures across regions tended to follow the
same general patterns as at the basin level, where in most cases, the
parent compounds were more abundant than alkylated compounds
(Fig. 3). The temporal trend of increased relative abundance of ALMWs
compared to PLMWs in 2012 and 2013 was observed in all five regions,
while in most other years and regions, PLMWSs were more dominant than
ALMWs (Fig. 3). These trends were also similar for higher molecular
weight compounds. In 2012 and 2013, relative abundance of AHMWs
was consistently greater or equal to that of PHMWs across regions,
except for the North Slave region. In most other cases, the relative
abundance of PHMWSs was greater than that of AHMWs, especially in
2015 (all regions), when the ratio of AHMWs to PHMWs decreased
substantially (Fig. 2). Overall, the temporal trends were similar between
regions.

Regarding differences in concentrations of specific PACs, some PACs
were above the detection level in over 50% of samples in all regions
(Phenanthrene, Benz[a]lanthracene, Benzo[b]fluoranthene, Chrysene,
Fluoranthene, Pyrene, C1-C3 Fluorene, C3-C4 Naphthalene, C1-C3
Phenanthrenes/anthracenes, C1-C2 Chrysenes, and C1 Fluoranthenes/

Summary of the mean, standard deviation (SD), and range of PAC concentrations by year and sub-class (ng/L). PAC sub-classes include parent lower molecular weight
(PLMW), parent higher molecular weight (PHMW), parent heterocyclic (PHET), alkylated lower molecular weight (ALMW), alkylated higher molecular weight

(AHMW), and alkylated heterocyclic (AHET).

Year PACs Parent PACs PLMW PHMW PHET Alkylated PACs ALMW AHMW AHET
2012 Mean (SD) 7.16 (3.56) 1.78 (0.84) 1.43 (0.78) 0.32 (0.16) 0.03 (0.04) 5.38 (3.17) 4.51 (2.90) 0.49 (0.41) 0.39 (0.24)
Range 1.85-19.57 0.79-4.53 0.59-4.14 0.07-0.67 0.01-0.14 0.85-17.14 0.81-15.84 0.01-1.65 0.01-0.99
2013 Mean (SD) 11.43 (14.15) 4.85 (7.69) 3.65 (6.58) 1.14 (2.81) 0.07 (0.11) 6.57 (8.57) 4.72 (5.66) 1.14 (1.63) 0.71 (1.58)
Range 3.12-96.73 1.82-57.71 1.68-56.57 0.11-22.28 0.02-0.58 1.16-61.21 0.86-39.30 0.12-11.01 0.01-10.90
2014 Mean (SD) 37.91 (47.41) 21.62 (30.77) 17.72 (28.75) 3.78 (6.50) 0.11 (0.09) 16.29 (21.43) 14.04 (18.51) 1.51 (2.64) 0.74 (1.83)
Range 3.30-303.92 2.49-248.99 1.32-246.16 0.02-31.77 0.08-0.53 0.58-94.86 0.52-89.79 0.02-18.42 0.05-12.45
2015 Mean (SD) 11.80 (14.45) 6.61 (8.06) 5.07 (5.00) 1.43 (3.85) 0.11 (0.18) 5.20 (7.19) 4.76 (6.42) 0.19 (0.38) 0.24 (0.57)
Range 3.21-92.41 2.57-62.77 2.33-37.51 0.04-24.08 0.08-1.33 0.58-40.54 0.52-36.73 0.02-2.20 0.04-4.20
2016 Mean (SD) 15.05 (21.09) 11.04 (18.84) 10.10 (18.75) 0.86 (2.20) 0.08 (0.02) 4.01 (4.50) 3.55(3.99) 0.30 (0.44) 0.16 (0.28)
Range 3.15-153.52 2.57-133.96 2.39-133.39 0.02-13.28 0.08-0.26 0.58-25.15 0.52-21.96 0.02-2.46 0.05-1.95
2017 Mean (SD) 14.29 (8.69) 9.42 (5.33) 8.45 (4.80) 0.88 (1.64) 0.08 (0.03) 4.88 (4.86) 4.38 (4.30) 0.31 (0.37) 0.19 (0.36)
Range 3.01-50.99 2.43-22.18 2.33-20.97 0.03-10.31 0.08-0.30 0.58-28.81 0.52-24.45 0.02-2.05 0.05-2.30
2018 Mean (SD) 14.76 (12.50) 9.51 (8.51) 8.92 (8.48) 0.50 (0.44) 0.09 (0.03) 5.25 (5.92) 4.63 (5.53) 0.31 (0.26) 0.32 (0.39)
Range 3.15-39.97 2.56-25.76 2.40-25.44 0.05-1.80 0.08-0.17 0.58-18.71 0.52-16.53 0.02-1.01 0.05-1.60
2019 Mean (SD) 9.02 (5.38) 5.86 (3.30) 5.30 (2.82) 0.47 (0.54) 0.09 (0.03) 3.16 (2.35) 2.60 (1.70) 0.35 (0.58) 0.22 (0.19)
Range 3.38-21.99 2.70-13.05 2.47-11.00 0.06-1.87 0.08-0.18 0.68-8.94 0.60-6.31 0.03-1.97 0.05-0.66
2020 Mean (SD) 6.97 (2.57) 5.17 (1.93) 4.75 (1.80) 0.34 (0.29) 0.08 (0) 1.80 (1.09) 1.56 (0.89) 0.15 (0.19) 0.09 (0.07)
Range 3.39-12.27 2.72-9.32 2.43-8.49 0.03-0.99 0.08-0.08 0.58-3.84 0.52-3.58 0.02-0.64 0.05-0.30
2021 Mean (SD) 8.05 (4.43) 5.83 (4.04) 5.42 (4.01) 0.33 (0.25) 0.08 (0) 2.22(1.28) 1.85 (0.92) 0.24 (0.32) 0.12 (0.11)
Range 3.36-20.55 2.45-17.74 2.33-17.23 0.05-1.01 0.08-0.08 0.91-5.95 0.77-4.23 0.05-1.30 0.05-0.43
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Fig. 2. Scatterplots of log;o transformed polycyclic aromatic compound ratios for each administrative region of the Northwest Territories, Canada within the study
period. These ratios include alkylated lower molecular weights/parent lower molecular weights and alkylated higher molecular weights/parent higher molecular
weights. The error bars are standard deviation. The sample size for each region is at the top of each plot. The point where the abundance of both alkylated and parent

PACs are equal is marked with a dotted line.

pyrenes; see Table A2). Other PACs were above the detection level less
than 50% of the time for all regions (Biphenyl, Fluorene, Dibenzo[a,h]
anthracene, Ideno[1,2,3-c,d]pyrene, Dibenzothiophene, and C3-C4
Chrysenes). The region with the most PACs that were above the detec-
tion level for 50% or more of the samples was the Beaufort Delta Region
(29/42 PACs; see Table A2). The regions with the least PACs above the
detection level for over 50% of samples were the Dehcho and North
Slave regions (23/42 PACs). Some PACs that were detected in the
Beaufort Delta Region, but not the other regions were Acenaphthene and
C1 Dibenzothiophenes.

Regarding specific PAC differences between years, 2012, 2014, and
2018 had the most PACs that were detected in at least 50% of the
samples (30, 29, and 29 respectively; Table A3). The year with the least
samples detected at least 50% of the time was 2020 (18/42). The PACs
that were above the detection level in over 50% of samples for all years
were Benz[a]anthracene, Chrysene, Fluoranthene, Pyrene, C2 Fluorene,
C3 Naphthalene, C1-C3 Phenanthrenes/anthracenes, C1 Chrysenes, and
C1 Fluoranthenes/pyrenes (Table A3). The PACs that were above the
detection level less than 50% of the time for all years were Ideno[1,2,3-c,
d]pyrene, Dibenzothiophene, C3-C4 Chrysenes, and C4 Fluoranthenes/
pyrenes. PACs that were only above the detection level in over 50% of
samples for the years 2012, 2014, or 2018 were Biphenyl, Fluorene, and
Dibenzo[a,h]anthracene.

3.2. Processes influencing variation in PAC concentrations

For all five response variables, the most-supported model was the
random effects and intercept only model (Table 2). Accounting for
variation, the estimated average values for all the sub-classes were:
PLMWs 4.48 + 1.12 ng/L (Standard Deviation, SD), ALMWs 2.68 +
1.15 ng/L (SD), PHMWs 0.37 + 1.19 ng/L (SD), and AHMWs 0.19 +
1.21 ng/L (SD). The estimated value for total PACs was 9.20 + 1.11 ng/L
(SD).

There were two response variables that had a second-ranked model
with an Akaike weight equal to or above 0.10, providing only scant
evidence of any other effects of the environmental variables we
measured. Based on these weakly supported models, snowmelt and
PLMW levels may be negatively correlated (wi = 0.10; p = —0.04, 85%
CI = —0.07 to —0.01). In addition, AHMW levels might be negatively
correlated with fire (wi = 0.17; f = —0.09, 85% CI = —0.15 to —0.02).
No quadratic terms were in any of the higher ranked models.

Post-hoc tests for location (controlled by year and month) indicate
that the sum of all PACs differed between regions (F4 464 = 3.23, p =
0.012) and sites (F42420 = 5.77, p < 0.001, Fig. 4). While there were
many differences between various sites across the study area, there was
no clear spatial pattern. However, two Norman Wells sites (out of six) in
the Sahtu region had significantly (p < 0.05) higher levels of PACs than
28 of the other 41 sites.
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Fig. 3. Spatial and temporal patterns of polycyclic aromatic compound (PACs) sub-classes. Each site has a median value for that year. The maps of the study areas are
separated by years and PAC sub-classes: parent heterocyclic aromatic compounds (PHET), parent lower molecular weights (PLMW), parent higher molecular weight
(PHMW), alkylated heterocyclic aromatic compounds (AHET), alkylated lower molecular weights (ALMW), and alkylated higher molecular weights (AHMW). Lighter
colours indicate increasing concentration.
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Table 2
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The top models for each response variable. Response variables (sums of PACs) are in the left column. Random effects (site, year within site, month within year) and
fixed effects are included, with the v indicating which predictor variables were retained in top-ranked models. Month is the month when the recording period began,
snow is the snow water equivalent for April of the year of sampling, fire is the percentage of land burned in the basin in the previous year, and number of oil wells is the
number of oil wells within 10 km of the sampling location. If the quadratic term was included in the model, a* was included with the v. Models are ranked by dif-
ferences in Akaike’s Information Criterion, corrected for sample size (AAICc). Models with an Akaike weight (w;) of at least 0.01 were included in this table.

Random Predictor Variables Model Selection Criteria
Site Year (Site) Month (Year) Snow Fire Number of Oil Wells Deviance AAIC. w;
PLMW v v v 252.5 0.00 0.83
v/ v/ v/ v/ 254.7 4.25 0.10
v v/ v/ V2 255.5 7.11 0.02
v v v/ v 257.6 7.15 0.02
v/ v/ v v 258.4 7.95 0.02
ALMW v v/ v/ 261.8 0.00 0.85
v v v/ v 265.3 5.55 0.05
v/ v/ v v 265.6 5.85 0.05
v v/ v/ v/ 266.8 7.05 0.03
v v/ v /2 267.5 9.81 0.01
v v v /2 267.5 9.81 0.01
v/ v/ v Ve 267.6 9.91 0.01
PHMW v v/ v/ 536.4 0.00 0.82
v v v v/ 539.4 5.05 0.07
v/ v/ v v 540.4 6.05 0.04
v v/ v/ v/ 540.6 6.25 0.04
v v v /2 540.1 7.81 0.02
v/ v/ v v? 541.2 8.91 0.01
AHMW v v/ v/ 419.3 0.00 0.66
v v/ v/ v/ 419.9 2.65 0.17
v v v v 422.1 4.85 0.06
v v/ v/ v/ 423.1 5.85 0.04
v v/ v/ /2 421.8 6.61 0.02
4 v v /2 422.8 7.61 0.01
v/ v/ v/ v/ v/ 4229 7.71 0.01
v v/ v/ V2 423.4 8.21 0.01
All PACs v v/ v 186.4 0.00 0.90
4 v v v 190.9 6.55 0.03
v v/ v/ v/ 191.3 6.95 0.03
v v/ v v/ 191.9 7.55 0.02
v v v vz 192.2 9.91 0.01
v v/ v/ /2 192.6 10.31 0.01

4. Discussion
4.1. Baseline levels and observed patterns

Concentrations of all PACs were below the water quality guidelines
for the protection of aquatic life (Canadian Council of Ministers of the
Environment, 1999) and were typically lower than levels measured in
systems in more developed southern areas. For example, Kelly et al.
(2009) reported PAC concentrations downstream of oil sands develop-
ment in the Athabasca River and its tributaries (Alberta, Canada) that
ranged from 63 ng/L to 202 ng/L on average using PMDs in the summer.
All years in our study had mean total PAC concentrations below these
levels (see Table 1). Further, a study in Toronto, Canada measured only
nine PACs (compared to our 42) within the Highland Creek watershed
and reported levels ranging from 18 ng/L to 4500 ng/L depending on
flow conditions during snowmelt (Meyer et al., 2011). Though Meyer
et al. (2011) used one-time water samples instead of PMDs, making our
studies less comparable, the PAC concentrations measured in Toronto
suggest that the Mackenzie River system possibly has lower concentra-
tions of PACs overall. However, while our levels were low, we note that
water quality guidelines were last updated in 1999 and are available for
nine of the 42 PAC compounds that we assessed (Canadian Council of
Ministers of the Environment, 1999). A critical review and official up-
date of guidelines regarding PACs is needed (Marvin et al., 2020).

In most years, PAC mixtures were predominated by PLMWs, with
ALWMs being secondary, potentially highlighting the importance of
petrogenic sources for PACs in the Mackenzie Basin due to the presence
of low molecular weight PACs (Kieta et al., 2023), which is similar to
other sites in northern Canada, although alkylated petrogenic PACs were

usually more abundant at other sites (Mundy et al., 2019; Provencher
et al., 2020). While petrogenic sources are likely important in the basin,
we note that concentrations of ALMWSs were usually lower than those of
PLMWs, possibly indicating that another PAC source (besides oil seeps
or leaks, which tend to produce alkylated PACs) is important in this
system (Wang et al., 2004; Stogiannidis and Laane, 2015). Alternatively,
Mundy et al. (2019) placed semipermeable membrane devices in
shallow lentic waterbodies, while our PMDs were in a variety of
waterbody types, primarily lotic. Perhaps different flow rates and depths
can affect the uptake of different sub-classes of PACs, affecting our
PLMW to ALMW ratio. Flow rate should be accounted for by the per-
formance reference compounds present in the PMDs, but a change in
flow rates could also change other factors that could affect PAC uptake
such as temperature or total dissolved solids. Future research should
focus on how waterbody type affects PMD effectiveness as the effect of
flow rate on various membrane device effectiveness is contested (Wang
et al., 2009; Chang et al., 2015).

Concentrations of low molecular weight PACs (both PLMW and
ALMW) were elevated around Great Slave Lake in 2014. According to
the Government of Northwest Territories (2023), there were multiple
petroleum spills greater than 1000 L in the North Slave and South Slave
administrative regions in 2014 (including a 300,000 L spill on the
landscape). PLMWs and ALMWs are usually present in the environment
due to petrogenic sources, so these petroleum spills might be responsible
for these higher levels. Measuring PAC levels in the water immediately
after spills and continued monitoring over time will provide improved
insights regarding the effects of different volumes of spills and time on
PAC concentrations. In addition, there was an increase in concentration
of all PACs west of Great Bear Lake (around Norman Wells) in 2017. The
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Fig. 4. The log; transformed sum of all polycyclic aromatic compounds (PACs) across all 43 sites from 2012 to 2021. This boxplot indicates the interquartile range
and median. The five administrative regions are indicated by brackets. The black box highlights two Norman Wells sites that are significantly different (p < 0.05)

from 28 of the other sites.

refinery in Norman Wells ceased production in 2016 due to issues with
pipelines but resumed operations in 2018 (Imperial Oil, 2018) -
increased PAC levels in the area could have been related to increased
industrial activity during repairs. This could have been due to increased
vehicle (or other equipment) exhaust or smaller spills during the repair.
Despite being elevated, the PAC concentrations in the river continued to
be low compared to guidelines in 2017.

Apart from 2012 to 2013, parent PACs were more abundant than
alkylated PACs in our samples. In addition, 2012, 2014, and 2018 had
more PACs above the detection level than any other year. Although
levels are still low overall for all PACs, these contaminants that are
detected in more than 50% of samples may be the main components of
change between years, although we do not know what causes this
variation. While a discrepancy in detection levels could be the driver for
differences between years, detection levels were not consistently lower
or higher than other years across all PACs and within PAC sub-classes,
suggesting environmental factors affected PAC concentrations in these
years. Specifically, this pattern indicates a shift in the relative contri-
bution of different PAC sources, with petrogenic sources being more
important in these two earlier years than pyrogenic sources. However,
this pattern could also possibly be due to the implementation of more
rigorous sampling protocols in 2014 by the CBM to further limit the
exposure of potential contaminants to the sensitive PMDs or perhaps to
natural variability, but more work is needed to determine the cause.
Regarding pyrogenic PACs, the relative abundance of PHMWs compared
to AHMWs increased markedly in 2015, which may have been related to
increased wildfire activity in 2014, although more research is needed to
determine the effects of fire in this system. In other years, our estimates
of the percentage of basin burned ranged from 0.01% (2020) — 1.06%
(2015) but averaged 1.70% in 2014. This increased fire activity may
have been the driver of increased PAC levels in the surface water in 2014
as well, possibly due to atmospheric deposition as opposed to runoff
during the next year’s snowmelt.

We reported higher levels of low molecular weight PACs compared

to high molecular weight PACs. However, there is a limitation regarding
the use of PMDs that may have exacerbated this difference. PMDs
measure contaminants in the water that can cross a semipermeable
membrane (dissolved contaminants such as PLMWs and ALMWSs)
(Huckins et al., 2006; Alvarez, 2010). As PHMWs and AHMWs are more
hydrophobic than the low molecular weight PACs and tend to bind to
particulates, PMDs consistently measure them at a lower concentration
(Gustafson and Dickhut, 1997; Mzoughi and Chouba, 2011; Rabodo-
nirina et al., 2015). The patterns of variability regarding PHMWSs and
AHMWs would be accurately measured by the PMDs, but the direct
comparisons between low molecular weight and high molecular weight
concentrations should be considered with caution. Water grab and
sediment sampling paired with PMDs would give future studies a clearer
understanding of the overall PAC concentrations in this system.

4.2. Processes influencing variation in PAC concentrations

As the top-ranked model for all response variables included the
random structure and intercept only, this indicates that we do not have
the correct fixed effects in our model to explain the variation. As PAC
concentrations were different between sites or regions (especially at two
sites near Norman Wells, an area of active oil extraction), there may be a
different variable at the site or region level influencing the abundance
and composition of PACs in the Mackenzie River Basin. In addition, the
Beaufort Delta Region had more PACs above the detection level than any
other region, although the South Slave only had one less PAC, high-
lighting the difference in PAC mixtures between regions. Future research
should focus on site-level assessments that evaluate these other factors
(i.e., boat activity, flow rate, temperature, total suspended or dissolved
solids). Interestingly, oil wells did not affect any PAC concentrations in
the models, which was unexpected with the high levels of PLMWs and
ALMWs in the environment. The number of oil wells in this environment
may not be a good proxy for the number of natural oil seeps present and
this should be investigated in the future.
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As PHMWs are more prevalent in the output from pyrogenic sources
(e.g., fire) than AHMWs (Boehm, 1964; Andersson and Achten, 2015),
an increase in fire should result in more PHMWSs than AHMWs that are
incorporated into the surface water during runoff after snowmelt the
next year. However, while AHMWs had possible evidence of a fire effect,
PHMWs did not, contrary to our predictions and the potential effect of
fire in 2014 discussed previously and in Fig. 2. Therefore, it seems like
an increase in area burned in the previous year possibly results in less
AHMWs but does not affect PHMWs. Conversely, the average decrease in
concentration of AHMWs with increasing fire was less than 0.5 ng/L,
which could be within the normal variation of concentrations, indi-
cating that fire may not affect AHMWs at this scale. More research on
fire at varying landscape scales and time periods before measurement
and how it is related to both PHMWs and AHMWs is necessary to
determine if this pattern is not an artifact of natural variation or due to
some other unknown source.

There was also weak evidence of an effect of snowmelt on the
abundance of PLMWs (10% of the weight of evidence). As snowmelt
increased, PLMWs decreased, potentially due to dilution of the PLMW
concentrations as we predicted. As PLMWs had the highest concentra-
tion of all PACs, this pattern may have been more prevalent in this sub-
class than the other sub-classes, perhaps because many of the PACs had
adsorbed to particulates by melt. More research is required to determine
if this weak evidence is a result of snowmelt or due to natural variation.

5. Conclusion

Our study confirms the importance of petrogenic PAC sources in the
Mackenzie River Basin and offers valuable baseline data for future
studies. PAC concentrations were relatively uniform spatially with the
exception of two sites near the oil operations in Norman Wells. In
addition, while there was interannual variation of PAC concentrations,
we do not know the mechanism driving this variation, although fire ash
runoff into the Mackenzie River system may be partly responsible.
Future research should focus on more fine-scaled environmental factors
at the site or region level. These factors could include industrial sources
besides oil wells, natural oil seeps, smaller and more localized fires with
varying lag times, snowmelt at a smaller scale, human activity (e.g.,
boats, cooking, snowmobiles, etc.), the flow rate of the waterbody, water
depth, timing of melt, and sediment deposition rate. In addition,
measuring the concentration of PACs immediately following a fire, an oil
spill, or snowmelt may uncover patterns hidden from our study due to
volatilization or binding to sediment of PACs. Furthermore, our study
has introduced a baseline regarding PAC levels in surface water for the
Mackenzie River. Future studies can use our results as a starting point to
select the PAC parameters that may be more useful in determining the
more fine-scaled patterns that could be present in this system (i.e.,
specific PACs).

Although PAC levels are low overall compared to existing guidelines,
it is difficult to determine if there is risk to humans along the Mackenzie
River without updated guidelines. Ratelle et al. (2020) reported higher
PAC levels in people living within this region compared to the Canadian
average. Therefore, it is important for future studies to determine all
PAC sources and pathways of exposure in the Mackenzie River Basin (e.
g., water, soil, cooking) as well as the effects they may have on the
environment and humans.

CRediT authorship contribution statement

Jordyn A. Stalwick: Writing — review & editing, Writing — original
draft, Visualization, Methodology, Formal analysis, Data curation. Gila
Somers: Project administration, Methodology, Investigation, Data
curation, Conceptualization. Kristin M. Eccles: Writing — review &
editing, Visualization, Formal analysis. Philippe J. Thomas: Writing —
review & editing, Conceptualization. Christopher Cunada: Investiga-
tion, Data Curation, Writing — review & editing. Kirsty E.B. Gurney:

Environmental Pollution 351 (2024) 123962

Methodology, Funding acquisition, Conceptualization, Project admin-
istration, Supervision, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
This data is available on the Mackenzie Datastream Website.
Acknowledgements

This work was supported by the NWT Cumulative Impact Monitoring
Program (CIMP 216). CIMP was not involved in study design, collection,
analysis or interpretation of data, report writing, or the decision to
submit this manuscript. We would like to thank Mike Brady, Ryan
Connon, and Chris Derksen for their assistance in extracting snow water
equivalent data. We would also like to thank David Aldred for providing
basin shapefiles and Moriah Tanguay for her GIS assistance. We would
also like to thank Alvin Kwan for his PMD laboratory analysis knowl-
edge. Snow water equivalent data (Munoz Sabater 2019) was down-
loaded from the Copernicus Climate Change Service (C3S) (2022).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envpol.2024.123962.

References

Abdel-Shafy, H.I., Mansour, M.S.M., 2016. A review on polycyclic aromatic
hydrocarbons: source, environmental impact, effect on human health and
remediation. Egypt. J. Pet. 25, 107-123. https://doi.org/10.1016/].
ejpe.2015.03.011.

Ahad, J.M., Pakdel, H., Labarre, T., Cooke, C.A., Gammon, P.R., Savard, M.M., 2021.
Isotopic analyses fingerprint sources of polycyclic aromatic compound-bearing dust
in Athabasca oil sands region snowpack. Environ. Sci. Technol. 55, 5887-5897.
https://doi.org/10.1021/acs.est.0c08339.

Alvarez, D.A., 2010. Guidelines for the use of the semipermeable membrane device
(SPMD) and the polar organic chemical integrative sampler (POCIS) in
environmental monitoring studies. U.S. Geological Survey, Techniques and Methods
1-D4, 1-28.

Alvarez, D.A., Maruya, K.A., Dodder, N.G., Lao, W., Furlong, E.T., Smalling, K.L., 2014.
Occurrence of contaminants of emerging concern along the California coast
(2009-10) using passive sampling devices. Mar. Pollut. Bull. 81, 347-354.

Anderson, K.A., Sethajintanin, D., Sower, G., Quarles, L., 2008. Field trial and modeling
of uptake rates of in situ lipid-free polyethylene membrane passive sampler. Environ.
Sci. Technol. 42, 4486-4493. https://doi.org/10.1021/es702657n.

Andersson, J.T., Achten, C., 2015. Polycyclic aromatic compounds time to say goodbye
to the 16 EPA PAHs? Toward an up-to-date use of PACs for Environmental Purposes.
Polycycl. Aromat. Comp. 35, 330-354. https://doi.org/10.1080/
10406638.2014.991042.

Arnold, T.W., 2010. Uninformative parameters and model selection using Akaike’s
information criterion. J. Wildl. Manag. 74, 1175-1178. https://doi.org/10.1111/
j-1937-2817.2010.tb01236.x.

Auguie, B., 2017. gridExtra: miscellaneous functions for “grid” graphics. R package
version 2.3. https://CRAN.R-project.org/package=gridExtra.

Balmer, J.E., Hung, H., Yu, Y., Letcher, R.J., Muir, D.C.G., 2019. Sources and
environmental fate of pyrogenic polycyclic aromatic hydrocarbons (PAHs) in the
Arctic. Emerging Contam. 5, 128-142. https://doi.org/10.1016/j.
emcon.2019.04.002.

Birks, S.J., Cho, S., Taylor, E., Yi, Y., Gibson, J.J., 2017. Characterizing the PAHs in
surface waters and snow in the Athabasca region: implications for identifying
hydrological pathways of atmospheric deposition. Sci. Total Environ. 603, 570-583.
https://doi.org/10.1016/j.scitotenv.2017.06.051.

Boehm, P.D., 1964. Polycyclic Aromatic Hydrocarbons (PAHs). Environ. Forensics.
Academic Press, pp. 313-337. https://doi.org/10.1016/B978-012507751-4/50037-
9.

Bolden, A.L., Rochester, J.R., Schultz, K., Kwiatkowski, C.F., 2017. Polycyclic aromatic
hydrocarbons and female reproductive health: a scoping review. Reprod. Toxicol.
73, 61-74. https://doi.org/10.1016/j.reprotox.2017.07.012.

Bone, R.M., Mahnic, R.J., 1984. Norman wells: the oil center of the Northwest
Territories. Arctic 37, 53-60.


https://doi.org/10.1016/j.envpol.2024.123962
https://doi.org/10.1016/j.envpol.2024.123962
https://doi.org/10.1016/j.ejpe.2015.03.011
https://doi.org/10.1016/j.ejpe.2015.03.011
https://doi.org/10.1021/acs.est.0c08339
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref3
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref3
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref3
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref3
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref4
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref4
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref4
https://doi.org/10.1021/es702657n
https://doi.org/10.1080/10406638.2014.991042
https://doi.org/10.1080/10406638.2014.991042
https://doi.org/10.1111/j.1937-2817.2010.tb01236.x
https://doi.org/10.1111/j.1937-2817.2010.tb01236.x
https://CRAN.R-project.org/package=gridExtra
https://doi.org/10.1016/j.emcon.2019.04.002
https://doi.org/10.1016/j.emcon.2019.04.002
https://doi.org/10.1016/j.scitotenv.2017.06.051
https://doi.org/10.1016/B978-012507751-4/50037-9
https://doi.org/10.1016/B978-012507751-4/50037-9
https://doi.org/10.1016/j.reprotox.2017.07.012
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref13
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref13

J.A. Stalwick et al.

Burnham, K.R., Anderson, D.R., 2002. Model Selection and Inference: a Practical
Information-Theoretic Approach. Springer-Verlag, New York.

Canadian Council of Ministers of the Environment, 1999. Canadian water quality
guidelines for the protection of aquatic life: polycyclic aromatic hydrocarbons
(PAHs). In: Canadian Environmental Quality Guidelines. Canadian Council of
Ministers of the Environment, Winnipeg. https://ccme.ca/en/res/polycyclic-aro
matic-hydrocarbons-pahs-en-canadian-water-quality-guidelines-for-the-protection-o
f-aquatic-life.pdf.

Carey, J.H., Ongley, E.D., Nagy, E., 1990. Hydrocarbon transport in the Mackenzie River,
Canada. Sci. Total Environ. 97-98, 69-88. https://doi.org/10.1016,/0048-9697(90)
90231-1.

Carreira, B.M., Kolaf, V., Chmelova, E., Jan, J., Adasevié, J., Landeira-Dabarca, A.,
Vebrov4, L., Poldkova, M., Horkd, P., Otahalov4, S., Musilova, Z., 2023.
Bioaccumulation of chemical elements at post-industrial freshwater sites varies
predictably between habitats, elements and taxa: a power law approach. Sci. Total
Environ. 901, 165794 https://doi.org/10.1016/j.scitotenv.2023.165794.

Chang, W.T., Lee, C.L., Brimblecombe, P., Fang, M.D., Chang, K.T., Liu, J.T., 2015. The
effects of flow rate and temperature on SPMD measurements of bioavailable PAHs in
seawater. Mar. Pollut. Bull. 97, 217-223. https://doi.org/10.1016/j.
marpolbul.2015.06.013.

Culp, J.M., Luiker, E.A., Brua, R.B., Musetta-Lambert, J.L., Halliwell, D.B., Lento, J.,
2023. Mackenzie River basin. In: Delong, M.D., Jardine, T.D., Benke, A.C.,
Cushing, E. (Eds.), Rivers of North America. Academic Press, pp. 746-792. https://
doi.org/10.1016/B978-0-12-818847-7.00017-3.

De Laender, F., Hammer, J., Hendriks, A.J., Soetaert, K., Janssen, C.R., 2011. Combining
monitoring data and modeling identifies PAHs as emerging contaminants in the
Arctic. Environ. Sci. Technol. 45, 9024-9029. https://doi.org/10.1021/es202423f.

Elmes, M.C., Wiklund, J.A., Van Opstal, S.R., Wolfe, B.B., Hall, R.I., 2016. Characterizing
baseline concentrations, proportions, and processes controlling deposition of river-
transported bitumen-associated polycyclic aromatic compounds at a floodplain lake
(Slave River Delta, Northwest Territories, Canada). Environ. Monit. Assess. 188,
1-15. https://doi.org/10.1007/s10661-016-5277-4.

Elmquist, M., Semiletov, L., Guo, L., Gustafsson, 0., 2008. Pan-Arctic patterns in black
carbon sources and fluvial discharges deduced from radiocarbon and PAH source
apportionment markers in estuarine surface sediments. Global Biogeochem. Cycles
22. https://doi.org/10.1029/2007GB002994.

Fromme, H., Lahrz, T., Piloty, M., Gebhardt, H., Oddoy, A., Riiden, H., 2004. Polycyclic
aromatic hydrocarbons inside and outside of apartments in an urban area. Sci. Total
Environ. 326, 143-149. https://doi.org/10.1016/j.scitotenv.2004.02.002.

Government of Northwest Territories, 2023. Environment and climate change - spills.
https://www.gov.nt.ca/ecc/en/spills-advanced. (Accessed 18 September 2023).

Gustafson, K.E., Dickhut, R.M., 1997. Distribution of polycyclic aromatic hydrocarbons
in southern Chesapeake Bay surface water: evaluation of three methods for
determining freely dissolved water concentrations. Environ. Toxicol. Chem. 16,
452-461. https://doi.org/10.1002/etc.5620160310.

Gyasi, H., Curry, J., Browning, J., Ha, K., Thomas, P.J., O’Brien, J.M., 2022.
Microsatellite mutation frequencies in river otters (Lontra canadensis) from the
Athabasca Oil Sands region are correlated to polycyclic aromatic compound tissue
burden. Environ. Mol. Mutagen. 63, 172-183. https://doi.org/10.1002/em.22482.

Headley, J.V., Marsh, P., Akre, C.J., Peru, K.M., Lesack, L., 2002. Origin of polycyclic
aromatic hydrocarbons in lake sediments of the Mackenzie Delta. J. Environ. Sci.
Heal. A. 37, 1159-1180. https://doi.org/10.1081/ESE-120005979.

Hothorn, T., Bretz, F., Westfall, P., 2008. Simultaneous inference in general parametric
models. Biom. J. 50, 346-363.

Hsieh, J., Sedykh, A., Mutlu, E., Germolec, D.R., Auerbach, S.S., Rider, C.V., 2021.
Harnessing in silico, in vitro, and in vivo data to understand the toxicity landscape of
polycyclic aromatic compounds (PACs). Chem. Res. Toxicol. 34, 268-285. https://
doi.org/10.1021/acs.chemrestox.0c00213.

Huckins, J.N., Petty, J.D., Booij, K., 2006. Monitors of Organic Chemicals in the
Environment - Semipermeable Membrane Devices. Springer, New York.

Idowu, O., Semple, K.T., Ramadass, K., O’Connor, W., Hansbro, P., Thavamani, P., 2019.
Beyond the obvious: environmental health implications of polar polycyclic aromatic
hydrocarbons. Enviro. Int. 123, 543-557. https://doi.org/10.1016/j.
envint.2018.12.051.

Imperial Oil, 2018. Norman wells neighbour news. https://www.imperialoil.ca/-/media
/Imperial/Files/Norman-Wells-Neighbour-news-fall-2018.pdf. (Accessed 1 May
2023).

Jones, M.W., Abatzoglou, J.T., Veraverbeke, S., Andela, N., Lasslop, G., Forkel, M.,
Smith, A.J., Burton, C., Betts, R.A., van der Werf, G.R., Sitch, S., 2022. Global and
regional trends and drivers of fire under climate change. Rev. Geophys. 60,
€2020RG000726 https://doi.org/10.1029/2020RG0O00726.

Kassambara, A., 2023. ggpubr: "ggplot2’ based publication ready plots. R package
version 0.6.0. https://CRAN.R-project.org/package=ggpubr.

Kelly, E.N., Short, J.W., Schindler, D.W., Hodson, P.V., Ma, M., Kwan, A K., Fortin, B.L.,
2009. Oil sands development contributes polycyclic aromatic compounds to the
Athabasca River and its tributaries. P. Natl. Acad. Sci. USA. 106, 22346-22351.
https://doi.org/10.1073/pnas.0912050106.

Kieta, K.A., Owens, P.N., Petticrew, E.L., French, T.D., Koiter, A.J., Rutherford, P.M.,
2023. Polycyclic aromatic hydrocarbons in terrestrial and aquatic environments
following wildfire: a review. Environ. Rev. 31, 141-167. https://doi.org/10.1139/
er-2022-0055.

Kuznetsova, A., Brockhoff, P.B., Christensen, R.H.B., 2017. ImerTest package: tests in
linear mixed effects models. J. Stat. Softw. 82, 1-26. https://doi.org/10.18637/jss.
v082.i13.

Lenth, R., 2023. emmeans: estimated marginal means, aka least-squares means.

R package version 1.8.7. https://CRAN.R-project.org/package=emmeans.

10

Environmental Pollution 351 (2024) 123962

Lévesque, L.M., Roy, J., Glozier, N.E., Dirk, L., Cooke, C.A., 2023. Dissolved polycyclic
aromatic compounds in Canada’s Athabasca River in relation to Oil Sands from 2013
through 2019. Environ. Monit. Assess. 195, 1354. https://doi.org/10.1007/510661-
023-11846-x.

Li, R., Cai, J., Li, J., Wang, Z., Pei, P., Zhang, J., Krebs, P., 2022. Characterizing the long-
term occurrence of polycyclic aromatic hydrocarbons and their driving forces in
surface waters. J. Hazard Mater. 423, 127065 https://doi.org/10.1016/j.
jhazmat.2021.127065.

Littell, R.C., Milliken, G.A., Stroup, W.W., Wolfinger, R.D., Schabenberger, O., 2006. SAS
System for Mixed Models, second ed. SAS Institute Inc, Cary, NC.

Lockhart, W.L., Metner, D.A., Murray, D.A.J., Muir, D.C.G., 1987. Hydrocarbons and
complaints about fish quality in the Mackenzie River, Northwest Territories, Canada.
Water Qual. Res. J. Can. 22, 616-628. https://doi.org/10.2166/wqrj.1987.050.

Lohmann, R., 2012. Critical review of low-density polyethylene’s partitioning and
diffusion coefficients for trace organic contaminants and implications for its use as a
passive sampler. Environ. Sci. Technol. 46, 606-618. https://doi.org/10.1021/
€s202702y.

Lumb, A., Halliwell, D., Sharma, T., 2006. Application of CCME Water Quality Index to
monitor water quality: a case study of the Mackenzie River basin, Canada. Environ.
Monit. Assess. 113, 411-429. https://doi.org/10.1007/510661-005-9092-6.

Marvin, C.H., Berthiaume, A., Burniston, D.A., Chibwe, L., Dove, A., Evans, M., Hewitt, L.
M., Hodson, P.V., Muir, D.C., Parrott, J., Thomas, P.J., 2021. Polycyclic aromatic
compounds in the Canadian environment: aquatic and terrestrial environments.
Environ. Pollut. 285, 117442 https://doi.org/10.1016/j.envpol.2021.117442.

Marvin, C.H., Tomy, G.T., Thomas, P.J., Holloway, A.C., Sandau, C.D., Idowu, L, Xia, Z.,
2020. Considerations for prioritization of polycyclic aromatic compounds as
environmental contaminants. Environ. Sci. Technol. 54, 14787-14789. https://doi.
org/10.1021/acs.est.0c04892.

McGrath, J.A., Di Toro, D.M., 2009. Validation of the target lipid model for toxicity
assessment of residual petroleum constituents: monocyclic and polycyclic aromatic
hydrocarbons. Environ. Toxicol. Chem. 28, 1130-1148. https://doi.org/10.1897/
08-271.1.

Meyer, T., Lei, Y.D., Wania, F., 2011. Transport of polycyclic aromatic hydrocarbons and
pesticides during snowmelt within an urban watershed. Water Res. 45, 1147-1156.
https://doi.org/10.1016/j.watres.2010.11.004.

Mortimer, C., Mudryk, L., Derksen, C., Luojus, K., Brown, R., Kelly, R., Tedesco, M.,
2020. Evaluation of long-term Northern Hemisphere snow water equivalent
products. Cryosphere 14, 1579-1594. https://doi.org/10.5194/tc-14-1579-2020.

Muir, D.C., Galarneau, E., 2021. Polycyclic aromatic compounds (PACs) in the Canadian
environment: links to global change. Environ. Pollut. 273, 116425 https://doi.org/
10.1016/j.envpol.2021.116425.

Mundy, L.J., Bilodeau, J.C., Schock, D.M., Thomas, P.J., Blais, J.M., Pauli, B.D., 2019.
Using wood frog (Lithobates sylvaticus) tadpoles and semipermeable membrane
devices to monitor polycyclic aromatic compounds in boreal wetlands in the oil
sands region of northern Alberta, Canada. Chemosphere 214, 148-157. https://doi.
org/10.1016/j.chemosphere.2018.09.034.

Munoz Sabater, J., 2019. ERA5-Land hourly data from 1981 to present. Copernicus
Climate Change Service (C3S) Climate Data Store (CDS). http://doi.org/10.24381/
cds.e2161bac. (Accessed 10 March 2022).

Mzoughi, N., Chouba, L., 2011. Distribution and partitioning of aliphatic hydrocarbons
and polycyclic aromatic hydrocarbons between water, suspended particulate matter,
and sediment in harbours of the West coastal of the Gulf of Tunis (Tunisia).

J. Environ. Monit. 13, 689-698. https://doi.org/10.1039/COEMO00616E.

National Hydro Network, 2020. National Hydro Network — NHN - GeoBase series — index
of available files (English). https://open.canada.ca/data/en/dataset/a4b190fe-e090
-4e6d-881e-b87956¢07977 /resource/56d0e9c4-alfd-40a8-9a0d-c3beae082cfd.
(Accessed 15 October 2021).

Neff, J.M., Stout, S.A., Gunster, D.G., 2005. Ecological risk assessment of polycyclic
aromatic hydrocarbons in sediments: identifying sources and ecological hazard.
Integr. Environ. Asses. 1, 22-33. https://doi.org/10.1897/ieam_2004a-016.1.

Nguyen, M.A., Ahrens, L., Gustavsson, J., Josefsson, S., Laudon, H., Wiberg, K., 2018.
The role of spring flood and landscape type in the terrestrial export of polycyclic
aromatic compounds to streamwater. Environ. Sci. Technol. 52, 6217-6225. https://
doi.org/10.1021/acs.est.7b04874.

NWT-wide Community-based Water Quality Monitoring Program, 2022. NWT-Wide
community-based water quality monitoring Program. Mackenzie DataStream
Version 6.2.0 https://doi.org/10.25976/4der-gd31. (Accessed 21 February 2022).

Provencher, J.F., Thomas, P.J., Pauli, B., Braune, B.M., Franckowiak, R.P., Gendron, M.,
Savard, G., Sarma, S.N., Crump, D., Zahaby, Y., O’Brien, J., 2020. Polycyclic
aromatic compounds (PACs) and trace elements in four marine bird species from
northern Canada in a region of natural marine oil and gas seeps. Sci. Total Environ.
744, 140959 https://doi.org/10.1016/].scitotenv.2020.140959.

Provencher, J.F., Thomas, P.J., Braune, B.M., Pauli, B., Tomy, G., Idowu, 1., O’Hara, P.,
Mallory, M.L., 2022. Decadal differences in polycyclic aromatic compound (PAC)
concentrations in two seabird species in Arctic Canada. Sci. Total Environ. 826,
154088 https://doi.org/10.1016/j.scitotenv.2022.154088.

QGIS Development Team, 2022. QGIS Geographic Information System. Open Source
Geospatial Foundation Project. http://qgis.osgeo.org.

R Core Team, 2022. R: a Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.

Rabodonirina, S., Net, S., Ouddane, B., Merhaby, D., Dumoulin, D., Popescu, T.,
Ravelonandro, P., 2015. Distribution of persistent organic pollutants (PAHs, Me-
PAHs, PCBs) in dissolved, particulate and sedimentary phases in freshwater systems.
Environ. Pollut. 206, 38-48. https://doi.org/10.1016/j.envpol.2015.06.023.

Ratelle, M., Khoury, C., Adlard, B., Laird, B., 2020. Polycyclic aromatic hydrocarbons
(PAHs) levels in urine samples collected in a subarctic region of the Northwest


http://refhub.elsevier.com/S0269-7491(24)00676-6/sref14
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref14
https://ccme.ca/en/res/polycyclic-aromatic-hydrocarbons-pahs-en-canadian-water-quality-guidelines-for-the-protection-of-aquatic-life.pdf
https://ccme.ca/en/res/polycyclic-aromatic-hydrocarbons-pahs-en-canadian-water-quality-guidelines-for-the-protection-of-aquatic-life.pdf
https://ccme.ca/en/res/polycyclic-aromatic-hydrocarbons-pahs-en-canadian-water-quality-guidelines-for-the-protection-of-aquatic-life.pdf
https://doi.org/10.1016/0048-9697(90)90231-I
https://doi.org/10.1016/0048-9697(90)90231-I
https://doi.org/10.1016/j.scitotenv.2023.165794
https://doi.org/10.1016/j.marpolbul.2015.06.013
https://doi.org/10.1016/j.marpolbul.2015.06.013
https://doi.org/10.1016/B978-0-12-818847-7.00017-3
https://doi.org/10.1016/B978-0-12-818847-7.00017-3
https://doi.org/10.1021/es202423f
https://doi.org/10.1007/s10661-016-5277-4
https://doi.org/10.1029/2007GB002994
https://doi.org/10.1016/j.scitotenv.2004.02.002
https://www.gov.nt.ca/ecc/en/spills-advanced
https://doi.org/10.1002/etc.5620160310
https://doi.org/10.1002/em.22482
https://doi.org/10.1081/ESE-120005979
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref28
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref28
https://doi.org/10.1021/acs.chemrestox.0c00213
https://doi.org/10.1021/acs.chemrestox.0c00213
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref30
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref30
https://doi.org/10.1016/j.envint.2018.12.051
https://doi.org/10.1016/j.envint.2018.12.051
https://www.imperialoil.ca/-/media/Imperial/Files/Norman-Wells-Neighbour-news-fall-2018.pdf
https://www.imperialoil.ca/-/media/Imperial/Files/Norman-Wells-Neighbour-news-fall-2018.pdf
https://doi.org/10.1029/2020RG000726
https://CRAN.R-project.org/package=ggpubr
https://doi.org/10.1073/pnas.0912050106
https://doi.org/10.1139/er-2022-0055
https://doi.org/10.1139/er-2022-0055
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1007/s10661-023-11846-x
https://doi.org/10.1007/s10661-023-11846-x
https://doi.org/10.1016/j.jhazmat.2021.127065
https://doi.org/10.1016/j.jhazmat.2021.127065
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref41
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref41
https://doi.org/10.2166/wqrj.1987.050
https://doi.org/10.1021/es202702y
https://doi.org/10.1021/es202702y
https://doi.org/10.1007/s10661-005-9092-6
https://doi.org/10.1016/j.envpol.2021.117442
https://doi.org/10.1021/acs.est.0c04892
https://doi.org/10.1021/acs.est.0c04892
https://doi.org/10.1897/08-271.1
https://doi.org/10.1897/08-271.1
https://doi.org/10.1016/j.watres.2010.11.004
https://doi.org/10.5194/tc-14-1579-2020
https://doi.org/10.1016/j.envpol.2021.116425
https://doi.org/10.1016/j.envpol.2021.116425
https://doi.org/10.1016/j.chemosphere.2018.09.034
https://doi.org/10.1016/j.chemosphere.2018.09.034
http://doi.org/10.24381/cds.e2161bac
http://doi.org/10.24381/cds.e2161bac
https://doi.org/10.1039/C0EM00616E
https://open.canada.ca/data/en/dataset/a4b190fe-e090-4e6d-881e-b87956c07977/resource/56d0e9c4-a1fd-40a8-9a0d-c3beae082cfd
https://open.canada.ca/data/en/dataset/a4b190fe-e090-4e6d-881e-b87956c07977/resource/56d0e9c4-a1fd-40a8-9a0d-c3beae082cfd
https://doi.org/10.1897/ieam_2004a-016.1
https://doi.org/10.1021/acs.est.7b04874
https://doi.org/10.1021/acs.est.7b04874
https://doi.org/10.25976/4der-gd31
https://doi.org/10.1016/j.scitotenv.2020.140959
https://doi.org/10.1016/j.scitotenv.2022.154088
http://qgis.osgeo.org
https://www.R-project.org/
https://doi.org/10.1016/j.envpol.2015.06.023

J.A. Stalwick et al.

Territories, Canada. Environ. Res. 182, 109112 https://doi.org/10.1016/j.
envres.2020.109112.

Robinne, F.N., 2020. A geospatial dataset providing first-order indicators of wildfire risks
to water supply in Canada and Alaska. Data Brief 29, 105171. https://doi.
org/10.1016/j.dib.2020.105171.

Rood, S.B., Kaluthota, S., Philipsen, L.J., Rood, N.J., Zanewich, K.P., 2017. Increasing
discharge from the Mackenzie River system to the arctic ocean. Hydrol. Process. 31,
150-160. https://doi.org/10.1002/hyp.10986.

Stogiannidis, E., Laane, R., 2015. Source characterization of polycyclic aromatic
hydrocarbons by using their molecular indices: an overview of possibilities. Rev.
Environ. Contam. Toxicol. 234, 49-133.

Tevlin, A., Galarneau, E., Zhang, T., Hung, H., 2021. Polycyclic aromatic compounds
(PACs) in the Canadian environment: ambient air and deposition. Environ. Pollut.
271, 116232 https://doi.org/10.1016/j.envpol.2020.116232.

Thomas, P.J., Eickmeyer, D.C., Eccles, K.M., Kimpe, L.E., Felzel, E., Brouwer, A.,
Letcher, R.J., Maclean, B.D., Chan, L.H., Blais, J.M., 2022. Paleotoxicity of
petrogenic and pyrogenic hydrocarbon mixtures in sediment cores from the
Athabasca oil sands region, Alberta (Canada). Environ. Pollut. 292, 118271.

Vecchiato, M., Barbante, C., Barbaro, E., Burgay, F., Cairns, W.R., Callegaro, A.,
Cappelletti, D., Dallo, F., d’Amico, M., Feltracco, M., Gallet, J.C., 2024. The seasonal
change of PAHs in Svalbard surface snow. Environ. Pollut. 340, 122864 https://doi.
org/10.1016/j.envpol.2023.122864.

Wallace, S.J., de Solla, S.R., Head, J.A., Hodson, P.V., Parrott, J.L., Thomas, P.J.,
Berthiaume, A., Langlois, V.S., 2020. Polycyclic aromatic compounds (PACs) in the
Canadian environment: exposure and effects on wildlife. Environ. Pollut. 265,
114863 https://doi.org/10.1016/j.envpol.2020.114863.

Wan, Y., Jin, X., Hu, J., Jin, F., 2007. Trophic dilution of polycyclic aromatic
hydrocarbons (PAHs) in a marine food web from Bohai Bay, North China. Environ.
Sci. Technol. 41, 3109-3114. https://doi.org/10.1021/es062594x.

Wang, J., Bi, Y., Pfister, G., Henkelmann, B., Zhu, K., Schramm, K.W., 2009.
Determination of PAH, PCB, and OCP in water from the Three Gorges Reservoir

11

Environmental Pollution 351 (2024) 123962

accumulated by semipermeable membrane devices (SPMD). Chemosphere 75,
1119-1127. https://doi.org/10.1016/j.chemosphere.2009.01.016.

Wang, Z., Fingas, M., Lambert, P., Zeng, G., Yang, C., Hollebone, B., 2004.
Characterization and identification of the Detroit River mystery oil spill (2002).

J. Chromatogr., A 1038, 201-214. https://doi.org/10.1016/j.chroma.2004.03.004.

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New
York.

Woo, M.K., 2008. Cold region atmospheric and hydrologic studies. The Mackenzie
GEWEX Experience, Volume 1: Atmospheric Dynamics. Springer-Verlag, New York.

Yu, Y., Katsoyiannis, A., Bohlin-Nizzetto, P., Brorstrom-Lundén, E., Ma, J., Zhao, Y.,
Wu, Z., Tych, W., Mindham, D., Sverko, E., Barresi, E., 2019. Polycyclic aromatic
hydrocarbons not declining in Arctic air despite global emission reduction. Environ.
Sci. Technol. 53, 2375-2382. https://doi.org/10.1021 /acs.est.8b05353.

Yunker, M.B., Backus, S.M., Graf Pannatier, E., Jeffries, D.S., Macdonald, R.W., 2002.
Sources and significance of alkane and PAH hydrocarbons in Canadian Arctic Rivers.
Estuar. Coast Shelf Sci. 55, 1-31. https://doi.org/10.1006/ecss.2001.0880.

Yunker, M.B., Macdonald, R.W., 1995. Composition and origins of polycyclic aromatic
hydrocarbons in the Mackenzie River and on the Beaufort Sea shelf. Arctic 48,
118-129.

Yunker, M.B., Macdonald, R.W., Cretney, W.J., Fowler, B.R., McLaughlin, F.A., 1993.
Alkane, terpene and polycyclic aromatic hydrocarbon geochemistry of the
Mackenzie River and Mackenzie shelf: riverine contributions to Beaufort Sea coastal
sediment. Geochem. Cosmochim. Acta 57, 3041-3061. https://doi.org/10.1016/
0016-7037(93)90292-5.

Yunker, M.B., Macdonald, R.W., Snowdon, L.R., Fowler, B.R., 2011. Alkane and PAH
biomarkers as tracers of terrigenous organic carbon in Arctic Ocean sediments. Org.
Geochem. 42, 1109-1146. https://doi.org/10.1016/j.orggeochem.2011.06.007.

Zuur, AF., Ieno, E.N., Walker, N.J., Saveliev, A.A., Smith, G.M., 2009. Mixed effects
modelling for nested data. In: Mixed Effects Models and Extensions in Ecology with
R. Statistics for Biology and Health. Springer, New York. https://doi.org/10.1007/
978-0-387-87458-6_5.


https://doi.org/10.1016/j.envres.2020.109112
https://doi.org/10.1016/j.envres.2020.109112
https://doi.org/10.1016/j.dib.2020.105171
https://doi.org/10.1016/j.dib.2020.105171
https://doi.org/10.1002/hyp.10986
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref72
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref72
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref72
https://doi.org/10.1016/j.envpol.2020.116232
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref74
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref74
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref74
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref74
https://doi.org/10.1016/j.envpol.2023.122864
https://doi.org/10.1016/j.envpol.2023.122864
https://doi.org/10.1016/j.envpol.2020.114863
https://doi.org/10.1021/es062594x
https://doi.org/10.1016/j.chemosphere.2009.01.016
https://doi.org/10.1016/j.chroma.2004.03.004
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref80
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref80
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref81
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref81
https://doi.org/10.1021/acs.est.8b05353
https://doi.org/10.1006/ecss.2001.0880
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref85
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref85
http://refhub.elsevier.com/S0269-7491(24)00676-6/sref85
https://doi.org/10.1016/0016-7037(93)90292-5
https://doi.org/10.1016/0016-7037(93)90292-5
https://doi.org/10.1016/j.orggeochem.2011.06.007
https://doi.org/10.1007/978-0-387-87458-6_5
https://doi.org/10.1007/978-0-387-87458-6_5

	Polycyclic aromatic compounds in a northern freshwater ecosystem: Patterns, sources, and the influences of environmental fa ...
	1 Introduction
	2 Materials and methods
	2.1 Data collection and preparation
	2.1.1 Polycyclic aromatic compounds
	2.1.2 Environmental covariates

	2.2 Statistical analysis

	3 Results
	3.1 Baseline levels and observed patterns
	3.2 Processes influencing variation in PAC concentrations

	4 Discussion
	4.1 Baseline levels and observed patterns
	4.2 Processes influencing variation in PAC concentrations

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


