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Chinook salmon (Oncorhynchus tshawytscha) along the west coast of North America have experienced significant
declines in abundance and body size over recent decades due to several anthropogenic stressors. Understanding
the reasons underlying the relatively high levels of persistent organic pollutants (POPs) in Chinook stocks is an
important need, as it informs recovery planning for this foundation species, as well for the Chinook-dependent
Resident killer whales (Orcinus orca, RKW) of British Columbia (Canada) and Washington State (USA). We
evaluated the influence of stock-related differences in feeding ecology, using stable isotopes, and marine rearing
ground on the concentrations and patterns of polychlorinated biphenyls (PCBs) and polybrominated diphenyl
ethers (PBDEs) in Chinook salmon. A principal components analysis (PCA) revealed a clear divergence of PCB
and PBDE congener patterns between Chinook with a nearshore rearing distribution (‘shelf resident’) versus a
more offshore distribution. Shelf resident Chinook had 12-fold higher PCB concentrations and 46-fold higher
PBDE concentrations relative to offshore stocks. Shelf resident Chinook had PCB and PBDE profiles that were
heavier and dominated by more bioaccumulative congeners, respectively. The higher §!°C and 8'°N in shelf
resident Chinook compared to the offshore rearing stocks, and their different marine distributions explain the
large divergence in contaminant levels and profiles, with shelf resident stocks being heavily influenced by land-
based sources of industrial contamination. Results provide compelling new insight into the drivers of contami-
nant accumulation in Chinook salmon, raise important questions about the consequences for their health, and
explain a major pathway to the heavily POP-contaminated Resident killer whales that consume them.

assessed Fraser River Chinook salmon Conservation Units are at risk for
extinction (COSEWIC, 2018). In the US, nine of the 17 Chinook Evolu-

1. Introduction

Chinook salmon (Oncorhynchus tshawytscha) originating from river
systems in Canada and the United States (US) on the west coast of North
America have experienced precipitous declines in both numbers and size
at age over recent decades (Gustafson et al., 2007; Ohlberger et al.,
2018; Riddell et al., 2013; Xu et al., 2020), which have been attributed
to various anthropogenic stressors, including overfishing, habitat
destruction, climate change, and persistent organic pollutants (POPs)
(Quinn, 2018). In Canada, the Committee on the Status of Endangered
Wildlife in Canada (COSEWIC) determined that 90% (15/16) of the

tionary Significant Units (ESU) originating from rivers on the west coast
are classified as Threatened or Endangered under the Endangered Species
Act (ESA) (Ford, 2022; Waples, 1991; Williams et al., 2016).

Chinook salmon are the largest of the Pacific salmon and are
important to Indigenous Peoples, recreational anglers, and commercial
fisheries, as well as fish-eating Resident killer whales (RKW, Orcinus
orca). The Endangered Southern Resident killer whales (SRKW) frequent
the coastal waters of British Columbia, Canada and Washington state,
USA, while the Threatened Northern Resident killer whales (NRKW)
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range from Vancouver Island north to southeast Alaska. Both SRKW and
NRKW rely on Chinook as their primary prey species with Chinook
salmon comprising approximately 80% of the annual SRKW diet and
87% of NRKW diet during the spring and summer (Ford et al., 2010;
Hanson et al., 2021). This prey selectivity is further targeted at larger
and older Chinook, generally greater than 70 cm or at least 4 years of age
(Ford et al., 2010; Ward et al., 2010).

Very high concentrations of POPs, including polychlorinated bi-
phenyls (PCBs) and polybrominated diphenyl ethers (PBDEs), have been
reported in RKWs (Environment and Climate Change Canada, 2020;
Ross, 2006; Ross et al., 2000). Chinook salmon have been found to have
the highest POP levels among Pacific salmon species, reflecting their
longer lifespan and their higher trophic level (Mongillo et al., 2016;
Yunker et al., 2011). Such findings have raised important questions
about the transport, fate, and effects of food web-amplified POPs. Pol-
ychlorinated biphenyls are legacy contaminants that were produced in
the US (and other countries) between 1929 and the late 1970s, whereas
PBDEs were produced between the late 1970s and 2013. Poly-
chlorinated biphenyls were commercially used as heat-resistant chem-
icals in electrical transformers, capacitors, and adhesives among other
uses (Erickson, 1997), while PBDEs were used widely as flame re-
tardants in electronics, textiles, and household furniture (World Health
Organization, 1994). Both PCBs and PBDEs are classes of organic com-
pounds, each with a theoretically possible 209 congeners that reflect the
degree of halogenation (chlorine or bromine) on two phenyl rings. Both
persist in the environment, bioaccumulate in organisms, biomagnify in
food webs, and are toxic (Lallas, 2001; Secretariat of the Stockholm
Convention, 2019).
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Polychlorinated biphenyls have a lower range of octanol-water
partition coefficients (log Kow 4-8) and take longer to eliminate in fish
(t1,/2 up to > 1000 d), compared to PBDEs, which have a higher log Koy
range (5-10) and are more readily eliminated (t;,2 < 500 d) (Di Paolo
et al., 2010; Makino, 1998; Niimi and Oliver, 1983; Papa et al., 2009).
The 209 theoretically possible congeners of PCBs and PBDEs have pro-
vided opportunities to study transport and fate processes for these
contaminants. Polychlorinated biphenyl and PBDE profiles measured in
the juvenile Chinook salmon, harbor seals (Phoca vitulina), and Pacific
herring (Clupea pallasii) have been associated with their feeding ecology
and proximity to pollution hotspots (O'Neill et al., 2020; Ross et al.,
2004; West et al., 2008).

Chinook salmon have been shown to accumulate the majority of
their POPs during their time at sea (Cullon et al., 2009; O’Neill and West,
2009). However, the extent to which the wide variation in marine
spatial distributions of rearing Chinook affect contaminant exposure and
accumulation is not clear, with some stocks migrating to rear in the Gulf
of Alaska, while others remain closer to their natal rivers and along the
continental shelf (i.e., shelf residents) (Fig. 1) (COSEWIC, 2018; Weit-
kamp, 2010). Resident Chinook that remain in Puget Sound and other
urbanized areas of the Salish Sea for their marine rearing were found to
have higher POP concentrations than Chinook that migrated to northern
rearing grounds (O’Neill and West, 2009; O’Neill et al., 2006).

Carbon (5'°C) and nitrogen (5'°N) stable isotope ratios have been
used extensively to evaluate the role of feeding ecology in fish, and may
provide insight into the consequences for contaminant exposure in
different Chinook stocks (Fisk et al., 2001). Differences between use of
marine (or pelagic) versus coastal (or benthic) carbon food sources can
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Fig. 1. Estimated marine distribution and rearing grounds of British Columbia (Canada) and US Pacific Northwest immature and maturing Chinook salmon (n = 83).
Data source: PSC Coded-Wire Tag Program, DFO catch data, and known life history patterns, see Methods section for references. Catch locations by number: 1—NW
Coast Haida Gwaii (Langara Island), 2—Blackfish Sound & Knight Inlet, 3—Howe Sound, 4—Cowichan River, 5—Swiftsure Bank, 6—Mill Bay, 7—Lower Fraser
Albion Test Fishery. Marine distributions for the various stocks are represented by color-coded lines: Shelf residents (Cowichan, Harrison, Puget Sound), Offshore
(Upper & Middle Fraser), Far North (South Thompson, Skeena, North-Central BC, & WCVI), Columbia (Upper & Lower Columbia).
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be distinguished with §'3C, while 5'°N can provide an indication of g - o}
trophic level (Das et al., 2004; Zanden and Rasmussen, 2001). E % 'E
The objective of this study was to characterize the role that feeding g i 2 ‘é
ecology and marine rearing strategies play in shaping PCBs and PBDES in E | =4 G
10 priority stocks of Chinook salmon consumed by RKWs. & *; & E
B |4 z &
2. Methods 3 8 B 2
g |E g 2
2.1. Chinook sample collection and preparation :E % 5 ¥ 2
5 )
Adult Chinook salmon were collected in seven areas in the coastal 5 g
waters off British Columbia, Canada, stretching from the mouth of the g T b0 Mo N o §
Fraser River in the south to the northwest coast of Haida Gwaii (Fig. 1). “é pdia i i i i B = R f
Collections took place during October 2018 and March-December 2019 = A T A I
in partnership with First Nations and recreational and commercial an- § Fl3I2T33g9023|8
glers. Individual Chinook salmon samples (n = 83) from 10 stocks g R [
consumed by SRKW and NRKW (Ford et al., 2010; Hanson et al., 2010, _c:f §
2021) were selected: Cowichan River (East Coast Vancouver Island & - -fq
(ECVI)), West Coast Vancouver Island (WCVI), Puget Sound, Columbia g g 3 §
River (Upper and Lower Columbia), Skeena River, North-Central British < 2 _1 - E
Columbia, Upper Fraser (Spring 55), Middle Fraser (Summer 53), South 8 %’ : § d s
Thompson River (Summer 4;), and Harrison River (Fall 4;, Lower 5 S d A 5 ; %
Fraser) (Table 1). Marine migration routes and rearing grounds of the § o 3’1 LO{ § &g 5 E
selected Chinook stocks (Fig. 1) were estimated using Coded Wire E] 8988255 EES s
Tagging (CWT), catch data, genotyping, and modeling studies (Beamish = Slos E REEEEEIE
et al., 2011; Brown et al., 2019; COSEWIC, 2018; Doutaz et al., 2021; %’ % :* E oo :“ MO §
=2 <|A=23z98D0 0 ®n DO
Freshwater et al., 2021; Larson et al., 2013; CTC, 2019; Sharma and = E
Quinn, 2012; Shelton et al., 2019; Tucker et al., 2012; Weitkamp, 2010). § o
Note, Chinook stocks may spend any amount of time along the estimated &V)’ < é
route and will not necessarily follow the exact path. g SBF22333285 E
Chinook heads were individually bagged and frozen at —20 °C and {:ﬁ E 3 3 3 j 3 3 j 3 3 : §
shipped to Fisheries and Oceans Canada (West Vancouver, BC, Canada), § S 3229888388 | =
where they were stored at —20 °C. Heads were partially thawed and = ﬂz 3; -':‘ % 3; -':‘ “73 DI % 'HT .‘:‘ k5
muscle tissue from the back of the head was subsampled from each in- : ey
dividual for stable isotope and contaminant analyses. Subsamples were E §
individually wrapped in acetone-hexane rinsed foil, placed in Whirl- 5 - E
paks®, and stored at —20 °C. i g JZzZz oo E
Biological data including sex, weight, fork length, fin clip for stock @ E‘ HHHH  H ki
identification, and scale for ageing were collected for each individual £ < FIFE S s
when possible. Genetic stock and age analysis were performed at Fish- é _‘E
eries and Ocean Canada (Nanaimo, BC, Canada). Genetic stock assign- S 5
ment for each Chinook was performed using either cBAYES in £ = 3
conjunction with a baseline of 52,000 individuals from 325 populations 2 E - i
derived from microsatellite markers (Beacham et al., 2006) or "§ ‘5’ 2 g ; E 3 3 3 Q : 2 §
parentage-based tagging (PBT) and genetic stock identification (GSI) £ A B A ¥ )
with a baseline of 36,241 individuals from 45 populations derived from o 2
321 single nucleotide polymorphisms (SNPs) (Beacham et al., 2018). ‘E‘ i <
Results were reported as Canada Conservation Unit (CU) or United 'i = E %g
States genetic group and spawning river. As per methods described o = Eloocvconnoaa 2 g
elsewhere (Beacham et al., 2006, 2018; Ford et al., 2010; Hanson et al., & Vv g ; : 3 ; j 3 ; : j 1 % =
2010), we combined individual genetic assignments into stocks (see 2 & _; NNOQOm O o g
Table S1). To control for age as a confounding factor, adult Chinook © a A R R R R S é e,
aged 4 or 5 years were selected for contaminant and stable isotope an- g 2 < g
alyses. Some individuals could not be aged; therefore we selected Chi- % g TE 5]
nook with fork lengths that ranged from 70 to 99 cm, which corresponds 7:; E clenoa2d333T2 9 g
with size estimates for 4 or 5 year old adult Chinook (Ford and Ellis, z g &= i
2006), and is also within the range for size selectivity preferences for g ﬁ = i
RKWs (Ford et al., 2010; Ward et al., 2010). 2 q = E &
Despite the Upper Columbia Chinook having a slightly farther north 2L < % =
marine rearing strategy (northeast Alaska) than Lower Columbia Chi- g A g = é é = §
nook, which tend to range farther south to Oregon (Fig. 1, black line) E & O 2 5 = a E E
(Shelton et al., 2019; Weitkamp, 2010), their marine rearing areas have g “E _ % E’ E % E’ ,\ é % 8 § €
considerable overlap (Sharma and Quinn, 2012) and as such were g § é g § gs é ; g § E,’ % 2
combined into one stock group for biological, dietary, and contaminant - g . g % 5 Z ; 5 ‘;’ S ‘,’ﬂ}) 'E < .S
analyses. Stable isotope ratios, C:N ratios, Y PCBs, and ) PBDEs did not = g g gl&s D&E § § g § ci—:? 3 i g
differ between Upper and Lower Columbia (5'°N t-test, p = 0.4; 5'3C S ]
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t-test, p = 0.4; C:N t-test, p = 0.5; > PCBs Mann-Whitney U test, p = 0.2;
> "PBDEs Mann-Whitney U test, p = 0.3) thus were not separated for
analyses. The lack of significant differences could be due to sample size
(Table S1), which merits further investigation with greater sample size
of both Upper and Lower Columbia Chinook.

2.2. Chemical analyses

Muscle tissue samples (n = 83) were analyzed for percent lipid, 159
PCB congeners, and 40 PBDE congeners at SGS AXYS Analytical Services
Ltd., Sidney, British Columbia, Canada according to laboratory protocols
and criteria described elsewhere (Christensen et al., 2005). Poly-
chlorinated biphenyls and PBDEs were analyzed using high-resolution
gas chromatography coupled with high-resolution mass spectrometry
(HRGC-HRMS) detection according to the US Environmental Protection
Agency (EPA) methods 1668A (1997) and 1614 (2007), respectively.
For each batch of up to 15 samples, a method blank and standards were
analyzed. Polychlorinated biphenyl and PBDE congener concentrations
were blank-corrected and lipid-weight adjusted. Congener measure-
ments below the detection limit were replaced with a random number
generated between zero and the detection limit. Total PCB and PBDE
concentrations are reported as > PCB or Y PBDE in nanogram/gram
lipid weight (ng/g lw).

2.3. Stable isotope analysis

Muscle tissue was oven dried, ground into a powder, weighed (~500
1g) in tin capsules and analyzed for 5'>C and 5'°N by a Delta V Thermo
Scientific Continuous Flow Mass Spectrometer (Thermo Scientific, Bre-
men, Germany) coupled to a 4010 Elemental Combustion System
(Costech Instruments, Valencia, CA, USA). Samples were analyzed at the
University of Windsor Great Lakes Institute of Environmental Research
(GLIER), Ontario, Canada. Carbon and nitrogen stable isotopes were
expressed by & values in parts per thousand (%o) deviation from the in-
ternational standards Vienna Pee Dee Belemnite (5'°C) and atmospheric
air (6'°N). The & values for carbon and nitrogen stable isotopes were
calculated as follows:

6X%0 = [(Rsample /Rstandard) - 1} x 1000 1)

where X is the isotope being measured and R is the ratio of heavy to light
isotope (13C/'2C or >N/MN). All 8!3C values were lipid corrected using
the Kiljunen et al. (2006); McConnaughey and McRoy (1979) equations:

8"3C Lipid extracted = §"°C + 7.018 « (0.048 +3.90/(1 + 287/L)) )
L (percent lipid) =93 / [1 +(0.246 C/N — 0.775)71] -

where C/N = ratio of percent carbon to percent nitrogen in the sample.
This lipid correction was performed because Chinook salmon have
relatively high lipid content (C/N > 3.4, Kiljunen et al., 2006), which
has been shown to artificially deplete §'3C (Post et al., 2007). This lipid
correction was recently validated in 2021 (Larocque et al., 2021; Kil-
junen et al., 2006; McConnaughey and McRoy, 1979).

Precision was evaluated using the standard deviation of replicate
analyses of four standards: NIST1577c, internal lab standard (tilapia
muscle), USGA 40 and Urea (n = 42). Standard deviation for all stan-
dards was <0.24%o for 8'°N and <0.22%o for §'3C. §!3C and 8'°N values
of USGA 40 (n = 50 for 5'C and §'°N each) analyzed throughout runs of
samples showed a difference of 0.01% for 8'°N and 0.19%. for 5'3C from
the certified values. The accuracy of the instrumentation was based on
NIST standards 8573, 8547, and 8574 for 6'°N and 8542, 8573, and
8574 for 8'3C (n = 10 for all). The mean difference from the certified
values were 0.02, 0.22, and 0.20%0 for 5'°N and 0.14, —0.23, and
—0.21%s for 5'3C, respectively.
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2.4. Statistical analysis

All statistical analyses were carried out using R Statistical Software
(Ver 4.0.2: R Foundation for Statistical Computing) (R Core Team, 2020)
with statistical significance set as « = 0.05. Maps were produced using
QGIS 3.16.3 Hanover. The Shapiro-Wilk test was used to test the
normality and homogeneity of variances for contaminant concentrations
and stable isotopes variables. Variables that deviated from the normal
distribution even after log;o transformation were analyzed using
non-parametric tests. Mann-Whitney U tests were performed to test for
differences in ) PCB and ) PBDE concentrations between Upper and
Lower Columbia Chinook. T-tests were used to compare stable isotope
ratios between Upper and Lower Columbia Chinook. T-tests were also
used to compare stable isotopes ratios and lipid content between male
and female Chinook. Two-way analysis of variance (ANOVA) was used
to assess the effect of stock and sex on lipid content. Because Cowichan,
North-Central BC, and Skeena Chinook did not have an even distribution
of male and females, they were not included in the two-way ANOVA that
included sex as a factor. One-way ANOVA was used to compare the
means of stable isotopes, fork length, and percent lipid among Chinook
stocks. Significant ANOVAs were followed with Tukey’s post hoc tests to
determine specific differences among Chinook stocks. A Kruskal-Wallis
test followed by a pairwise Wilcoxon rank sum test with
Benjamini-Hochberg correction was used to compare Y PCB or > PBDE
concentrations among Chinook stocks.

Principal component analysis (PCA) was performed to investigate
differences in PCB and PBDE congener patterns in Chinook stocks.
Congeners not detected in at least 70% of samples were removed. Data
was standardized to the concentration total before the PCA to eliminate
concentration bias between samples. The centered logj( ratio trans-
formation (each congener normalized by the geomean followed by a
log1 transformation) was then applied to produce a data set unaffected
by negative bias or closure (Aitchison, 1986). The data were then auto
scaled (scaled to variable mean and standard deviation) before input
into the PCA.

Linear regressions were used to assess the relationship between PCB
and PBDE PCA projections and biological variables (3'3C, §'°N, percent
lipid, stock). An Akaike Information Criteria (AICc) calculations cor-
recting for small sample sizes (Burnham, 2002) in conjunction with a
backward stepwise regression was used to assess which variable or
combination of variables best explained the variation observed in the
PCB and PBDE Chinook patterns.

The comprehensive dataset of detected PCBs and PBDEs (127 con-
geners) for the adult Chinook afforded the opportunity to use cluster
analysis to further explore the congener patterns for these two important
contaminant classes. An exploratory cluster analysis was conducted
using the PCB and PBDE data for all Chinook to further characterize the
patterns and groupings across the various stocks. K-means and hierar-
chical cluster analysis using Ward’s minimum variance method were
used on combined PCB and PBDE congener data to assess groupings of
Chinook stocks. While both k-means (non-hierarchical) and hierarchical
clustering divide data points into groups based on their similarity, k-
means uses a pre-defined number of groups denoted as “K” to create
clusters, whereas hierarchical clustering assembles the dataset into
dendrograms to create a tiered structure of clusters.

3. Results and discussion
3.1. Biological and dietary variations among Chinook stocks

Mean lipid content in Chinook muscle varied among the different
stocks (ANOVA; Fg 73 = 20.9, p < 0.001). Cowichan Chinook exhibited
lower mean lipid content (2.49 + 0.26%) compared to all other stocks
(p < 0.05), except for Harrison (5.86 + 0.79%; p = 0.3) which had the
second lowest lipid content followed by WCVI Chinook (Tables S8 and
S3). Mean lipid content in Harrison Chinook was lower than the Upper
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and Mid Fraser (16.6 + 0.8 and 15.6 + 0.9%, respectively) and South
Thompson (13.9 + 0.9%) stocks (p < 0.001, Table S3). These three latter
stocks had the highest mean lipid content across all stocks (Table S8).

These findings are consistent with the different energy needs of
Chinook stocks undertaking their respective freshwater migration to
natal spawning grounds. For example, Upper and Mid Fraser Chinook,
along with South Thompson stocks, have high lipid content to fuel long
(705-994 km) and demanding migrations (606-713 m in elevation)
once they enter the Fraser River (COSEWIC, 2018; Lerner and Hunt,
2023). Cowichan and Harrison Chinook have lower lipid content,
reflecting their shorter freshwater migrations. Our results are also
consistent with previous studies that showed Harrison Chinook have the
lowest percent lipid content relative to South Thompson and Upper and
Mid Fraser stocks (Cullon et al., 2009; Lerner and Hunt, 2023; O’Neill
etal., 2014; Veldhoen et al., 2010). Percent lipid values were negatively
correlated with §'3C (R? = —0.393; p < 0.001) and 5'°N (R? = —0.206; p
< 0.001). This relationship between percent lipid and 5'3C supports our
results; shelf resident Chinook stocks (i.e., Harrison and Cowichan)
residing and foraging in coastal waters have lower lipid reserves that
reflect the shorter distances back to their spawning grounds, whereas
offshore rearing stocks with longer return migrations have higher lipid
reserves.

The lipid content variability among stocks, particularly for Harrison
and Cowichan caught in close proximity to their natal rivers, may be
influenced to some extent by sexual maturation, a period when Chinook
lipid reserves are mobilized from muscle to gonads (Hendry and Berg,
1999). Chinook arrive at freshwater entry at varying levels of maturity
due to their different spawning times (Hearsey and Kinziger, 2015). So it
is possible that the fall run of Cowichan and Harrison Chinook in the
present study may have started to sexually mature. However, a recent
study examining Harrison Chinook caught from the same location as in
the lower Fraser River did not find significant mobilization of muscle
lipids to gonads (Lerner and Hunt, 2023).

Mean lipid content was not significantly different in females (n = 53;
10.1 + 4.6%) and males (n = 51; 8.35 + 5.0%) (p = 0.07). Further, using
a two-way ANOVA we tested for the effect of stock and sex on lipid
content, and while a significant effect based on stock was found (Fg 66 =
10.4, p < 0.001), there was no effect from sex or the interaction between
stock and sex (p > 0.05).

While age data was not available for our Skeena and North-Central
Chinook, their size ranged from 89 to 94 cm and 79 to 99 cm
(Table S1), respectively. Skeena (SK) and North-Central BC (NB)
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Chinook had a greater mean fork length (cm) than Puget Sound Chinook
(Table 1; ANOVA; Fg 98 = 2.93, p = 0.004; NB: p < 0.01, SK: p = 0.02). A
previous comparison between Skeena and Puget Sound Chinook also
showed Skeena Chinook had greater mean fork length than Puget Sound
Chinook (O’Neill et al., 2014). No other differences in fork length (p >
0.05) were found among the Chinook stocks, which differs from recent
findings that showed fork length differences among Fraser River Chi-
nook (Lerner and Hunt, 2023). However, the latter study did not indi-
cate if age was controlled for when performing their length comparisons.
No significant differences were found between males and females for
fork length (p = 0.3).

Mean '3C varied among the 10 Chinook stocks (ANOVA; 5'3c Foy.102
=18.1, p < 0.001) (Table 1; Fig. 2). Mean 8'3C in shelf resident Cow-
ichan Chinook were higher compared to Upper and Mid Fraser,
Columbia, Skeena, South Thompson, and North-Central BC Chinook (p
< 0.05, Fig. 2). Mean 513C in shelf resident Harrison Chinook were
higher compared to those in Upper and Mid Fraser, Columbia, South
Thompson, Skeena, West Coast Vancouver Island, and North-Central BC
Chinook (p < 0.05). Puget Sound Chinook, which are also a shelf rearing
Chinook stock had higher mean §'C compared to those in Upper and
Mid Fraser, South Thompson, and Skeena Chinook (p < 0.05). The
higher 5'3C in the three shelf resident Chinook stocks (Cowichan, Har-
rison, and Puget Sound) reflect their use of the coastal shelf habitats
(Beamish et al., 2011; Doutaz et al., 2021; Shelton et al., 2019), relative
to the other stocks, such as the Upper and Mid Fraser Chinook, which
have lower §!°C reflecting their use of offshore food webs (Doutaz et al.,
2021) (Figs. 1 and 2). Cowichan Chinook remain relatively close to their
natal river rearing along the east coast of Vancouver Island and around
the Gulf Islands in the Strait of Georgia (Beamish et al., 2011; Shelton
et al., 2019). Harrison Chinook rear in the Salish Sea or the coastal
waters of Washington and Oregon within 1000 km from the mouth of
the Fraser River (Doutaz et al., 2021). Similarly, Puget Sound Chinook
tend to utilize more coastal shelf habitats migrating on either side of
Vancouver Island but not much farther than north Vancouver Island
(Freshwater et al., 2021; Shelton et al., 2019; Weitkamp, 2010), with a
small percentage of stocks (5-10% of the 2018 and 2019 southeast
Alaska Chinook troll fishery catch) migrating as far as southeast Alaska
(Shedd et al., 2021, 2022).

Mean 8'3C of Columbia River, WCVI and North-Central BC were
higher than those of Upper and Mid Fraser Chinook (p < 0.05), but the
relationship between North-Central BC and Upper Fraser was marginally
significant (p = 0.05). These relationships reflect the north and far north

16.0
Offshore Nearshore
>

15.5 —+—
g 15.0 1 +
Z |

145 ® __F

14.0

-19.0 —-18.5 —-18.0 -17.5 -17.0 -16.5 -16.0
8C (%o)
@ Skeena ® Upper Fraser @ South Thompson ® wevl © Puget Sound

@ North-Central BC Mid Fraser

@ Lower Fraser (Harrison) @ Cowichan (ECVI)

Columbia

Fig. 2. 8'°N and lipid normalized 8'3C (mean + SE) for 10 priority Chinook stocks consumed by Resident killer whales. Higher 5'°C in shelf resident Chinook reflect

their use of nearshore marine rearing habitats.
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rearing distributions along the continental shelf for the Columbia,
WCVI, and North-Central BC Chinook compared to the far north and
offshore distribution of Upper and Mid Fraser Chinook (Fig. 1) (Fresh-
water et al., 2021; Larson et al., 2013; CTC, 2019; Sharma and Quinn,
2012; Shelton et al., 2019; Weitkamp, 2010). The differences observed
in mean 5'3C among the 10 Chinook stocks support previous migration
studies that indicate a mosaic of Chinook marine rearing strategies along
the continental shelf, the Gulf of Alaska, and offshore habitats (Shelton
et al., 2019; Weitkamp, 2010). Mean 5'3C did not differ between males
and females (p = 0.1).

Cowichan Chinook mean 8'°N were higher than those of Columbia,
Upper Fraser, Mid Fraser, Puget Sound, Skeena, South Thompson, and
West Coast Vancouver Island Chinook (ANOVA; §'°N Fy102=16.17,p <
0.001, Fig. 2; Tukey post hoc Table S4). Harrison Chinook 515N were
higher than South Thompson (p < 0.001). These results suggest that
Cowichan Chinook and Harrison Chinook are feeding at a higher trophic
position, which could contribute to increased concentrations in these
particular stocks, relative to the other Chinook stocks (Fig. 2). Mean
515N was higher in males (14.8 & 0.7) than females (14.6 &+ 0.6) (p =
0.02), however all Cowichan Chinook were male and therefore could be
influencing this difference. These findings should be interpreted with
some caution due to the lack of baseline §!°N data that could enable a
correction for underlying variation in the nitrogen resources supporting
different stocks.

3.2. PCB and PBDE concentrations in Chinook stocks

Mean concentrations of > PCBs in all Chinook samples (n = 83)
ranged from 43.25 + 1.13 ng/g lw (Upper Fraser) to 825.0 + 186.7 ng/g
Iw (Cowichan) with an overall mean ) PCBs of 226.0 + 42.2 ng/g lw.
Mean concentrations of Y PBDEs in all individuals (n = 83) ranged from
2.82 + 0.43 ng/g lw (Mid Fraser) to 234.4 + 59.5 ng/g lw (Cowichan)
with an overall mean Y PBDEs of 53.13 + 12.89 ng/g Iw (Table S8).

>"PCB and ) PBDE concentrations varied among Chinook stocks
(XPCBs: 3%y = 49.6, p < 0.001; Y.PBDEs: y%) = 52.3, p < 0.001)
(Fig. 3). Shelf residents (Cowichan and Harrison) had significantly
higher (p < 0.05) > "PCB and ) PBDE concentrations compared to all
other stocks, while Harrison > PCB concentrations appeared to be
higher than Skeena (p = 0.054) (Tables S6 and S7). A greater sample size
for Skeena Chinook (n = 4) may strengthen this observation. Puget
Sound Chinook had higher ) PCB and ) PBDE concentrations than
Skeena (3 _PBDEs, p = 0.03; > _PCBs, p = 0.05), North-Central BC, Mid
Fraser, and Upper Fraser Chinook (Tables S6 and S7). No other differ-
ences (p > 0.05) were found among concentrations of ) PCBs and
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> PBDEs in the Chinook stocks. Higher Y PCB and ) PBDE concentra-
tions in the shelf resident Chinook stocks (Harrison, Cowichan, and
Puget Sound) compared to the more offshore migrating stocks likely
reflects their proximity to urban centers. For instance, PCB and PBDE
concentrations in harbor seals and PBDE concentrations in Dungeness
crab (Cancer magister) in the coastal waters of British Columbia and the
US were highest near urban sites compared to more remote sites (Iko-
nomou et al., 2006; Ross et al., 2004, 2013).

Harrison Chinook (4.1 + 0.1 years old; Table 1) analyzed in this
study had mean } PCB and Y PBDE concentrations 1.5-fold and 2.2-fold
lower than 2.5 year old Harrison Chinook reported in 2009 (Cullon
et al., 2009), respectively. Mean Skeena Chinook muscle ) PCB con-
centrations in the present study (Table S8) were similar to whole body
adult Skeena Chinook concentrations collected in 2004; however, mean
Skeena Chinook Y PBDE concentrations in the present study were 5-fold
higher than the 2004 adult Skeena ) PBDE concentrations (O’Neill
et al., 2006). Mean ) PCB and PBDE concentrations measured in 4 year
old South Thompson Chinook from this study were 1.5-and 2.8-fold fold
lower than 4 or 5 year old Thompson (Conservation Unit not specified)
Chinook reported in 2010 (Veldhoen et al., 2010), respectively. Mean
>"PCB and ) PBDE concentrations in Columbia Chinook in this study
were approximately 2.5-fold and 2.7-fold lower than levels measured in
Columbia Chinook reported in 2006 (Stone, 2006), respectively. Simi-
larly, > PCB and ) PBDE concentrations in Puget Sound Chinook from
this study were 10- and 4-fold lower than Puget Sound Chinook con-
centrations reported in 2009, respectively (Cullon et al., 2009; O’Neill
and West, 2009). The Puget Sound Chinook in this study were collected
along southwest Vancouver Island or northeast Vancouver Island,
whereas those Puget Sound Chinook with higher PCBs and PBDEs re-
ported in 2009 were collected either in river or within Puget Sound. The
latter group with the much higher PCB and PBDE levels may have had a
significant portion of resident Puget Sound Chinook (locally called
‘blackmouth’), which remain within Puget Sound during their marine
rearing (Chamberlin et al., 2011; Cullon et al., 2009; O’Neill and West,
2009). Whereas the Puget Sound Chinook collected from our study are
likely fish that resided in Puget Sound for several months as juveniles
then migrated out of Puget Sound to rear along the coast of the Pacific
Ocean and therefore have a different marine life history than the resi-
dents (Duffy et al., 2005; Simenstad et al., 1982). The decreases in
>"PCB and ) PBDE concentrations among most of these stocks over time
mirror temporal trends of declining concentrations in Pacific herring
(Clupea pallasi), English sole (Parophrys vetulus), and harbor seals from
Puget Sound, and seabirds from the northeast Pacific (Elliott et al., 2023;
Ross et al., 2013; West et al., 2017).

Harrison Cowichan

Columbia Puget
Sound (LF) (ECVI)

Fig. 3. Mean ) PCB and ) PBDE concentrations in 10 priority Chinook stocks, with PCBs found at 3.5 (Cowichan) to 17 (Skeena) -fold higher than PBDEs. Errors
bars are standard error. Stocks are ordered from farthest to closest in proximity to land-based pollution.
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The top six PCB congeners, which included a combination of PCB 52,
70, 99, 101, 118, 138, 149 and 153, accounted for 34.9 + 0.2% to 44.3
+ 1.1% of the Y PCBs among all Chinook (Tables S8 and S10). PCB 153
(8.04 + 0.14% to 13.0 + 0.6% of the total PCBs), PCB 138 (6.47 +
0.24% to 10.1 + 0.5%), and PCB 101 (5.68 + 0.09% to 6.62 + 0.26%)
were consistently the top three congeners among all Chinook stocks.
These results were similar to the top PCB congeners in Pacific salmon
transplanted to the Great Lakes, masu salmon (Oncorhynchus masou
masou and Oncorhynchus masou ishikawae) from Japan, and Chinook
salmon previously sampled within the Salish Sea (Gerig et al., 2016;
Matsumoto et al., 2014; Pearce, 2018). These three PCB congeners are
known to biomagnify in marine food webs and are commonly reported
in upper trophic level marine mammals, such as harbour porpoises,
harbour seals, and RKWs (Madgett et al., 2022; Pearce, 2018).

The fourth, fifth and sixth top PCB congeners in the shelf resident
Chinook (Harrison, Cowichan, and Puget Sound) were dominated by
heavier and more chlorinated PCBs (149, 99, and 118) compared to the
offshore and far north rearing Chinook (Upper Fraser, Mid Fraser, North-
Central BC) which tended to be lighter (PCB 70, PCB 52) (Tables S8 and
S11). PCB 70 was the fourth (Upper and Mid Fraser) or sixth (Skeena,
North-Central BC, South Thompson) top congener in five stocks with
relatively lower > PCBs and that rear in more offshore areas (Tables S8
and S11). PCB 52 was in the top six congeners in the three stocks (North-
Central BC, Upper, and Mid Fraser) with the lowest > PCBs and more
offshore marine rearing (Tables S8 and S11).

The top six PBDE congeners, which included a combination of 28/33,
47, 49, 99, 100, 154, and 209, together accounted for 83.7 + 1.1% to
94.1 + 1.1% of the total PBDE in all Chinook (Tables S8 and S11). PBDE
47 was consistently the top PBDE congener among all Chinook stocks,
accounting for 46.6 £+ 6.3% to 61.0 + 1.1% of > PBDE (Tables S8 and
S11). PBDE 99 (7.65 + 0.61% to 12.2 + 1.0%) and 100 (8.11 + 1.13%
to 10.8 £+ 0.4%) were the second and third most abundant PBDE con-
geners in eight of the 10 stocks (Tables S8 and S11). PBDE 100 was the
second-most dominant congener among the shelf residents (Cowichan,
Harrison, Puget Sound), whereas PBDE 99 was the second-most domi-
nant congener among the offshore stocks (Columbia, Mid Fraser, North-
Central BC, South Thompson) (Tables S8 and S11). In wild Alaskan
Chinook salmon and Pacific salmon transplanted to the Great Lakes,
PBDE 47 was also the dominant congener with PBDE 99 and 100 ac-
counting for the second and/or third highest percent contribution to
>"PBDE (Gerig et al., 2016; Shaw et al., 2008). PBDE 49 was the fourth
top congener for nine of the 10 stocks (6.49 + 0.58% to 9.07 + 0.64%;
Tables S8 and S11). PBDE 209 was detected in all but one of the stocks
(WCVI) and was the fifth top congener in five of the more offshore
Chinook stocks (Table S8) but was not one of the dominant congeners in
the shelf rearing resident stocks. This is surprising, as PBDE 209 is
generally associated with more urbanized areas (Gewurtz et al., 2011).
The top ranking placement for the offshore Chinook stocks can be
explained by the mean total PBDE concentrations in offshore stocks
being 83-fold lower than shelf residents. These findings and the overall
detection of PBDE-209 in the present study are likely a result of a lab-
oratory contamination issue, which is a commonly reported problem for
this particular congener (Alcock et al., 2011; Gewurtz et al., 2011).

3.3. Multivariate analysis of PCBs and PBDEs in 10 stocks of adult
Chinook

After treating the PCB congener data, 113 congeners were used in the
final PCA. The first principal component (pl & tl: 63.6%) for PCB
congeners differentiated Chinook salmon with a greater proportion of
lighter congeners from Chinook with a greater proportion of heavier
congeners (Fig. 4A & C). Polychlorinated biphenyl congeners with a
degree of chlorination <5 (lighter) projected on the left of pl while
congeners with a degree of chlorination >5 (heavier) projected on the
right of p1 (Fig. 4C). A light PCB signature is characteristic of long-range
atmospheric or oceanic signal, which is the result of more volatile
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(lighter) congeners travelling greater distances, whereas a heavier
signature reflects a nearby source signal, dominated by heavier more
chlorinated congeners (Brown et al., 2014; Ross et al., 2004).

Shelf resident (Cowichan and Harrison) and Puget Sound Chinook
projected to the right of the PCA (Fig. 4A) indicating that these stocks
had a greater proportion of heavier congeners (Fig. S1), consistent with
the individuals from these stocks utilizing more coastal habitats (Fig. 2)
and closer proximity to land-based pollution sources (Burd et al., 2022).
The offshore Chinook (Mid and Upper Fraser) projected to the left of the
PCA score plot (Fig. 4A) indicating that they were dominated by a higher
proportion of lighter congeners (chlorination <5; Fig. S1), which is
consistent with distant PCB sources and reflects their utilization of more
offshore habitats (depleted 5!3C signature; Fig. 2) that are further from
regional urban sources (Brown et al., 2014; Yunker et al., 2011). South
Thompson, Skeena, North-Central BC, and WCVI also projected on the
left side of t1 but to a lesser extent than the offshore stocks, following
their known marine distribution patterns to the far north in the Gulf of
Alaska or to southeast Alaska (WCVI) compared with the Upper and Mid
Fraser Chinook, which migrate further offshore. Columbia Chinook did
not project to one side or the other but were spread across t1.

These divergent PCB signatures among the Chinook stocks are
consistent with observations in other species, including other species of
salmon, in which proximity to regional or local sources explained the
heavier PCB profiles compared with those in more remote locations
(Brown et al., 2014; Cullon et al., 2009; Ross et al., 2004; Yunker et al.,
2011). In addition, similar results have been observed in wild coho
salmon PCB signatures that separated coho into “coastal” and “remote”
groups (Yunker et al., 2011). The “remote” coho grouped with wild
chum, sockeye, and pink salmon, known to have extensive offshore
marine distributions, while the “coastal” coho grouped with wild Chi-
nook with marine distributions closer to the continental shelf (Yunker
et al., 2011). Japanese masu salmon inhabiting waters closer to an in-
dustrial area showed heavier PCB profiles and more enriched 5'3C
compared to masu salmon in waters farther away from an industrial area
(Matsumoto et al., 2014).

The log concentrations of Y PCBs in Chinook tissue samples posi-
tively correlated with t1 scores (r? = 0.75; p < 0.001; Fig. S3A). This is
consistent with Fig. 4 results that show shelf resident Chinook having
heavier PCB signatures and higher Y PCB concentrations (Table S8)
relative to the far north and offshore distributed Chinook with lighter
PCB signatures. The log Koy and pl (the variable loadings of the first
principal component of the individual PCB congeners) also correlated
(r2 = 0.706; p < 0.001). These results are comparable to those of Brown
et al. (2014) showing a PCB profile that strongly correlated with both
>"PCB concentrations and log K, (octanol-water partition coefficient
which describes the partitioning between lipid and water).

Out of a total of 40 PBDE congeners, 14 were used in the final PBDE
PCA. The first (p1) and second (p2) principal components explained
47.3% and 15.11% of the variability in the PBDE congener patterns,
respectively (62.44% total; Fig. 4B & D). The first principal component
(pl: 47.3%) for PBDE congeners separated based on their bio-
magnification and bioaccumulation potential in Chinook tissues. For
example, PBDE 47 (tetra) and PBDE 100 (penta), which projected on the
left side of p1, are highly lipophilic, bioaccumulative (log Kow > 6.5)
congeners that Chinook salmon and other fish species cannot readily
metabolize or debrominate resulting in greater accumulation of theses
congeners in their tissues over time (Roberts et al., 2011; Shaw et al.,
2008). Further, PBDE-99 and -100 have been found to biotransform to
PBDE 47 through debromination in the food web (Kelly et al., 2008; Lv
et al., 2020). This would contribute to the higher contribution of PBDE
47 to total PBDEs over time in higher trophic level species like Chinook.

In contrast, the PBDE congeners projected on the right side of pl
were a mix of di, tri, tetra, penta, and hexa congeners (e.g., 15, 17/25,
66, 119/120, 155), but are not known to accumulate to high concen-
trations in Chinook tissues (Shaw et al., 2008). The separation of PBDE
congeners along the second principal component (p2: 15.11%) may be
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shaped largely by metabolism. Congeners 153 and 99 projected on the
top of p2 have the potential to undergo metabolic debromination in fish
species, specifically Chinook for PBDE-99 to —66 and —49 (Roberts
et al., 2011). However, congeners —47, —49, —51, and —75 which
projected on the bottom of p2 are not readily debrominated (Dietrich
etal., 2015; Ng et al., 2018). The log Kow did not correlate with p1 (p >
0.05) but did correlate with p2 scores ®? = 0.622; p = 0.002).

The Chinook PBDE scores plot along t1 (47.3%) also separated based
on stock and associated marine distributions. The shelf residents
(Cowichan and Harrison) projected closely together on the left side of t1,
and offshore Chinook (Upper and Middle Fraser) projected on the right
side of t1. The log concentration of > PBDEs in Chinook tissue nega-
tively correlated with the t1 scores of Chinook samples (r = 0.79; p <
0.001; Fig. S3B), which is consistent with our results above that showed
bioaccumulative PBDE congeners were more dominant in shelf resident
Chinook with higher PBDE concentrations (Table S8) relative to the far
north or offshore distributed stocks.

Feeding ecology helped explain the PCB and PBDE patterns observed
among the 10 Chinook stocks. The PCB t1 scores (the sample scores of
the first principal component) for Chinook were positively correlated
with 5'3C and 8'°N and negatively correlated with percent lipid (Fig. 5A
and B; Fig. 6A). Although there are strong relationships between the PCB

DiBDE (dibromodiphenyl ether), TriBDE (tribromo), TeBDE (tetrabromo), PeDBE (pentabromo),

t1 variability and the individual biological variables, the interaction
between §'2C and stock best explained the variability in the PCB t1
scores (Fy9,72 = 15.81, = 0.644, p < 0.001; Table 2), indicating Chi-
nook stock PCB congener patterns are largely shaped by coastal versus
offshore use of carbon resources. Similarly, PBDE t1 scores were nega-
tively correlated with 8'3C and 8'°N (Fig. 5C and D) and positively
correlated with percent lipid (Fig. 6B). However, the model that best
explained the variation in PBDE t1 scores included 613C, 615N, percent
lipid, and the interaction between §!°N and percent lipid (Table 2).
Trophic level and metabolism (lipid content), as well as carbon food
source, seem to be driving PBDE congener patterns in Chinook salmon.

3.4. Cluster analyses of Chinook PCB and PBDE congeners

Applying k-means and hierarchical clustering methods, we separated
the Chinook stocks into three clusters, which largely reflected their
stock, feeding ecology (5!°C), and marine rearing habitat: Cluster 1
(Cowichan, Harrison, Puget Sound), Cluster 2 (Skeena, North-Central
BC, Upper Fraser, Mid Fraser, South Thompson, and WCVI), and Clus-
ter 3 (Columbia) (Fig. 7). Using their marine rearing distributions and
stock affiliations, we defined the groupings as: “Shelf residents” for
Cluster 1, “Far North/Offshore” for Cluster 2, and “Columbia” for Cluster
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Fig. 6. Chinook salmon PCB t1 and PBDE t1 scores negatively and positively correlated with percent lipid, respectively.

Akaike Information Criterion (AICc) assessment for models describing variation in the first principal components (t1) of PCB and PBDE PCAs in combination with

backwards stepwise regression.

PCB t1 F R? (adjusted) p value K AlCc AAICc w;

5'3C (%o0) * Stock 15.811072 0.644 <0.001 12 522.8 0 0.66
813C (%0) + 8'°N (%o0) + Stock + Stock *613C (%o) 11.1550,62 0.712 <0.001 22 525 2.25 0.21
513C (%o0) + 8'°N (%o) + Lipid + Stock + Stock *813C (%o) 10.7421 61 0.714 <0.001 23 527.1 4.31 0.08
PBDE t1 F R? (adjusted) p value K AICc AAICc wi

8'3C (%o) + 8'°N (%o0) + Lipid + 8'°N (%o) * Lipid 55.93478 0.728 <0.001 6 293.3 0 0.95
513C (%0) 186.71,81 0.694 <0.001 3 299.6 6.26 0.04
513C (%o) * Stock 22.421072 0.723 <0.001 12 303.5 10.22 0.01

The model chosen by backwards stepwise regression is indicated in bold.
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3. Individual k-means and hierarchical cluster analyses showed similar
results to the combined k-means clustering (Fig. 7; Fig. S4). To help us
determine these clusters we set a criterion, wherein, at least 80% of
individuals from an identified Chinook stock had to be grouped into one
cluster in order for all individuals from that stock to be placed into a
defined cluster. For example, nine out of eleven individuals (82%) from
Puget Sound were in Cluster 1, and therefore placed in Cluster 1 “Shelf
residents.” Similar to the PCA results above (Fig. 4A & B), the Columbia
stock had a distinct pattern from the other two clusters, distributing
almost evenly between Cluster 1 (n = 5) and 2 (n = 7) (Fig. 7), and thus
was placed in its own defined cluster. Further investigation of the
different Columbia populations that make up our defined Columbia
stock is warranted. Such examination would require a larger dataset to
see if variations in feeding ecology and or contaminant profiles can pick
up their varied marine distributions. These clusters can be used to
simplify future analyses when evaluating differences of other contami-
nant classes in these Chinook stocks.

4. Conclusions

The evaluation of PCB and PBDE concentrations and congener pat-
terns and stable isotope profiles in these 10 Chinook salmon stocks sheds
light on the role that feeding ecology and distribution in marine rearing
grounds play in shaping the accumulation of these two contaminants of
concern. We conclude that shelf resident Chinook stocks that feed closer
to the coast consume prey that is more contaminated because of prox-
imity to land-based sources of urban and industrial pollution. These
rearing grounds include Puget Sound and the Strait of Georgia within
the Salish Sea. In contrast, Chinook that feed further offshore consume
prey contaminated by more ‘global’ or ‘long-range’ sources, with lower
levels of POPs. With the offshore upper and middle Fraser Chinook
stocks being typically more lipid-rich, they are a critical component of
the diet of SRKW (Hanson et al., 2010). Given the dramatic decline of
these stocks, especially in the last decade (Atlas et al., 2023; COSEWIC,
2018), SRKW may be compelled to progressively shift their prey base to
lipid-poor shelf resident Chinook stocks that have higher contaminant

10

levels (Cullon et al., 2009; Hanson et al., 2021). Efforts to increase the
abundance of offshore upper and middle Fraser Chinook stocks should
be prioritized, as well as accelerate the virtual elimination of PCB and
PBDE sources and hotspots in coastal waters. This approach would have
broad benefit for Chinook salmon and Endangered SRKW.
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