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H I G H L I G H T S

• Three chemical tracers identified a con-
taminant source for seaward migrating
salmon.

• Salmon collected near a wastewater
outfall had higher contaminant concen-
trations.

• Salmon near the outfall had distinct
combinations of contaminants (finger-
print).

• Altered δ15N signatures were correlated
with distinct contaminant fingerprints.

• Wastewaterwas the source for both dis-
tinct fingerprint and altered δ15N
signature.
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Understanding the spatial extent,magnitude, and source of contaminant exposure in biota is necessary to formu-
late appropriate conservation measures to reduce or remediate contaminant exposure. However, obtaining such
information formigratory animals is challenging. Juvenile Chinook salmon (Oncorhynchus tshawytscha), a threat-
ened species throughout the US Pacific Northwest, are exposed to persistent organic pollutants (POPs), including
polybrominated diphenyl ether (PBDE) flame retardants and polychlorinated biphenyls (PCBs), in many devel-
oped rivers and estuaries. This study used three types of complementary chemical tracer data (contaminant con-
centrations, POP fingerprints, and stable isotopes), to determine the location and source of contaminant exposure
for natural- and hatchery-origin Chinook salmon migrating seaward through a developed watershed with mul-
tiple contaminant sources. Concentration data revealed that salmonwere exposed to and accumulated predom-
inantly PBDEs and PCBs in the lower mainstem region of the river, with higher PBDEs in natural- than hatchery-
origin fish but similar PCBs in both groups, associated with differences in contaminant inputs and/or habitat use.
The POP fingerprints of the natural-origin-fish captured from this regionwere also distinct fromother region and
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Wastewater
Stormwater

origin sample groups, with much higher proportions of PBDEs in the total POP concentration, indicating a differ-
ent contaminant source or habitat use than the hatchery-origin fish. Stable isotopes, independent tracers of food
sources and habitat use, revealed that natural-origin fish from this region also had depleted δ15N signatures com-
pared to other sample groups, associated with exposure to nutrient-rich wastewater. The PBDE-enhanced POP
fingerprints in these salmon were correlated with the degree of depletion in nitrogen stable isotopes of the
fish, suggesting a commonwastewater source for both the PBDEs and the nitrogen. Identification of the location
and source of contaminant exposure allows environmentalmanagers to establish conservationmeasures to con-
trol contaminant inputs, necessary steps to improve the health of Chinook salmon and enhance their marine
survival.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

An understanding of the spatial extent, magnitude, and source of
contaminant exposure in biota is necessary to formulate appropriate
conservation measures to reduce or remediate contaminant exposure.
In some cases, there is an obvious point source of the contaminants,
but in other instances the sources may be cryptic or dispersed, making
themmore difficult to identify and remediate. Obtaining such informa-
tion for migratory animals is especially challenging because their routes
may traverse habitats exposing them to different contaminants from
multiple sources. Persistent organic pollutants (POPs) are contaminants
of global concern because of their persistence, bioavailability, and toxic-
ity (Jones and de Voogt, 1999). POPs include a wide variety of toxic
chemicals, including polychlorinated biphenyls (PCBs), polybrominated
diphenyl ether flame-retardants (PBDEs), and chlorinated pesticides
such as dichlorodiphenyltrichloroethane and its metabolites (DDTs).
All POPs are slowly metabolized, bioaccumulate in lipid-rich tissues,
and biomagnify in the food web (Aguilar et al., 2002; Borrell et al.,
2006; Jones and de Voogt, 1999; Tierney et al., 2014).

Proximity to contaminated habitats and the associated POPs in prey
are the primary factors for determining the extent towhich POPs are ac-
cumulated by fishes (Good et al., 2014; O'Neill and West, 2009; West
et al., 2008) and marine mammals (Aguilar et al., 2002; Borrell et al.,
2006). However, duration of exposure and body condition, including
lipid content, reproductive status, and trophic position, can also affect
accumulation (Aguilar et al., 1999; Burreau et al., 2006; Fisk et al.,
2001; West et al., 2017). For migratory animals, the link between con-
taminated habitats and POP concentrations can be further obscured by
multiple POP inputs (Borrell et al., 2006) as the animals move between
habitats.

Although POPs can adversely affect animal health, the proportion of
different types of POPs also serve as chemical tracers elucidating infor-
mation about the trophic ecology, migration patterns, and population
structure, for many migratory species (Ramos and González-Solís,
2012) including Atlantic salmon, Salmo salar (Svendsen et al., 2009),
bluefin tuna, Thunnus thynnus (Deshpande et al., 2016a), harbor por-
poise, Phocoena phocoena (Calambokidis and Barlow, 1991), beluga
whales, Delphinapterus leucas (Krahn et al., 1999) and killer whales,
Orcinus orca (Krahn et al., 2007). Additionally, the proportions of differ-
ent types of POPs have been used to identify sources of POPs in Pacific
herring, Clupea pallasii (West et al., 2008), bluefish Pomatomus saltatrix
(Deshpande et al., 2016b), and bottlenose dolphins, Tursiops truncatus
(Fair et al., 2010).

Current and historical inputs of POPs create environments with dis-
tinct chemical proportions or “fingerprints.” Given sufficient foraging
time, migratory animals accumulate POPs in proportion to their avail-
ability in the environments through which they migrate. Furthermore,
unlike an individual POP concentration, POP fingerprints are less influ-
enced by individual biological traits (Borrell et al., 2006; Dickhut et al.,
2009; Svendsen et al., 2008), such that changes in POP fingerprints in
animals along their migration route can indicate different inputs or
sources of contaminants in prey along their migration route.

Naturally occurring stable isotopes of carbon, nitrogen, and sulfur
also serve as chemical tracers, providing insights into ecological pro-
cesses and patterns (Boecklen et al., 2011; Newsome et al., 2010;
Peterson and Fry, 1987; Thompson et al., 2005). Stable isotopes of nitro-
gen are frequently used to indicate diet and trophic status (Caut et al.,
2009; Olson et al., 2010; Ramos et al., 2011) because consumers accu-
mulate higher levels of δ15N than their prey. Nitrogen isotopes have
also been used to assess exposure to sewage and wastewater inputs
(Cabana and Rasmussen, 1996; Loomer et al., 2015; Schlacher et al.,
2005), and they can reveal possible exposure to contaminants associ-
ated with the wastewater (Spies et al., 1989). Stable isotopes of sulfur
and carbon are typically only slightly enriched between trophic levels.
Instead, these stable isotopes are typically used as tracers of the types
of food sources and have been used to assess habitat use (Connolly
et al., 2004; Moore et al., 2016), and migratory patterns (Graham
et al., 2010; Hobson, 1999). Sulfur stable isotopes are an especially
good source indicator of terrestrial vs. marine producers, withmore en-
richment of heavier isotopes inmarine systems (Thode, 1991;Willacker
et al., 2017), and have been used to track residency in estuarine fishes
(Fry and Chumchal, 2011) and movements of fish between freshwater
and marine systems (Godbout et al., 2010; Moore et al., 2016). More-
over, when stable isotopes of sulfur, nitrogen and carbon are used to-
gether they can provide additional information on habitat use and
trophic structure than stable isotopes of carbon and nitrogen alone
(Connolly et al., 2004). Because stable isotopes fractionate with the
organism's metabolism and change with its diet (Hobson, 1999),
whereas POPs are not readily metabolized nor eliminated, they provide
complementary information about the organism (Fisk et al., 2002;
Herman et al., 2005; Ramos and González-Solís, 2012).

Pacific salmon of the genus Oncorhynchus exemplify organisms
whose migrations take them through multiple habitats, including
some where contaminants pose a concern (Johnson et al., 2007a;
O'Neill and West, 2009; Ross et al., 2013). Spawned in cool, clear
streams and other freshwater habitats, the juveniles feed for a period
prior to seaward migration that varies among species, populations,
and individuals (Quinn, 2018). Spawning typically takes place high in
watersheds where contaminant concentrations are low, but their sea-
ward migration may lead the juveniles through agricultural, industrial,
and urbanized areas, each with different classes of contaminants.

In large parts of the southern portion of their native range, Pacific
salmon species have experienced declines in abundance sufficient to
limit fisheries, resulting in listings under the U.S. Endangered Species
Act (ESA), and even lead to extinction. This loss of intra-specific diver-
sity (Gustafson et al., 2007) has many causes, and the relative impor-
tance of each varies among watersheds (NRC, 1996) but chemical
contaminants can contribute to poor survival of juveniles in populations
migrating through contaminated habitats (Johnson et al., 2013;Meador,
2014).

Chinook salmon,O. tshawytscha, is listed as Threatened under theUS
ESA in Puget Sound,Washington, where individuals spawn in a number
of large andmedium-sized rivers (Myers et al., 1998; Ruckelshaus et al.,
2006). The Snohomish River is typical of these, and is characterized by
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headwaters in forested land with few major sources of contaminants,
with a transition to areas dominated by agriculture and increasingly
suburban, urban and industrial areas where they flow into Puget
Sound, Washington (Pess et al., 2002). Survival rates of juvenile salmon
entering Puget Sound have been low for several decades (Quinn et al.,
2005) but vary among rivers (Ruff et al., 2017), indicating that local as
well as regional factors affect survival. Some of this variation has been
linked to the extent to which the natal estuary has been modified
from its natural condition (Magnusson and Hilborn, 2003), including
chemical contamination (Meador, 2014). Moreover, natural-origin fish
migrate more slowly and reside and feed in estuaries for longer periods
than hatchery-origin fish (Levings et al., 1986; Rice et al., 2011), poten-
tially resulting in greater contaminant exposure for natural-origin
salmon.

Our goal was to use complementary data types to assess the location
and source of contaminant exposure for juvenile Chinook salmon mi-
grating through habitats with multiple contaminant sources, notably
wastewater and stormwater. This study was conducted in the
Snohomish River Washington, where two previous studies (O'Neill
et al., 2015; Sloan et al., 2010) documented elevated levels of PBDEs (a
POP class associated with wastewater; Osterberg and Pelletier, 2015)
in juvenile Chinook salmon, at concentrations high enough to alter
their immune response and increase their susceptibility to naturally oc-
curring diseases, based on laboratory exposure studies (Arkoosh et al.,
2010, 2018). The specific objectives were to determine where in their
migratory pathway salmon become exposed to potentially harmful con-
centrations of PBDEs, and to identify potential sources so that corrective
actions could be identified. We measured levels of PBDEs, other POPs,
and stable isotopes of nitrogen, sulfur, and carbon in salmon collected
along their migration routes in the estuarine portions of the Snohomish
River. We hypothesized that Chinook salmon caught in themore devel-
oped reaches of the river, near wastewater inputs, would exhibit higher
concentrations of PBDEs and that their POP fingerprints would have a
higher proportion of PBDEs compared to other POPs, more indicative
of awastewater source.We further hypothesized that altered stable iso-
tope ratios of nitrogenwould be observed in fish captured in the vicinity
of the wastewater inputs, and associated with the amount and type of
nitrogen discharged. Additionally, this population includes Chinook
salmon spawned naturally in the river and ones produced in a hatchery
and we predicted that the natural-origin fish would exhibit higher POP
concentrations associated with their higher residence time in the estu-
aries (Levings et al., 1986; Rice et al., 2011).

2. Material and methods

2.1. Study area

The Snohomish River watershed, in western Washington State,
drains approximately 4600 km2 into Puget Sound (USGS, 2011), and is
formed by the confluence of the Skykomish and Snoqualmie rivers. It
flows approximately 37 km to Puget Sound via a mainstem and a com-
plex system of deltaic braided distributary channels through Union,
Steamboat, and Ebey sloughs (Hall et al., 2018). The Snohomish River
estuary's tidal influence extends throughout the distributary channels
and up the mainstem to river kilometer (rkm) 27 (Collins and Sheikh,
2005). The maximum extent of saltwater (0.5 ppt) intrusion also ex-
tends throughout the distributary channels and to 15.9 rkm on the
mainstem channel (Hall et al., 2018). Overall, 75% of the upland areas
of Snohomish River basin is forested (Pess et al., 2002). In contrast,
land cover in the floodplains and neighboring foothills along the
major river channels aremuchmore impacted by human activities, pre-
dominantly rural-residential, agricultural, and urban (Pess et al., 2002).

Modern human activities in the Snohomish River estuary have re-
sulted in degradation and loss of juvenile salmonid habitat, considered
the primary factor limiting Chinook salmon survival in the basin
(Snohomish Basin Salmon Recovery Forum, 2005). Currently available

wetland habitat area in the Snohomish estuary is estimated at
1389 ha; roughly 20% of the historical habitat extent in the delta
(Beechie et al., 2017; Collins and Sheikh, 2005). The majority of the re-
maining available rearing habitat for juvenile Chinook salmon is located
in the lower estuary (1238 ha) and distributed unevenly between the
mainstem (88 ha) and the distributary (1150 ha) portions of the delta
(Beechie et al., 2017).

Contaminant inputs likely coincide with the physical habitat loss in
the Snohomish estuary. In particular, developed habitats with impervi-
ous surfaces adjacent to the river likely increase loadings of contami-
nants in stormwater to the river, as has been demonstrated for other
aquatic systems (Brown and Peake, 2006; Lee et al., 2004; McCarthy
et al., 2008). Indeed, stormwater was documented to be a major source
of PCB loading to Puget Sound, with developed lands with more imper-
vious surface contributing higher loads of PCBs to the watershed
(Osterberg and Pelletier, 2015). Although specific inputs on PCBs to
the Snohomish River were lacking, we used impervious surface and
road area as proxies for urbanization in this study area and potential in-
puts of PCBs. The metric utilized for impervious surface was calculated
by determining the “percent developed imperviousness”, %IS (Fry
et al., 2011; Wickham et al., 2013) within predefined watershed catch-
ment areas called Assessment Units (AUs). The %IS values in our study
ranged from 0 to 94%, with the most impervious surfaces (41–94%) in
the City of Everett, located on the lower section of the mainstem, and
the city of Marysville, located in the lower section of Ebey Slough
(Fig. 1).

In addition to contaminant inputs from stormwater, the cities of
Marysville and Everett primarily discharge treatedwastewater, a poten-
tial source of PBDEs and other contaminants, into the estuarine portion
of the Snohomish River. Specific levels of PBDEs discharged into the
Snohomish River are unknown, as wastewater dischargers in WA
State are not required to monitor PBDEs in their effluent. Everett's
Water Pollution Control Facility (WPCF) is adjacent to the mainstem
of the Snohomish River. The facility operates two outfalls and 13 com-
bined sewer overflows (CSOs). One outfall and six CSOs discharge into
the lower section of the river's mainstem and the others discharge
into the marine waters of Port Gardner in Possession Sound (Fig. 1).
TheWPCF uses an aeration/oxidation pond (lagoon) system for treating
the wastewater that discharges to the Snohomish River outfall (WA
Dept. Ecology, 2015). Marysville's WWTP is located in the Distributary
Channels, adjacent to Ebey Slough and uses an aerated lagoonwith a fil-
tration system to treat sewage prior to discharge into an outfall in
Steamboat Slough or themarinewaters of Port Gardner during the sum-
mer (WA Dept. Ecology, 2017). While most of the effluent discharged
from these two facilities is treated, CSOs release untreated wastewater.
CSOs occur on average, 1–2 times a year.

Discharges of dissolved inorganic nitrogen (DIN) in effluent from
municipalWWTPs were used to assess the loads of nitrogen discharged
from WWTPs. In total, Puget Sound has 78 municipal WWTPs
discharging to Puget Sound – 70 discharge to marine waters and eight
discharge to river estuaries. In the year of our study (2016), the Everett
WPCF outfall in the Snohomish River had the highest DIN average daily
discharge (average of February to July) of the eight facilities that dis-
charge to the estuarine portion of Puget Sound rivers (Table 1). Addi-
tionally, the Everett WPCF outfall had the eight highest average daily
discharge of DIN of all 78 municipal WWTPs discharging into Puget
Sound (Table 1). WWTP loads were originally estimated for the years
1999–2008 using methods described in Mohamedali et al. (2011), and
these inputs were updated through mid-2017 as described in Ahmed
et al. (2019). During the 6-month migration window for juvenile Chi-
nook salmon (February through July) in 2016, discharged DIN from
the EverettWPCF averaged 1006 kg/day (Table 1). The EverettWPCF ef-
fluent, however, was atypical compared to other Puget Soundwastewa-
ter facilities, and contained a higher proportion of ammonium relative
to nitrates and nitrites compared to the effluent from other facilities
that discharge into similar waters frequented by juvenile salmon. The
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only otherWWTP facilities discharging into Puget Soundwith compara-
ble or higher ammonium loads (N1000 kg/day) were high load facilities
(≥250 DIN kg/day) that discharged in deep offshore marine waters, be-
yond habitats typically used by juvenile salmonids (Table 1).

2.2. Sampling design and fish collections

We sampled juvenile Chinook salmon for chemical tracers from 11
sites along their migration pathway in the estuarine portion of the
Snohomish River in 2016. The sites were distributed in three regions:
theUpperMainstem, throughwhich all thefishmigrate, and two down-
stream regions, the LowerMainstemand theDistributary Channels, that

constitute alternative routes by which the fish can enter Puget Sound
(Fig. 1). A minimum of three sites per region, distributed along the mi-
gration pathway within each region, were sampled to assess the range
of stormwater and wastewater inputs that fish were potentially ex-
posed to. Due to limitations on the number of ESA-listed Chinook
salmon we were allowed to capture, our sampling design was intended
to compare salmon among the three regions, rather than at specific
sites. Our three sampling regions roughly represent the major bifurca-
tion in the system based on hydrological properties of the rivers
(Collins and Sheikh, 2005; Hall et al., 2018). The Upper Mainstem was
the least developed of the three regions, with the most downstream
site located 2 to 7 km upstream of the outfalls for the wastewater

Fig. 1. Location of estuary sampling sites and sampling regions where juvenile Chinook salmon were collected for contaminant and stable isotope analyses (see Table 2 for additional site
and sample data). Impervious land-surface is shown as grey scale gradations from b7% (lightest grey) to N40% (darkest grey). WPCF = Water Pollution Control Facility. WWTP =
Wastewater Treatment Plant.
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treatment facility and associated CSOs. We assumed that contaminants
measured in seaward migrating salmon collected in the Upper
Mainstem region represented cumulative exposure from all upstream
sources. At each subsequent downstream site in the Lower Mainstem
and the Distributary Channels, we assumed contaminant concentra-
tions in salmon indicated additional inputs from stormwater andwaste-
water to which the salmon were exposed.

Juvenile Chinook salmon were collected in 2016 from April through
July, primarily during the peak of downstream migration (April and
May) to represent the average contaminant concentrations of the river
system's fish populations. All fish were collected with beach seines or
fyke nets, following procedures described in Roegner et al. (2009), eu-
thanized, transferred to the laboratory on ice, assigned a unique num-
ber, and stored at−80 °C until tissue samples for chemistry and stable
isotopes were prepared.

2.3. Sample processing

To process fish for analyses of contaminants and stable isotopes, fish
were thawed slightly, fork length (mm)was recorded for each fish, and
scales were removed for age determination (sub-yearling vs. yearling).
To ensure the gut contents did not influence the contaminant and stable
isotope data, they were removed from the stomach and intestine of fish
and discarded to create gutted whole body fish samples. Additionally,

the brain was removed from each fish for use in a separate study. Each
fish was examined for presence of a clipped adipose fin, a coded wired
tag (CWT), or thermally marked otoliths, any of which would indicate
hatchery-origin fish. Based on thermally marked otoliths, we excluded
from our study a few hatchery-origin fish that did not originate from
within the Snohomish River, leaving 177 salmon for analyses (Table 2).

Forty-eight composite samples of gutted whole body fish, less the
brain, were created by combining 1–8 similarly sized salmon in each
sample (Table 2). The samples were homogenized, placed in pre-
cleaned glass jars, and stored at−20 °C for subsequent chemical analy-
ses. The proportion of natural-origin fish in each composite sample was
used to classify the samples as either predominantly natural-origin
(N65%) or hatchery-origin (b35%). In most cases, samples classified as
predominantly natural- or hatchery-origin contained only fish of that
designation (25 of 30 natural- and 15 of 18 hatchery-origin samples).

2.4. Contaminant analysis

Samples (approximately 2 g from each composite tissue sample)
were analyzed for POPs, including 11 PBDEs, 46 PCBs, and six DDTs,
using an established gas chromatography/mass spectrometry (GC/MS)
method (Sloan et al., 2014). Thismethod comprises three steps: (a) a di-
chloromethane extraction using an accelerated solvent extractor,
(b) cleanup by gravity flow silica/aluminum columns and followed by

Table 1
Mean and range (in parentheses) of daily loads of nitrogen types (DIN, ammonium, and nitrate+ nitrite) and ratio of ammonium to nitrate+ nitrite inmunicipal wastewater treatment
plant effluent for facilities discharging into Puget Sound rivers and marine waters (Mohamedali et al., 2011; Ahmed et al., 2019), reported for each month from February through July of
2016. Effluent data for the Lower Mainstem and Distributary Channel regions of the Snohomish River sampled in this study are summarized separately from data for other facilities. Fa-
cilities discharging mean dissolved inorganic nitrogen (DIN) daily loads N250 kg/day for that six-month window were further categorized as either a freshwater, nearshore or offshore
facility depending on the location of their effluent outfall in the receiving waters. All other facilities discharging into nearshore or offshore marine waters with a mean DIN b250 kg/
day was placed in the “Other nearshore and offshore marine facilities” category. If load data was missing for a month, it was excluded from the average load calculation.

WWTP n DIN (kg/day) Ammonium
(kg/day)

Nitrate + Nitrite
(kg/day)

Ratio of Ammonium (kg/day) to Nitrate + Nitrite
(kg/day)

Lower Mainstem facilitya 1 1006 1002 4.09 335
(829–1162) (822–1161) (1.71–6.97) (118–678)

Distributary Channels facilityb 1 649 628 20.4 48.3
(462–816) (452–806) (6.56–47.4) (14.2–80.2)

Other river facilities
(DIN ≥ 250 kg/day)

1 410 325 85.4 5.58
(203–583) (126–462) (33.2–158) (1.64–13.9)

Other river facilities
(DIN b 250 kg/day)

5 71.6 5.99 65.7 0.019
(1.61–257) (0.005–58.0) (1.60–256) (0.002–2.14)

Nearshore marine facilities
(DIN ≥ 250 kg/day)

3 658 631 27.0 84.7
(383–1177) (365–1173) (3.63–83.4) (5.83–323)

Offshore marine facilities
(DIN ≥ 250 kg/day)

13 2004 1560 445 61.7
(229–9543) (7.87–8684) (0.73–2794) (0.0029–1385)

Other nearshore and offshore marine facilities
(DIN b 250 kg/day)

54 32.9 17.0 15.9 10.1
(0.0077–352) (0.0012–300) (0.0012–236) (0.00035–416)

a Everett Water Pollution Control Facility (see Fig. 1, Everett WPCF).
b Marysville Wastewater Treatment Plant (see Fig. 1, Marysville WWTP).

Table 2
Number (No.) of individual juvenile Chinook salmon and composite samples (Comps.) sampled in 2016 for contaminant analyses atmultiple sites in the estuary habitat of the Snohomish
River. Each composite sample is composed of 1–8 individual salmon of similar size andwas classified as either natural- or hatchery–origin, based on the proportion of natural fish present.
Site numbers refer to the sampling locations depicted in Fig. 1.

Sampling regions Site No. Site name River km Collection period Natural origin Hatchery origin

No. fish No. Comps. No. fish No. Comps.

Upper Mainstem 1 Fields Riffle 18.7 April–July 16 5 3 1
2 Big Tree 14.9 April–July 11 3
3 Old Bridge 11.5 April–July 15 4 4 2

Lower Mainstem 4 Old Barge 7.4 April–May 20 4 3 1
5 Langus Pier 5.2 April–July 31 7 9 3
6 Lower Mainstem 2.0 May–June 11 3

Distributary Channels 7 Union Slough 5.9 May June 8 2 3 1
8 Steamboat Slough 4.8 April–May 6 2 3 1
9 Ebey Slough 1 6.9 April–May 10 2 3 2

10 Ebey Slough 2 6.4 April–May 1 1
11 Ebey Slough 3 2.5 May 7 1 12 3

All regions April–July 124 30 53 18
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size-exclusion high-performance liquid chromatography (HPLC)
cleanup, and (c) quantitation of POPs using gas chromatography/mass
spectrometry (GC/MS) with selected-ion monitoring (SIM). A subsam-
ple of each pre-cleaned extract was used to determine percent lipids
gravimetrically (Sloan et al., 2014). As part of a performance-based
quality assurance program, a solvent (dichloromethane) method
blank and National Institute of Standards and Technology (NIST) Lake
Michigan fish tissue Standard Reference Material (SRMs, 1947) were
analyzed with each batch of field samples and the results of the quality
control samples met established laboratory criteria (Sloan et al., 2019).
The solvent method blank for each sample batch contained no more
than five analytes that exceeded 2 × the lower limit of quantitation
(LOQ), which met our laboratory QA criteria. Levels of ≥70% of individ-
ual analytes measured in NIST SRM 1947 for each sample batch were
within 30% of either end of the 95% confidence interval of the NIST cer-
tified values. Surrogate recoveries for the POP analyses ranged from 99
to 116% and met established laboratory criteria (surrogate recoveries
are to be between 60 and 130%). Additional details for our laboratory
quality assurance measures and criteria for POPs analyses can be
found in Sloan et al. (2019). The lower limits of quantitation (LOQ) for
individual PBDEs, PCBs, and DDTs measured in the field samples and
their associated quality assurance samples ranged from b0.063 to
b0.31 ng/g, wet weight.

Analyte data are presented as summed values for PBDEs and DDTs.
Summed PBDEs (i.e., ∑11PBDEs), were calculated by summing de-
tected concentrations of the congeners 28, 47, 49, 66, 85, 99, 100, 153,
154, 155, and 183. Summed DDTs (i.e., ∑6DDTs) were calculated by
summing the detected concentrations of o,p′-DDD, o,p′-DDE, o,p′-DDT,
p,p′-DDD, p,p′-DDE, and p,p′-DDT. The total PCB concentration
(i.e., TPCBs)was estimated using a simple algorithmbased on the subset
of 17 commonly detected congeners (and coeluting congeners)
representing homologues containing three to ten chlorine atoms [con-
geners 18, 28, 44, 52, 95, 101(90), 105, 118, 128, 138(163,164), 153
(132), 170, 180, 187(159,182), 195, 206, and 209], wherein the sum of
the detected values for these 17 (and coeluting) congeners was multi-
plied by two. The calculated TPCB concentration using this method
was previously shown to agree well with the sum of 209 congeners
measured by high resolution methods for two fish species (West et al.,
2017) and is similar to method used by Lauenstein and Cantillo
(1993) discussed in West et al. (2017). Summed or total POP results
were expressed as nanogram (ng) per gram of tissue weight (wet
weight). Additionally, we calculated POP concentrations on a lipid
basis, as ng of contaminant per g of fish lipid (ng/g lipid), to facilitate
comparisons with other published studies, including those on adverse
critical body residues (CBRs). Published CBRs for POPs are sometimes
reported as lipid normalized concentrations because POP toxicity can
be inversely dependent on lipid content (Lassiter and Hallam, 1990).

2.5. Stable isotopes analyses

All samples with sufficient tissue mass (41 of 48 samples) were an-
alyzed for stable isotope ratios of nitrogen, carbon, and sulfur. Frozen,
non-lipid extracted tissue samples were freeze-dried, ground to a fine
powder, andweighed into tin capsules for isotope analyseswith a target
mass of 0.5 mg of tissue for carbon and nitrogen and 7.5 mg for sulfur.
Stable isotope analyses were performed at the University of
Washington's IsoLab in Seattle, WA as in Fry et al. (1992) and Fry et al.
(2002). A Costech Elemental Analyzer, Conflo III, and Thermo MAT253
isotope ratio mass spectrometer was used for a continuous-flow based
measurement of bulk carbon δ13C and bulk nitrogen δ15N. A Eurovector
Elemental Analyzer, Conflo III, and Thermo MAT253 isotope ratio mass
spectrometer was used for a continuous flow based measurement of
the bulk sulfur δ34S. During analytical runs, these methods provided
precisions (1 sigma) of ±0.05‰, ±0.1‰ and ±0.2‰ for carbon, nitro-
gen and sulfur, respectively.

Stable isotopes of carbon, nitrogen, and sulfur were expressed in
standard delta notation (δ13C, δ15N, and δ34S),

δ ‰ð Þ ¼ 103 Rsample=Rstandard
� �

−1
� �

;

where R is the ratio of heavy and light isotopes in a sample (13C:12C,
15N:14N, and 34S:32S). We expressed stable isotope ratios in units of
permil (‰ – parts per thousand) and are relative to international stan-
dards: Vienna PeeDee Belemnite (VPDB) for δ13C, atmospheric nitrogen
for δ15N, and Vienna–Canyon Diablo Troilite (VCDT) for δ34S. Most
(78%) of the fish tissue samples had a C:N ratio greater than the 3.5
threshold for lipid correction (Post et al., 2007), indicating that the
lipid content of the samples may have depleted the δ13C values. Accord-
ingly, we used the following equation from Post et al. (2007),

δ13Cnormalized ¼ δ13Cuntreated−3:32
� �

þ 0 : 99� C : Nð Þ

to mathematically lipid normalize δ13C values.

2.6. Data analysis

We applied multiple linear regression (R Development Core Team,
2018) to identify the potential effects of four factors on contaminant
concentration for three major POP classes (DDTs, PBDEs, and PCBs).
The four predictor variables were: 1) capture region (one of three),
2) fish origin (natural or hatchery), 3) fish size (mean length of fish in
composite sample) at capture, and (4) % lipid content. Fish origin was
considered a factor because natural-origin fish may reside and feed in
estuaries for longer periods than hatchery-origin fish (Levings et al.,
1986; Rice et al., 2011), resulting in greater potential exposure. Fish
length (an indirect measure of age and duration of exposure) and lipid
content were included as factors as they can affect the concentrations
of POPs accumulated (West et al., 2017). All POP data were log trans-
formed to meet assumptions of normality and homogeneity of group
variances. Additive and interactive effects were evaluated, however,
due to limited degrees of freedom, only models with up to three factors
were considered. Akaike Information Criterion corrected for small sam-
ple size (AICc) and Akaike weights were used to identify the best model
to parsimoniously explain the variation in the concentrations of PBDE,
PCBs and DDTs data (Akaike, 1974; Burnham and Anderson, 2002).
The model with the lowest AICc and highest Akaike weight was consid-
ered the best fit. For the best fit model for each POP class, pairwise com-
parisonswere conducted on estimatedmarginalmeans using theHolm-
Sidak adjustment for multiple comparisons. Test results for pairwise
comparisons were considered statistically significant at p ≤ 0.05. Addi-
tionally, independent linear regressions were performed for ∑6DDT
by fish length for each origin.

To illustrate POP fingerprints among the three regions by two origin
groups, the proportion of∑11PBDEs and other POPs classes in Chinook
salmon samples were compared among the six regions and origin
groups using principal component analyses (PCA), as detailed in the
software package Primer-E version 6 (Clarke and Warwick, 2006;
Clarke and Gorley, 2006). Prior to analyzing with PCA, the POP class
data were pretreated by standardizing (i.e., computing the proportional
contribution of each POP class concentration to the total POP concentra-
tion in each sample) and then transforming the data by taking the
square root to reduce the contribution of dominant classes. Similar
POP fingerprints among groups would indicate consistent sources of
contaminants, whereas dissimilar contaminant patterns would suggest
inputs of specific POPs associated with different sources. Pairwise site
comparisons of group patterns were conducted with ANOSIM, using
the R statistic and p values to identify the main between-group differ-
ences. Values of the ANOSIM R statistic range from 0 (i.e., no separation,
or complete similarity) to 1.0 (i.e., complete separation, or no similarity)
of a population. A p value ≤ 0.05 was used as a guide for determining
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whether themeasured segregation between groups (i.e., R statistic)was
statistically significant.

A two-way ANOVAwas used to test for difference in stable isotopes,
fish length, and lipid content among regions and between natural and
hatchery-origin fish. A Holm-Sidak test was used to conduct pairwise
comparisons among groupmeans for each POP class. Probability values
were used to help evaluate the significance of differences; a p
value ≤ 0.05 was used as a guide to assess whether results for pairwise
comparisons were considered statistically significant.

Salmon POP fingerprints (i.e., PCA analyses of the proportion of
∑11PBDEs and other POPs), a potential indicator of contaminant
source, and δ15N, an indicator of the nitrogen source, were compared
to see if they co-varied. For each region and origin sampling group, we
used linear regression to test for significant relationships between
δ15N and PC1 scores in salmon samples, two independent metrics that
can both be affected by wastewater inputs. Additionally, linear regres-
sion was used to test for significant relationships between δ15N and
∑11PBDEs, and TPCBs.

3. Results

3.1. POPs concentrations

Mean POP wet weight (ww) concentrations in juvenile salmon var-
ied 10-fold for ∑11PBDEs as a function of sampling region and origin
(naturally or hatchery produced), from 2.4 to 24 ng/g ww, and less so
for TPCBs, from 12 to 31 ng/g ww (Table 3). In contrast, mean∑6DDT
concentrations were much more similar among regions and origin
groups, ranging from 1.7 to 2.9 ng/g ww. Although TPCBs varied less
than ∑11PBDEs among sampling groups, overall TPCB concentrations
were greater than ∑11PBDEs, followed by ∑6DDTs (Table 3). For ex-
ample, among fish of the same region, measured mean TPCBs concen-
trations were 1–3 times greater than ∑11PBDE and 5–10 times
greater than∑6DDTs for natural-origin fish and 2–6 times greater
than ∑11PBDEs and 6–16 times greater than ∑6DDTs for hatchery-
origin fish.

Concentrations of ∑11PBDEs and TPCBs in juvenile salmon were
best predicted by models that included factors for the collection region
and the fish origin, rather than body size (i.e., length) or lipid content,
but the importance of these factors varied by POP class (Table S1). Spe-
cifically, ∑11PBDE concentrations were best predicted by models that
included region, origin, and a strong region x origin interaction term
(Adjusted r2 = 0.58; Tables S1, S2). Post-hoc tests identified that
natural-origin fish from the Lower Mainstem had the highest
∑11PBDE concentrations (p ranged from 0.033 to b0.0001). Overall,
concentrations of ∑11PBDEs in natural-origin fish from the Lower
Mainstem (mean= 24 ng/g ww) were 4–10 times higher than salmon

from all other sampling groups, regardless of region or origin (Table 3,
Fig. 2). The only other statistically significant difference in ∑11PBDE
concentrations was between natural- and hatchery-origin salmon
from the Distributary Channels (means = 5.7 and 2.4 ng/g ww),
representing the second highest and lowest concentrations (Table 3,
Fig. 2, p = 0.05). The mean lipid content among samples ranged from
0.97% to 1.6% (Table 3) but did not differ significantly among regions
or between fish origins (Two-Way ANOVA, region F = 0.722 and p =
0.492; origin F = 0.783 and p = 0.781). Moreover, models with lipid
content as a single factor or in combination with region or origin were
poor fits and explained less of the measured variation in ∑11PBDEs
(Table S1). Although natural-origin fish were smaller than hatchery-
originfish (mean=65.7 vs. 77.4mm, Table 3),fish length for combined
origins did not differ among regions (Two-Way ANOVA, origin F =
9.910 and p = 0.003, region F = 0.217 and p = 0.806), and models
with fish length alone or in combination with region or origin were
poor fits and did not contribute substantively to themeasured variation
of ∑11PBDEs (Table S1).

Concentrations of TPCBswere best predicted by sampling region, ac-
counting for 46% of themeasured TPCB variation (Table S1). Fish length
and lipid content, as individual factors or in combination with region or
origin, did not substantively improve the model fit. Overall, fish from
the Lower Mainstem had measured TPCB concentrations (30 ng/g
ww) approximately twice as high as those from the Upper Mainstem
(mean = 13 ng/g ww) and the Distributary Channels (16 ng/g ww;
Table 3, Fig. 2, p b 0.0001 for both comparisons), which did not differ
from each other (p N 0.05).

Unlike the patterns measured for ∑11PBDEs and TPCBs, fish size
was significantly correlated with ∑6DDT concentrations. The ∑6DDT
concentration was best predicted by the origin, fish length, and a fish
origin-length interaction, accounting for 40% of the measured variation
(Table S1). A model with only origin and fish length was not near as
good a fit to the actual data (Table S1), indicating that the fish origin-
length interaction term was significant. Predicted mean ∑6DDT con-
centrations were higher in natural- than hatchery-origin fish (2.3 vs.
1.7 ng/g ww), based on a mean fish length of 70 mm in the best-fit
model regression model (Table S2, Fig. 2c). However, predicted
∑6DDT concentrations depicted in Fig. 2c do not fully represent the in-
teraction between fish origin and fish length due to differences in sizes
between natural- and hatchery-origin fish. The size of newly emerged
natural-origin Chinook salmon prior to exogenous feeding (Beacham
and Murray, 1990) are just a few mm smaller than those we sampled
from the river, however, hatchery-origin fish are not released to the
river until they reach approximately 65 mm, prohibiting full examina-
tion of ∑6DDT size comparison for fish of both origins from the river.
As a result, in addition to the full model, independent linear regressions
were performed for∑6DDT by fish length for each origin (Fig. 3). There

Table 3
Arithmetic mean lipid content (Lipids), fork length (FL), and concentrations of∑11PBDE,∑PBDE 47+99, TPCBs, and∑6DDTs of composite samples of Chinook salmon (Oncorhynchus
tshawytscha). Measured POPs concentrations are reported as ng/gwetweight (ww) and ng/g lipidweight (lw), based on themeasured guttedwhole bodywetweight and lipid content in
the fish.

Region Origin N Lipids FL ∑11PBDE ∑11PBDE ∑PBDE47+99
a ∑PBDE47+99 TPCBs TPCBsb ∑6DDTs ∑6DDTs

(%) (mm) ww lw ww lw ww lw ww lw

Upper Mainstem Natural 12 1.6 61.3 4.0 270 3.5 240 14 950 2.9 210
Hatchery 3 0.97 85.7 5.2 640 4.4 540 12 1200 2.0 220
Natural + hatchery 15 1.4 66.2 4.2 340 3.7 300 13 1000 2.7 210

Lower Mainstem Natural 11 1.5 66.9 24 1500 20 1200 31 2100 2.9 210
Hatchery 7 1.5 75.8 5.4 500 4.7 430 29 2600 1.9 140
Natural + hatchery 18 1.5 70.3 17 1100 14 930 30 2300 2.5 180

Distributary Channels Natural 7 1.1 71.3 5.7 540 4.9 460 18 1700 2.3 200
Hatchery 8 1.6 75.8 2.4 190 2.0 160 15 940 1.7 110
Natural + hatchery 15 1.4 73.7 3.9 350 3.4 300 16 1300 2.0 150

All regions Natural 30 1.4 65.7 12 790 9.7 660 21 1500 2.8 210
Hatchery 18 1.5 77.4 4.0 380 3.5 330 20 1600 1.8 140

a ∑PBDE47+99 = sum of detected BDE-47 and BDE-99 congeners used to assess adverse critical body residues (CBR) for exposure to PBDEs.
b TPCB used to assess adverse CBR for exposure to PCBs.
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was an inverse relationship between fish length and ∑6DDT for
natural-origin fish, ranging from 40.2 to 90.0 mm (Fig. 3). In contrast,
∑6DDT was not significantly correlated with fish length for hatchery-

origin fish for the limited length range tested (65.1 to 95.1 mm,
Fig. 3). Similarly, there is also no significant correlation between length
and∑6DDT for natural-originfish N65mm(p=0.36; data not shown).

3.2. POP fingerprints

A comparison of POP fingerprints among the samples indicated clear
segregation between natural-origin fish from the Lower Mainstem and
all but one of the other sampling groups (Fig. 4; Table 4). The natural-
origin fish from the LowerMainstem exhibited distinct POP fingerprints
(Fig. 4, filled blue triangles), with the higher proportions of∑11PBDEs
in the total POP concentration, compared to other sampling groups.
These fingerprints were most different from hatchery-origin fish from
the same region (Fig. 4, open blue triangles) and the Distributary Chan-
nels (Fig. 4, open pink squares), which exhibited the two lowest relative
concentrations of∑11PBDEs (ANOSIM, R=0.484 and 0.596), followed
by natural origin fish from the other regions (ANOSIM, R = 0.467 and
0.315), with intermediate relative concentrations of ∑11PBDEs
(Table 4, p ≤ 0.006 for all pair-wise comparison). The only sampling
group that was not clearly segregated from the natural-origin fish
from the Lower Mainstem was the hatchery-origin fish from the
Upper Mainstem (Fig. 4, open green triangles; ANOSIM, R = 0.251,
p = 0.052); however, the sample size representing this group was
small (n = 3), so the power to detect difference between these two
groups, if it existed, was low.

The unique pattern of POPs in the Lower Mainstem natural-origin
fish can be further illustrated by examination of POP fingerprints
among the remaining five sampling groups, which were statistically in-
distinguishable from each other. For example, the POP fingerprints in
natural-origin fish from theUpperMainstemand theDistributary Chan-
nels were not different from each other (R=0.068, p=0.195) and nor
were the hatchery-origin fish from the three regions different from each
other (ANOSIM, R from 0.014 to 0.237, and p=0.103–0.467 for all com-
parisons). Among these five sampling groups, natural-origin fish were
only segregated from hatchery-origin fish in three of six comparisons
(ANOSIM, R from 0.272 to 0.43, p b 0.01 for all comparisons; Table 4).

Among region and origin sample groups, the variation in congener
patternswithin the TPCB and∑11PBDEs POP classeswasminor in com-
parison to the variation observed between the TPCBs and ∑11PBDEs
POP classes. The main PCB congeners contributing to the TPCB concen-
tration in each region and origin sample groups (Table S3) were PCB
153 and 138, followed by 101, 118, and then 28 and 18, collectively ac-
counting for 38–68% of the total concentration. The heavier congeners,
195, 206, and 209, were not detected in any samples and the remaining
congeners, when detected, were at low concentration near the LOQ
(Table S3). Although the TPCB concentrations were higher in fish col-
lected from the LowerMainstem compared to those from other regions,
the pattern of detected concentrations of PCB congener homologues,
was similar among region and origin sample groups (Fig. S1). The calcu-
lated values for∑11PBDEs were dominated primarily by contributions
from BDE congeners 47 and 99, followed by 100 (Table S4), collectively
accounting for 86–100% of the ∑11PBDEs for individual fish samples.
The BDE congeners 85, 155 and 183 were not detected in any salmon
samples and the remaining congeners, when detected were at low con-
centrations near the LOQ (Table S4). Although natural-origin fish from
the Lower Mainstem had higher ∑11PBDE concentrations compared
to other region and origin sample groups, the pattern of BDE congeners
detected was similar among these groups (Fig. S2). Likewise, the DDT
and DDT metabolites patterns did not vary among region and origin
sample groups. The calculated ∑6DDTs concentration was dominated
by p,p′-DDE, which was detected in 100% of the samples (Table S5).
The other DDT compounds were never detected (i.e., o,p′-DDE, o,p′-
DDT) or infrequently (8–21%) detected at concentration near the LOQ
(i.e., o,p′-DDD, p,p′-DDD, and p,p′-DDT) in all region and origin sample
groups.

Fig. 2.Measured (symbols) and predicted (bars) concentrations of∑11PBDEs, TPCBs, and
∑6DDTs in juvenile Chinook salmon collected from the Snohomish River estuary.
Symbols represent the arithmetic mean concentrations for ∑11PBDEs, TPCBs, and
∑6DDTs where Upper Mainstem, Lower Mainstem, and the Distributary Channels sites
are represented by upward triangles, downward triangles, and squares, respectively.
Solid filled and open symbols are used to represent natural- and hatchery-origin fish,
respectively. Bars are modeled estimated geometric mean concentrations with solid
filled, open, and hatched bars used to represent natural-, hatchery- and mixed-origin
fish, respectively. Predicted ∑6DDTs concentrations were modeled using a grand mean
fish length of 70 mm. For each POP class, groups with the same lower case letter are not
significantly different from each other.
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3.3. Stable isotopes

The isotopic values δ34S and δ13C in Chinook salmon generally
showed a similar pattern of enrichment from upper to downstream re-
gions of the estuary, and more enrichment in hatchery- than natural-
originfishwithin each region (Two-WayANOVA, Table 5; Fig. 5a). Over-
all, δ34S values (Fig. 5a, vertical axis) in fish from the Distributary Chan-
nels (squares) were 2.1 times more enriched than those in the Upper
Mainstem (upward triangles; t = 10.278, p b 0.001) and 1.2 times
more enriched than those from the Lower Mainstem (downward trian-
gles; t = 4.314, p b 0.001). Measured δ34S in fish from the Lower
Mainstem (downward triangles) were also 1.7 times more enriched
than those from the Upper Mainstem (upper triangles; t = 6.646,
p b 0.001). Overall, δ34S was 1.1 times more enriched in hatchery-
than natural-origin fish (open vs. closed symbols; t = 2.561, p =
0.015). A somewhat similar pattern of enrichment was measured for
δ13C in fish, although the differences were less pronounced from up-
stream to downstream (Fig. 5a, horizontal axis). Measured δ13C in fish

from the Distributary Channels (squares) were 1.1 timesmore enriched
than those from the Upper Mainstem (upward triangles; t = 4.509,
p b 0.001) and the Lower Mainstem (downward triangles; t = 4.141,
p b 0.001), which did not differ from each other (t = 1.043, p =
0.304). Overall, δ13C in hatchery-origin fish (open symbols) were 1.1
times greater than those of natural-origin (closed symbols; t = 6.664,
p b 0.001).

The patterns of δ15N in Chinook salmon (Fig. 5b, vertical axis) were
more complex than those of δ34S and δ13C, with depleted δ15N values
in natural-origin fish from the Lower Mainstem (solid downward trian-
gles) compared to other sample groups (Two-Way ANOVA, Table 5).
Apart from the natural-origin fish in the Lower Mainstem, as juvenile
salmon moved from the Upper Mainstem to the more saltwater influ-
enced region of the Lower Mainstem and the Distributary Channels,
values of δ15N and δ34S were positively correlated and increasingly
enriched (Fig. 5b). Natural-origin fish from the Distributary Channels
(filled squares) were 1.2 times more enriched in δ15N values compared
to natural-origin fish from the Upper Mainstem (filled upward trian-
gles; means = 10.8 and 9.3, t = 3.624, p = 0.002). Hatchery-origin
fish (open symbols) had more similar δ15N values among regions, but
a slight enrichment (1.1 times) was also measured in the downstream

Fig. 3. Relationships between fish length and∑6DDTs for natural-origin (black solid line ± 95% CI shaded region) and hatchery-origin (dashed line ± 95% CI shaded region) fish. Actual
data are plotted using solid filled symbols for natural-origin fish and open symbols for hatchery-origin.

Fig. 4. Plot of the first two principal components (PC) based on the Principal Component
Analysis (PCA) of proportions of ∑11PBDEs, TPCBs and ∑6DDTs measured in juvenile
Chinook salmon collected from three regions of the Snohomish River estuary.
Collectively, both PCAs explain 99.3% of the variation, with PC1 accounting for 81.3%,
showinghigher proportions of∑11PBDEs innatural-originfish fromthe LowerMainstem.

Table 4
ANOSIM statistical results for pairwise comparisons of the proportion of POP classes in ju-
venile Chinook salmon sampling groups. R varies between 0 and 1, although small nega-
tive values close to zero are possible. R values closer to 1 signify a higher degree of
separation. Statistically significant differences are noted with an *. LM= LowerMainstem
region, UM = Upper Mainstem region, and DC = Distributary Channels region. Global R
for test = 0.306 and p = 0.001.

Sampling group comparisons R p

LM natural vs. DC hatchery 0.596 0.001 *
LM natural vs. LM hatchery 0.484 0.004 *
LM natural vs. UM natural 0.467 0.001 *
LM natural vs. DC natural 0.315 0.006 *
LM natural vs. UM hatchery 0.251 0.052
UM natural vs. DC natural 0.068 0.195
UM natural vs. DC hatchery 0.43 0.002 *
UM natural vs. LM hatchery 0.318 0.01 *
UM natural vs. UM hatchery 0.018 0.411
DC natural vs. DC hatchery 0.272 0.033 *
DC natural vs. UM hatchery 0.127 0.258
DC natural vs. LM hatchery 0.106 0.097
UM hatchery vs. DC hatchery 0.237 0.103
UM hatchery vs. LM hatchery 0.111 0.283
DC hatchery vs. LM hatchery −0.014 0.467
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Distributary Channels region compared to those from the Upper
Mainstem (means = 11.2 and 9.8, t = 2.456, p = 0.056). However, in
stark contrast, δ15N in natural-origin fish from the Lower Mainstem
was significantly more depleted than would be predicted based on
their δ34S values (Fig. 5b). Mean δ15N in natural-origin fish from the
Lower Mainstem were only 90% of those in natural-origin fish from
the Upper Mainstem (means =8.372 and 9.268, t = 2.284, p =
0.029). A comparison of natural- and hatchery–origin fish within re-
gions also revealed δ15N was only depleted in natural- compared to
hatchery-origin fish in the Lower Mainstem (means = 8.372 and
10.595; t = 5.205, p b 0.001), however, significant differences were
not observed from either the Upper Mainstem (t = 0.973, p = 0.337)
or the Distributary Channels (t = 0.885, p = 0.382).

Nitrogen isotopic signatures of natural-origin fish from the Lower
Mainstem were also negatively correlated with higher relative concen-
trations of ∑11PBDEs (R2 = 0.68, p = 0.003, slope = −0.74, inter-
cept = 8.15). In natural-origin fish from the Lower Mainstem, the
greater the depletion in nitrogen isotopic signature, the higher the pro-
portion of ∑11PBDEs (Fig. 6a; proportion of ∑11PBDEs measured by
PC1 in Fig. 4). The δ15N values were also negatively correlated with ab-
solute concentrations of ∑11PBDEs (R2 = 0.68, p = 0.003, slope =
−8.93 and intercept =100.64) and TPCBs (R2 = 0.63, p = 0.006,
slope = −6.56 and intercept = 86.52), not shown for brevity. In con-
trast, for each of the other sampling groups, there was no relationship
between δ15N and PC1 (Fig. 6b) or ∑11PBDEs, or TPCB (not shown for
brevity). Furthermore, samples of natural-origin fish that were pre-
sumed to have spent the least amount of time in the Lower Mainstem,
based on their lower δ34S, deviated most from the predicted relation-
ship between PC1 score and δ14N (Fig. S3, F = 27.0701, p = 0.0008,
R2 = 0.77).

4. Discussion

Our study demonstrated the value of three types of complementary
chemical tracer data (POP concentrations, POP fingerprints, and stable
isotopes), to assess location and source of contaminant exposure for ju-
venile Chinook salmon migrating seaward through a developed water-
shed with multiple contaminant sources. Using contaminant
concentration data,wefirst assessed that along theirmigration pathway
through SnohomishRiver estuary, salmonwere exposed predominantly
to PCBs and PBDEs in the Lower Mainstem region, with higher
∑11PBDEs in natural- rather than hatchery-origin fish but similar
TPCBs in both fish origins (Fig. 2). Second, we used POP fingerprints to
determine that natural-origin fish captured from the Lower Mainstem
had a distinct pattern from other region and origin samples, with a

much higher proportion of ∑11PBDEs in the total POP concentration,
indicating a different contaminant source (Fig. 4). Third, we used stable
isotopes, an independent tracer of food sources and habitat use, to doc-
ument that natural-origin fish from the LowerMainstem region had de-
pleted δ15N signatures compared to fish from the other region and
origin groups (Fig. 5b). Moreover, the∑11PBDE-enhanced POP finger-
print in the natural-origin salmon from the Lower Mainstemwas nega-
tively correlated with the δ15N in the salmon (Fig. 6), suggesting a
common source for both the high PBDEs exposure and the depleted ni-
trogen isotopic signal.

4.1. POP concentrations

As hypothesized, POPs concentrations, and∑11PBDEs in particular,
were greatest in salmon sampled from the Lower Mainstem, nearest a
high volume wastewater outfall, suggesting a wastewater source.
Natural-origin fish from the LowerMainstem had∑11PBDE concentra-
tions 4–10 times higher than salmon from other regions, regardless of
origin, indicating the natural-origin fish were most exposed in this

Table 5
Results of a two-wayANOVAwith sampling region (i.e. Region) and fish origin (i.e. Origin)
as factors affecting stable isotopes of sulfur (δ34S), carbon (δ13C), and nitrogen (δ15N)
measured in whole-body samples of juvenile Chinook salmon collected from the estuary
of the Snohomish River.

Stable
isotopes

Factor d.f Sum
squared

Mean
squared

F
value

p
value

δ34S Region 2 187.39 93.695 52.863 b0.001
Origin 1 11.623 11.623 6.558 0.015
Region × Origin 2 0.403 0.202 0.114 0.893
Residual 35 62.035 1.772
Total 40 315.047 7.876

δ13C Region 2 35.649 17.825 13.299 b0.001
Origin 1 59.511 59.511 44.402 b0.001
Region × Origin 2 1.89 0.945 0.705 0.501
Residual 35 46.91 1.34
Total 40 172.28 4.307

δ15N Region 2 20.219 10.11 14.779 b0.001
Origin 1 9.874 9.874 14.435 b0.001
Region × Origin 2 7.132 3.566 5.213 0.01
Residual 35 23.942 0.684
Total 40 71.463 1.787

Fig. 5. Stable isotopes of a) sulfur (δ34S) and carbon (δ13C) and b) nitrogen (δ15N) and
sulfur, measured in natural- and hatchery-origin juvenile Chinook salmon (mean ± 95%
CI) collected from three regions of the Snohomish River estuary.
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region. Similar but less pronounced patterns were measured for TPCBs;
concentrations in fish from the Lower Mainstem were approximately
twice as high as those in fish from the less developed Distributary Chan-
nels and the Upper Mainstem, however, TPCBs did not differ by fish or-
igins. Unlike ∑11PBDEs and TPCBs, ∑6DDT concentrations were
uniformly low in all regions sampled.

The best-fit models for TPCB and ∑11PBDE concentrations mea-
sured in juvenile salmon in this study support the conclusion that POP
concentrations were determined primarily by the sampling region
where the fish were captured (i.e., TPCBs) or the sampling region and
the origin of the salmon (i.e., ∑11PBDEs), rather than fish size or lipid
content (Table S1). Although lipids can affect contaminant uptake
(Elskus et al., 2005; West et al., 2017), the small range of lipid values
measured in the juvenile Chinook salmon in this study likely dampened
the importance of this factor. Likewise, fish length was only a factor for
∑6DDT concentrations (Table S1), but this potential effect was ob-
scured by the small range in fish sizes and differential size distributions
between natural- and hatchery-origin fish. The inverse relationship be-
tween∑6DDT concentrations in thenatural–origin salmon (Fig. 3),was
consistent with previous studies documenting maternal transfer of
DDTs to eggs and fry (Miller, 1994), and subsequent growth dilution.
Given the limited size range of hatchery-origin fish collected, we cannot
test for the presence of maternal transfer and growth dilution in these
fish. POPs in maturing female Pacific salmon are transferred to the de-
veloping eggs (deBruyn et al., 2004; Ewald et al., 1998;Miller, 1993). Es-
timated ∑6DDT concentrations in newly emerged Chinook salmon
would range from 0.9 and 7 ng/g ww, based on a range of∑6DDT con-
centrations measured in muscle tissue of adult Chinook salmon
(4.3–59 ng/g ww) returning to Puget Sound rivers (West et al., 2001)
and correlations between POP concentrations in muscle and fry of Chi-
nook salmon (Miller, 1994). Notably, the estimated maximum
∑6DDT concentration encompassed the highest ∑6DDT concentra-
tions (i.e., 5.7–7.0 ng/g ww) we measured in small (≤42 mm) natural-

originfish,which are just a fewmmlarger than newly emerged Chinook
salmon prior to exogenous feeding (Beacham and Murray, 1990),
supporting the hypothesis that the elevated ∑6DDTs in the smaller
natural-origin fish we sampled were maternally derived. The lack of re-
lationship between∑6DDT concentrations and fish length in hatchery-
origin fish is likely due to the lack of availability of small fish (i.e.
hatchery-origin fish are not released until they reach approximately
65 mm) and subsequent sampling of hatchery-origin fish after growth
dilution occurred. Moreover, these observations suggest DDTs were
not present in the Chinook salmon prey in this system in great enough
quantities to overcome growth dilution.

The higher ∑11PBDE concentrations in natural-origin fish from the
Lower Mainstem compared to the natural-origin salmon from other re-
gions, suggests a higher input of PBDEs into this region of the
Snohomish River estuary. However, the higher ∑11PBDE concentra-
tions in natural-origin fish from the Lower Mainstem compared to the
hatchery-origin fish from the same regions suggests fish of different or-
igins were not equally exposed to the higher inputs of PBDEs. Natural-
origin juvenile Chinook salmonwere primarily exposed to and accumu-
lated ∑11PBDEs at two sites within the Lower Mainstem of the
Snohomish River estuary, both located in the immediate vicinity of an
Everett WPCF outfall and multiple CSOs. In contrast, hatchery-origin
salmon from the same region accumulated lower∑11PBDE concentra-
tions, likely because theymoved through the estuary more rapidly than
natural-origin fish (Levings et al., 1986; Rice et al., 2011) or they spent
less time in the tidally influenced mesohaline area of the estuary
(Davis et al., 2018) where wastewater was discharged. Davis et al.
(2018) documented that seaward migrating juvenile Chinook from an-
other river estuary in Puget Sound exhibited distinct habitat use pat-
terns; natural-origin fish were more frequently captured in the tidally
influenced freshwater and mesohaline habitats whereas hatchery-
origin fish were more frequently captured in the nearshore intertidal
habitat (Davis et al., 2018).

Concentrations of TPCBs were similarly elevated in natural- and
hatchery-origin juvenile Chinook salmon, suggesting that although
TPCBs inputs were greater in the more developed Lower Mainstem re-
gion of the estuary compared to other regions, the inputs were likely
from more dispersed sources throughout the region, and not high
enough to disproportionately elevate concentrations for natural-fish
that likely resided in the area for a longer time.

Previous contaminant studies in juvenile Chinook salmon have also
documented elevated levels of POPs in this species, especially those
sampled from moderately to highly urbanized rivers and estuaries of
Puget Sound (Johnson et al., 2007a; Meador et al., 2010; O'Neill et al.,
2015; Olson et al., 2008; Sloan et al., 2010) and the lower Columbia
River and Washington and Oregon coasts (Johnson et al., 2013;
Johnson et al., 2007b; Sloan et al., 2010). The∑11PBDE concentrations
we measured in natural-origin Chinook salmon in the Lower Mainstem
were 2 to 24 times higher than concentrations in natural- and hatchery-
origin fish from other Puget Sound estuaries and nearshoremarine hab-
itats (O'Neill et al., 2015; Sloan et al., 2010), but they were lower than
the highest concentrations measured in samples collected from the Co-
lumbia River near areas with high inputs of wastewater (Sloan et al.,
2010). Additionally, the Snohomish River estuary appears to be a consis-
tent but possibly decreasing PBDE hotspot for seaward migrating juve-
nile Chinook salmon. Mean concentration of ∑11PBDEs in the
natural-origin Chinook salmon in the Lower Mainstem in this study
(29 ng/g ww) were similar to those measured in natural-origin fish at
the same location in 2013 (24 ng/g ww) but half (1100 vs. 2400 ng/g
lipid weight) those measured in 2006 by Sloan et al. (2010), potentially
indicating a decline in PBDEs as has been observed for other fish species
in Puget Sound (West et al., 2017). Alternatively, the higher PBDE con-
centrations measured by Sloan et al. (2010) could be associated with
differences in the mean fish length (100 vs. 66.9 mm) or sampling
time (August vs April–July) compared to the present study. Concentra-
tions of TPCBs in juvenile Chinook salmon from our study were similar

Fig. 6.Relationship between PC1 score and δ15N showing a significant inverse relationship
for a) natural-origin fish collected from the Lower Mainstem, but no relationship for
b) each of the other region and origin sampling groups (i.e., p N 0.05) for each group.
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to thosemeasured in 2013 (30 vs. 27 ng/gww) at the same sampling lo-
cation in the LowerMainstem (O'Neill et al., 2015). The TPCB concentra-
tions wemeasured in salmonwere higher than thosemeasured at rural
river and estuary sites in the Pacific Northwest (Johnson et al., 2013;
Johnson et al., 2007a; Johnson et al., 2007b), but below those generally
observed at heavily urbanized estuaries in Puget Sound (Johnson et al.,
2007a; Meador et al., 2010; Olson et al., 2008) and the Columbia River
(Johnson et al., 2013; Johnson et al., 2007b). In contrast to TPCBs and
∑11PBDEs, the ∑6DDT concentrations measured in juvenile Chinook
salmon from the Snohomish River estuary were not elevated compared
to other sites in Puget Sound in 2013 (O'Neill et al., 2015). Higher DDT
concentrationsweremeasured in juvenile Chinook salmon from the Co-
lumbia River basin from 2005 to 2009, approximately 8 to 12 times
higher than those we measured in the Snohomish River, possibly asso-
ciatedwith the high degree of agricultural activity in the interior Colum-
bia River aswell asWillamette basins and point sourceswithin Portland
Harbor (Johnson et al., 2013).

Concentrations of∑11PBDEs, and to a lesser extent TPCBs, wemea-
sured in juvenile Chinook salmon in the Snohomish River estuary were
high enough to pose a conservation threat. Based on published labora-
tory exposure studies (Arkoosh et al., 2010, 2018; Meador et al.,
2002), the concentrations of these POPs in some Chinook salmon were
within ranges of adverse CBRs known to impair their health. Approxi-
mately 73% and 14% of the natural-origin Chinook sampled from the
LowerMainstem and the Distributary Channels, the two regions receiv-
ing wastewater effluent discharges, had concentrations of BDE conge-
ners 47 and 99 (Table 3), the two congeners detected most frequently
and at the highest concentrations, within the range of concentrations
found to alter their immune response and increase disease susceptibility
(Arkoosh et al., 2010, 2018). In contrast, none of the natural-origin Chi-
nook salmon from the Upper Mainstem or hatchery-origin Chinook
salmon from this study had∑PBDE47 + 99 levels high enough to predict
altered immune response.

Impairment of immune response is of particular concern for salmo-
nids because a properly functioning immune system is vital for both in-
dividual survival and population productivity (Segner et al., 2003).
Seaward migrating salmonids are exposed to a number of naturally oc-
curring pathogens and parasites, including the trematode Nanophyetus
salmincola (Arkoosh et al., 2004). Exposure to PBDEs and other POPs
may reduce the marine survival of juvenile salmonids due to immune
suppression, thus increasing their susceptibility to naturally occurring
infectious and parasitic diseases, causing direct mortality or indirect
mortality via predation by larger fish, birds andmammals. For example,
Hostetter et al. (2011) reported steelhead (O. mykiss) smolts that tested
positive for pathogensweremore likely to have poor external condition
(i.e., external signs of disease or more scale loss). Moreover, tagged fish
with poor external condition were subsequently observed to have
lower overall marine survival (Hostetter et al., 2011), associated with
increased avian predation (Hostetter et al., 2012). In addition to directly
impairing the immune function of salmonids, exposure to POPs has
been documented to work in conjunction with naturally occurring par-
asites (i.e., trematode exposure) further increasing their susceptibility
to a naturally occurring marine bacterial pathogen (Jacobson et al.,
2003), potentially leading to population level effects (Arkoosh et al.,
1998; Loge et al., 2005; Meador, 2014; Spromberg and Meador, 2005).
Chen et al. (2018) suggested the exposure to POPs and N. salmincola
serve as mortality cofactors for juvenile steelhead from Puget Sound,
with the proximate cause of death involving bacterial pathogens or se-
lective predation of infected cohorts.

Based on lipid normalized TPCB concentrations (ng/g lw) measured
in salmon from the Upper Mainstem, Lower Mainstem and Distributary
Channels, 0%, 27%, and 29%, respectively of the natural–origin fish and
0%, 14% and 0%, respectively of the hatchery-origin fish, had concentra-
tions above an adverse CBR threshold for total PCBs (Meador et al.,
2002). Published CBR thresholds based on individual congeners were
not available for salmon. These lipid normalized values likely

underestimate the number of impaired fish because juvenile salmon
rapidly metabolize lipids as theymigrate downstream, typically achiev-
ing lipid concentrations of 1% or less by the time theymove from the es-
tuary to marine waters (Arkoosh et al., 2011; O'Neill et al., 2015). For
example, modeling a 1% lipid content for the natural–origin fish from
the Lower Mainstem to predict their increased risk after lipids have
been metabolized, would increase the number of fish above the PCB
CBR from 27% to 64% for natural-origin fish and 14% to 29% for
hatchery-origin fish, potentially increasing the likelihood of reducing
their marine survival. Indeed, Meador (2014) documented that hatch-
ery Chinook salmon originating from Puget Sound rivers with contami-
nated estuaries, including the Snohomish River, have lower marine
survival than those originating from uncontaminated rivers.

4.2. POP fingerprints

Analyses of POP fingerprints in salmon from the three regions sup-
port the hypothesis that salmon in the Lower Mainstem are exposed
to a contaminant source influenced primarily by wastewater rather
than stormwater. Except for the hatchery fish from the Upper
Mainstem, natural-origin Chinook salmon from the Lower Mainstem
had distinct POP fingerprints from all other sampling groups (Fig. 4,
Table 4), with high relative concentrations of ∑11PBDEs. The POP fin-
gerprints in natural-origin fish from the Lower Mainstem overlapped
with those of hatchery-origin fish from the Upper Mainstem (R =
0.251) and the p value was 0.052, suggesting that the difference be-
tween these groups may not be statistically significant. However, the
small sample size (n = 3) representing the hatchery-origin fish from
the UpperMainstem, limited our ability to adequately evaluate a signif-
icant difference between these groups should one exist. Although POPs
can enter the Snohomish River estuary via various sources such as
WWTPs, stormwater, or atmospheric deposition, wastewater is consid-
ered to be the primary source for PBDEs in Puget Sound, whereas
stormwater is the greater source for PCBs (Osterberg and Pelletier,
2015). Modeled loading of contaminants to Puget Sound indicated
that most PBDEs enter Puget Sound via publically owned WWTPs,
followed by stormwater related surface runoff, and then atmospheric
deposition (9.91, 4.56, and 3.49 kg/year, respectively) (Osterberg and
Pelletier, 2015). In contrast, Osterberg and Pelletier (2015) concluded
that most PCBs enter Puget Sound via stormwater surface runoff
(4.17 kg/yr), with considerably less entering via publically owned
WWTPs and atmospheric deposition (0.32 and 0.43 kg/yr). In the year
we conducted our study, the Lower Mainstem received wastewater
DIN loads 1.5 times higher than those in the Distributary Channels
(Table 1), and the Upper Mainstem region did not receive direct input
of wastewater effluent. Although we do not have estimates of
stormwater loads to the three regions of the Snohomish River estuary
sampled by our study, loadings from surface runoff are likely highest
in the Lower Mainstem region, based on the high percentage
(41–94%) of impervious surface area in the lands adjacent to this region
of the river (Fig. 1), potentially contributing to the higher concentra-
tions of TPCBs in both natural-and hatchery-origin fish from this loca-
tion. However, stormwater loadings to the Snohomish River are likely
lower than those ofmore urbanized rivers becausemeasured PCBs in ju-
venile Chinook from the Snohomish aremuch less than thosemeasured
in other more urbanized estuaries in the Puget Sound (Johnson et al.,
2007a; Meador et al., 2010; O'Neill et al., 2015; Olson et al., 2008) and
the Columbia River (Johnson et al., 2013; Johnson et al., 2007a;
Johnson et al., 2007b).

Contaminant fingerprints are well established chemical tracers for
providing information about the sources of POPs and movement pat-
terns of migratory animals (Ramos and González-Solís, 2012), but typi-
cally over a broader geographic areas than evaluated in this study. For
example, Krahn et al. (2007) used ratios of PCBs and DDTs acquired by
migratory killer whales, to discriminate differences in feeding areas
and contaminant sources for three pods of whales that forage along
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the west coast of North America. In contrast, we used variation in POP
fingerprints in juvenile salmon sampled over b30 rkm to identify a
PBDE contaminant-source, indicating the robustness of POPsfingerprint
at discriminating contaminant sources along a contaminant gradient.

4.3. Stable isotopes

Isotopic signatures of salmon, especially δ15N, from three regions of
the Snohomish estuary (Fig. 5) also support the hypothesis that natural-
origin salmon from the LowerMainstem regionwere exposed primarily
to a wastewater source rather than a stormwater contaminant source.
Stable isotopic signatures of nitrogen in biota are tools to assess assim-
ilation of wastewater-derived sources of nitrogen into aquatic food
webs (deBruyn and Rasmussen, 2002; Savage, 2005). In addition to
the ambient nitrogen load in the river, nitrogen in wastewater is incor-
porated into aquatic food webs though the uptake of sewage-derived
nutrients by primary producers or consumption of particulate-organic
matter by primary consumers (Tucker et al., 1999), and then subse-
quently transferred through the food web (McClelland et al., 1997;
Vander Zanden et al., 2005). Incorporation ofwastewater-derived nitro-
gen sources into the food web, beyond the background river nitrogen,
causes shifts in nitrogen stable isotopes in aquatic organisms when
compared to background or reference values in both freshwater
(deBruyn and Rasmussen, 2002; Hicks et al., 2017; Loomer et al.,
2015; Steffy and Kilham, 2004) and marine systems (Savage, 2005;
Schlacher et al., 2005; Tucker et al., 1999). However, the extent to
which biota exposed to wastewater have altered δ15N values depends
on the treatment processes used at the plant, effluent quality
(e.g., concentration and load of ammonia/ammonium), and the charac-
teristics of the receiving waters (Hicks et al., 2017).

Depleted δ15N in natural-origin fish from the Lower Mainstem sug-
gests they were exposed to sewage characterized by relatively high nu-
trient concentrations. In contrast, the δ15N in the hatchery-origin fish
from this region was not depleted, suggesting they were less exposed
to nutrient rich wastewater effluent. Complex treatment processes de-
termine the amount of nutrient removal, and whether dissolved inor-
ganic nitrogen in effluent is discharged as ammonia/ammonium,
nitrite or nitrate (Metcalfe et al., 2003). WWTPs designed to optimize
removal of nutrients from wastewater typically use nitrification (con-
version of ammonia to nitrate) followed by de-nitrification (conversion
of nitrate to nitrogen gas) processes to remove nitrogen. In contrast,
WWTPs designed without specific nutrient removal, discharge effluent
with more ammonium than nitrates (Hicks et al., 2017; Loomer et al.,
2015). Furthermore, nitrification, denitrification, as well as volatiliza-
tion ofwastewater, can alter the concentration and the nitrogen isotopic
signature of the pools of ammonia/ammonium and nitrate/nitrite they
act upon (Heaton, 1986; Valiela et al., 2000), as well as the resulting ef-
fluent released to the aquatic systems (Toyoda et al., 2011). Overall,
biota exposed to untreated and primary treated sewage, or secondary
sewage with insufficient nutrient removal, typically exhibit a depleted
δ15N signal (deBruyn and Rasmussen, 2002; Hicks et al., 2017; Loomer
et al., 2015), as we observed in natural-origin Chinook salmon from
the Lower Mainstem. Indeed, the form of DIN discharged by the
Everett's WPCF is atypical compared to other Puget Sound wastewater
facilities that discharge into rivers and nearshore marine receiving wa-
ters, with a higher proportion of ammonium compared to nitrates and
nitrites (Table 1). Conversely, biota exposed to secondary and tertiary
sewage treatment that removes excess nitrogen with nitrifying and
denitrifying bacteria typically have an enriched δ15N signal compared
to background values (Heaton, 1986; Savage, 2005; Valiela et al., 2000).

In contrast to nitrogen isotopes, carbon and sulfur stable isotopes
were enriched in salmon as they moved downstream (see Fig. 5a), con-
sistent with the frequency and amount of saltwater intrusion into the
downstream regions of the Snohomish River (Hall et al., 2018) and a
gradual shift to downstream food sources, as noted in salmon from
other rivers (Moore et al., 2016). Sulfur and carbon isotopes provide

information regarding food sources for consumers, with marine food
webs typically more enriched in δ34S and δ13C than freshwater systems
(Peterson and Fry, 1987), and thus reveal the prey base andmovements
of animals (Hobson, 1999). Based on Hall et al. (2018), there is a contin-
uum from freshwater in the Upper Mainstem region tomore salinewa-
ters in both the LowerMainstem andDistributary Channels regions. The
higher δ34S and δ13C we measured in salmon in these downstream re-
gions, reflects this salinity gradient and the salmons' changing food sup-
ply that is incorporated into their tissues as they migrate downstream.
Similarly, Moore et al. (2016) documented that natural-origin juvenile
Chinook salmon from the relatively undeveloped watershed of the
Skeena River in British Columbia, Canada, became enriched in both
δ13C and δ34S as theymigrated from the headwaters of the river to near-
shore marine waters. The slight enrichment of δ34S and δ13C in
hatchery-origin fish, compared to natural-origin fish from the same re-
gion, may be due to the residual influence of the diet of hatchery fish,
prior to release from the hatchery (Weber et al., 2002). In the hatchery,
fish are fed commercial diets dominated by protein frommarine sources
enriched in δ34S, whereas, natural-origin fish consume freshwater prey
with more depleted δ34S, and the muscle tissue of fish reflect these
sources (Weber et al., 2002). However, tissue differences in δ34S be-
tween hatchery- and natural-origin fish will rapidly be masked by the
freshwater diet consumed by hatchery-origin fish after they leave the
hatchery, given the rapid turnover rates of liver andmuscle tissue of ju-
venile salmonids (Heady and Moore, 2013).

4.4. Complementary chemical tracers

Weusedmultiple, complementary chemical tracers to infer nutrient
and contaminant sources to seaward migrating juvenile salmon, more
discernable information than either tracer provided individually. Collec-
tively, the isotope tracers and POP fingerprints indicated that natural-
origin salmon were exposed to and assimilated both nitrogen and
POPs fromwastewater in the LowerMainstem. The∑11PBDE enhanced
POP fingerprints in natural-origin fish from the Lower Mainstem were
inversely correlated with their δ15N (Fig. 6), suggesting similar sources
for both; the more fish were exposed to the ammonia/ammonium
rich effluent, the more depleted they were in δ15N and the greater
their relative ∑11PBDE concentrations. Concentrations of ∑11PBDEs
and TPCBs were also each negatively correlated with δ15N in salmon.
However, the slope of these relationships were steeper for ∑11PBDEs
(8.93 vs. 6.55), supporting our previous conclusion that the wastewater
the fish were exposed to had a greater load of PBDEs than PCBs. Addi-
tionally, based on their δ34S, the natural-origin fish that had spent the
least amount of time in the Lower Mainstem where the wastewater
discharged, deviated most from the predicted relationship between
PC1 score and δ15N (Fig. S3), further supporting our conclusion that
fishwere exposed to and accumulated PBDEs from awastewater source
in the Lower Mainstem.

These results highlight the role of wastewater as a vector of toxic
contaminants to aquatic consumers, as demonstrated previously
(Meador et al., 2016; Spies et al., 1989), and raises additional concerns
about juvenile salmon exposure to other contaminants in wastewater
not evaluated in this study. Effluent from WWTPs are major sources of
industrial chemicals (Servos, 1999), pharmaceutical and personal care
products, (PPCPs) (Metcalfe et al., 2010), and natural and synthetic hor-
mones (Ternes et al., 1999). Adverse effects observed in aquatic biota
exposed to wastewater include endocrine disruption in individuals
(Tyler and Jobling, 2008; Vajda et al., 2011), and alterations in species
communities (Tetreault et al., 2013). Most pertinent to our study, Chi-
nook salmon collected from wastewater impacted sites had modeled
fish plasma concentrations for a variety of PPCPs in the range expected
to produce adverse effects in fish (Meador et al. 2017); mitochondrial
dysfunction, which is adverse for growing juvenile fish (Yeh et al.,
2017); and altered blood chemistry parameters, a potential early indica-
tor of metabolic disruption (Meador et al., 2018).
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5. Conclusions

Our study demonstrated the utility of multiple chemical tracers to
document the spatial extent, magnitude, and source of contaminant ex-
posure in juvenile Chinook salmon, information necessary to formulate
appropriate conservation measures to reduce or remediate contami-
nant exposure. Three types of complementary chemical tracer data,
POP concentrations, POP fingerprints, and stable isotopes, allowed us
to 1) identify where in their migration pathway threatened Chinook
salmonwere exposed to and accumulated PBDEs (and to a lesser extent
PCBs), at concentrations high enough to impair their health, and 2) re-
veal that wastewater discharging into the river was the likely source
of these POPs. These results highlight the importance of understanding
the role that wastewater may play as a vector of toxic contaminants to
aquatic consumers.

Data from this study can be used to guide and prioritize manage-
ment actions to reduce threats from wastewater and other habitat
stressors to juvenile salmonmigrating through the Snohomish River es-
tuary to Puget Sound. Specifically, identifying the region within the
Snohomish watershed where salmon are most exposed to PBDEs, as
well as the source (i.e., wastewater or stormwater), allows environmen-
tal managers to establish corrective actions to control PBDE inputs. Ulti-
mately, reductions in PBDE exposure should improve Chinook salmon
health and enhance their marine survival. The Snohomish River is the
second largest contributor of Chinook salmon to the Puget Sound evolu-
tionarily significant unit (Jonathan Carey, NationalMarine Fisheries Ser-
vice, Personal communication); consequently, reductions in salmon
survival due to wastewater-contaminant exposure could affect the re-
covery of the ESA-listed Chinook salmon from Puget Sound. Further-
more, exposure to contaminants in wastewater may thwart
substantial habitat remediation efforts underway throughout the US Pa-
cific Northwest to improve survival of natural-origin salmon. For exam-
ple, between 2005 and 2017 approximately $ 90,000,000 US has been
spent to improve the freshwater, estuarine and nearshore marine rear-
ing habitat for natural-origin Chinook salmon originating from the
Snohomish River (Snohomish Basin Salmon Recovery Forum, 2019),
with the ultimate goal of improving their overall survival. The efficacy
of this effort could be reduced if juvenile salmon have increased suscep-
tibility to disease because of exposure to wastewater-derived contami-
nants. More broadly, Chinook and other salmon species are at risk in
much of the southern part of their North American range (Gustafson
et al., 2007), where interactionswithmany anthropogenic factors affect
them, including contaminants (Lundin et al., 2019; Meador, 2014).
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Chemical tracers guide identification of the location and source of
persistent organic pollutants in juvenile Chinook salmon (Oncorhynchus
tshawytscha), migrating seaward through an estuary with multiple
contaminant inputs
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H I G H L I G H T S

• Three chemical tracers identified a con-
taminant source for seaward migrating
salmon.

• Salmon collected near a wastewater
outfall had higher contaminant concen-
trations.

• Salmon near the outfall had distinct
combinations of contaminants (finger-
print).

• Altered δ15N signatures were correlated
with distinct contaminant fingerprints.

• Wastewaterwas the source for both dis-
tinct fingerprint and altered δ15N
signature.
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Understanding the spatial extent,magnitude, and source of contaminant exposure in biota is necessary to formu-
late appropriate conservation measures to reduce or remediate contaminant exposure. However, obtaining such
information formigratory animals is challenging. Juvenile Chinook salmon (Oncorhynchus tshawytscha), a threat-
ened species throughout the US Pacific Northwest, are exposed to persistent organic pollutants (POPs), including
polybrominated diphenyl ether (PBDE) flame retardants and polychlorinated biphenyls (PCBs), in many devel-
oped rivers and estuaries. This study used three types of complementary chemical tracer data (contaminant con-
centrations, POP fingerprints, and stable isotopes), to determine the location and source of contaminant exposure
for natural- and hatchery-origin Chinook salmon migrating seaward through a developed watershed with mul-
tiple contaminant sources. Concentration data revealed that salmonwere exposed to and accumulated predom-
inantly PBDEs and PCBs in the lower mainstem region of the river, with higher PBDEs in natural- than hatchery-
origin fish but similar PCBs in both groups, associated with differences in contaminant inputs and/or habitat use.
The POP fingerprints of the natural-origin-fish captured from this regionwere also distinct fromother region and
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Wastewater
Stormwater

origin sample groups, with much higher proportions of PBDEs in the total POP concentration, indicating a differ-
ent contaminant source or habitat use than the hatchery-origin fish. Stable isotopes, independent tracers of food
sources and habitat use, revealed that natural-origin fish from this region also had depleted δ15N signatures com-
pared to other sample groups, associated with exposure to nutrient-rich wastewater. The PBDE-enhanced POP
fingerprints in these salmon were correlated with the degree of depletion in nitrogen stable isotopes of the
fish, suggesting a commonwastewater source for both the PBDEs and the nitrogen. Identification of the location
and source of contaminant exposure allows environmentalmanagers to establish conservationmeasures to con-
trol contaminant inputs, necessary steps to improve the health of Chinook salmon and enhance their marine
survival.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

An understanding of the spatial extent, magnitude, and source of
contaminant exposure in biota is necessary to formulate appropriate
conservation measures to reduce or remediate contaminant exposure.
In some cases, there is an obvious point source of the contaminants,
but in other instances the sources may be cryptic or dispersed, making
themmore difficult to identify and remediate. Obtaining such informa-
tion for migratory animals is especially challenging because their routes
may traverse habitats exposing them to different contaminants from
multiple sources. Persistent organic pollutants (POPs) are contaminants
of global concern because of their persistence, bioavailability, and toxic-
ity (Jones and de Voogt, 1999). POPs include a wide variety of toxic
chemicals, including polychlorinated biphenyls (PCBs), polybrominated
diphenyl ether flame-retardants (PBDEs), and chlorinated pesticides
such as dichlorodiphenyltrichloroethane and its metabolites (DDTs).
All POPs are slowly metabolized, bioaccumulate in lipid-rich tissues,
and biomagnify in the food web (Aguilar et al., 2002; Borrell et al.,
2006; Jones and de Voogt, 1999; Tierney et al., 2014).

Proximity to contaminated habitats and the associated POPs in prey
are the primary factors for determining the extent towhich POPs are ac-
cumulated by fishes (Good et al., 2014; O'Neill and West, 2009; West
et al., 2008) and marine mammals (Aguilar et al., 2002; Borrell et al.,
2006). However, duration of exposure and body condition, including
lipid content, reproductive status, and trophic position, can also affect
accumulation (Aguilar et al., 1999; Burreau et al., 2006; Fisk et al.,
2001; West et al., 2017). For migratory animals, the link between con-
taminated habitats and POP concentrations can be further obscured by
multiple POP inputs (Borrell et al., 2006) as the animals move between
habitats.

Although POPs can adversely affect animal health, the proportion of
different types of POPs also serve as chemical tracers elucidating infor-
mation about the trophic ecology, migration patterns, and population
structure, for many migratory species (Ramos and González-Solís,
2012) including Atlantic salmon, Salmo salar (Svendsen et al., 2009),
bluefin tuna, Thunnus thynnus (Deshpande et al., 2016a), harbor por-
poise, Phocoena phocoena (Calambokidis and Barlow, 1991), beluga
whales, Delphinapterus leucas (Krahn et al., 1999) and killer whales,
Orcinus orca (Krahn et al., 2007). Additionally, the proportions of differ-
ent types of POPs have been used to identify sources of POPs in Pacific
herring, Clupea pallasii (West et al., 2008), bluefish Pomatomus saltatrix
(Deshpande et al., 2016b), and bottlenose dolphins, Tursiops truncatus
(Fair et al., 2010).

Current and historical inputs of POPs create environments with dis-
tinct chemical proportions or “fingerprints.” Given sufficient foraging
time, migratory animals accumulate POPs in proportion to their avail-
ability in the environments through which they migrate. Furthermore,
unlike an individual POP concentration, POP fingerprints are less influ-
enced by individual biological traits (Borrell et al., 2006; Dickhut et al.,
2009; Svendsen et al., 2008), such that changes in POP fingerprints in
animals along their migration route can indicate different inputs or
sources of contaminants in prey along their migration route.

Naturally occurring stable isotopes of carbon, nitrogen, and sulfur
also serve as chemical tracers, providing insights into ecological pro-
cesses and patterns (Boecklen et al., 2011; Newsome et al., 2010;
Peterson and Fry, 1987; Thompson et al., 2005). Stable isotopes of nitro-
gen are frequently used to indicate diet and trophic status (Caut et al.,
2009; Olson et al., 2010; Ramos et al., 2011) because consumers accu-
mulate higher levels of δ15N than their prey. Nitrogen isotopes have
also been used to assess exposure to sewage and wastewater inputs
(Cabana and Rasmussen, 1996; Loomer et al., 2015; Schlacher et al.,
2005), and they can reveal possible exposure to contaminants associ-
ated with the wastewater (Spies et al., 1989). Stable isotopes of sulfur
and carbon are typically only slightly enriched between trophic levels.
Instead, these stable isotopes are typically used as tracers of the types
of food sources and have been used to assess habitat use (Connolly
et al., 2004; Moore et al., 2016), and migratory patterns (Graham
et al., 2010; Hobson, 1999). Sulfur stable isotopes are an especially
good source indicator of terrestrial vs. marine producers, withmore en-
richment of heavier isotopes inmarine systems (Thode, 1991;Willacker
et al., 2017), and have been used to track residency in estuarine fishes
(Fry and Chumchal, 2011) and movements of fish between freshwater
and marine systems (Godbout et al., 2010; Moore et al., 2016). More-
over, when stable isotopes of sulfur, nitrogen and carbon are used to-
gether they can provide additional information on habitat use and
trophic structure than stable isotopes of carbon and nitrogen alone
(Connolly et al., 2004). Because stable isotopes fractionate with the
organism's metabolism and change with its diet (Hobson, 1999),
whereas POPs are not readily metabolized nor eliminated, they provide
complementary information about the organism (Fisk et al., 2002;
Herman et al., 2005; Ramos and González-Solís, 2012).

Pacific salmon of the genus Oncorhynchus exemplify organisms
whose migrations take them through multiple habitats, including
some where contaminants pose a concern (Johnson et al., 2007a;
O'Neill and West, 2009; Ross et al., 2013). Spawned in cool, clear
streams and other freshwater habitats, the juveniles feed for a period
prior to seaward migration that varies among species, populations,
and individuals (Quinn, 2018). Spawning typically takes place high in
watersheds where contaminant concentrations are low, but their sea-
ward migration may lead the juveniles through agricultural, industrial,
and urbanized areas, each with different classes of contaminants.

In large parts of the southern portion of their native range, Pacific
salmon species have experienced declines in abundance sufficient to
limit fisheries, resulting in listings under the U.S. Endangered Species
Act (ESA), and even lead to extinction. This loss of intra-specific diver-
sity (Gustafson et al., 2007) has many causes, and the relative impor-
tance of each varies among watersheds (NRC, 1996) but chemical
contaminants can contribute to poor survival of juveniles in populations
migrating through contaminated habitats (Johnson et al., 2013;Meador,
2014).

Chinook salmon,O. tshawytscha, is listed as Threatened under theUS
ESA in Puget Sound,Washington, where individuals spawn in a number
of large andmedium-sized rivers (Myers et al., 1998; Ruckelshaus et al.,
2006). The Snohomish River is typical of these, and is characterized by
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headwaters in forested land with few major sources of contaminants,
with a transition to areas dominated by agriculture and increasingly
suburban, urban and industrial areas where they flow into Puget
Sound, Washington (Pess et al., 2002). Survival rates of juvenile salmon
entering Puget Sound have been low for several decades (Quinn et al.,
2005) but vary among rivers (Ruff et al., 2017), indicating that local as
well as regional factors affect survival. Some of this variation has been
linked to the extent to which the natal estuary has been modified
from its natural condition (Magnusson and Hilborn, 2003), including
chemical contamination (Meador, 2014). Moreover, natural-origin fish
migrate more slowly and reside and feed in estuaries for longer periods
than hatchery-origin fish (Levings et al., 1986; Rice et al., 2011), poten-
tially resulting in greater contaminant exposure for natural-origin
salmon.

Our goal was to use complementary data types to assess the location
and source of contaminant exposure for juvenile Chinook salmon mi-
grating through habitats with multiple contaminant sources, notably
wastewater and stormwater. This study was conducted in the
Snohomish River Washington, where two previous studies (O'Neill
et al., 2015; Sloan et al., 2010) documented elevated levels of PBDEs (a
POP class associated with wastewater; Osterberg and Pelletier, 2015)
in juvenile Chinook salmon, at concentrations high enough to alter
their immune response and increase their susceptibility to naturally oc-
curring diseases, based on laboratory exposure studies (Arkoosh et al.,
2010, 2018). The specific objectives were to determine where in their
migratory pathway salmon become exposed to potentially harmful con-
centrations of PBDEs, and to identify potential sources so that corrective
actions could be identified. We measured levels of PBDEs, other POPs,
and stable isotopes of nitrogen, sulfur, and carbon in salmon collected
along their migration routes in the estuarine portions of the Snohomish
River. We hypothesized that Chinook salmon caught in themore devel-
oped reaches of the river, near wastewater inputs, would exhibit higher
concentrations of PBDEs and that their POP fingerprints would have a
higher proportion of PBDEs compared to other POPs, more indicative
of awastewater source.We further hypothesized that altered stable iso-
tope ratios of nitrogenwould be observed in fish captured in the vicinity
of the wastewater inputs, and associated with the amount and type of
nitrogen discharged. Additionally, this population includes Chinook
salmon spawned naturally in the river and ones produced in a hatchery
and we predicted that the natural-origin fish would exhibit higher POP
concentrations associated with their higher residence time in the estu-
aries (Levings et al., 1986; Rice et al., 2011).

2. Material and methods

2.1. Study area

The Snohomish River watershed, in western Washington State,
drains approximately 4600 km2 into Puget Sound (USGS, 2011), and is
formed by the confluence of the Skykomish and Snoqualmie rivers. It
flows approximately 37 km to Puget Sound via a mainstem and a com-
plex system of deltaic braided distributary channels through Union,
Steamboat, and Ebey sloughs (Hall et al., 2018). The Snohomish River
estuary's tidal influence extends throughout the distributary channels
and up the mainstem to river kilometer (rkm) 27 (Collins and Sheikh,
2005). The maximum extent of saltwater (0.5 ppt) intrusion also ex-
tends throughout the distributary channels and to 15.9 rkm on the
mainstem channel (Hall et al., 2018). Overall, 75% of the upland areas
of Snohomish River basin is forested (Pess et al., 2002). In contrast,
land cover in the floodplains and neighboring foothills along the
major river channels aremuchmore impacted by human activities, pre-
dominantly rural-residential, agricultural, and urban (Pess et al., 2002).

Modern human activities in the Snohomish River estuary have re-
sulted in degradation and loss of juvenile salmonid habitat, considered
the primary factor limiting Chinook salmon survival in the basin
(Snohomish Basin Salmon Recovery Forum, 2005). Currently available

wetland habitat area in the Snohomish estuary is estimated at
1389 ha; roughly 20% of the historical habitat extent in the delta
(Beechie et al., 2017; Collins and Sheikh, 2005). The majority of the re-
maining available rearing habitat for juvenile Chinook salmon is located
in the lower estuary (1238 ha) and distributed unevenly between the
mainstem (88 ha) and the distributary (1150 ha) portions of the delta
(Beechie et al., 2017).

Contaminant inputs likely coincide with the physical habitat loss in
the Snohomish estuary. In particular, developed habitats with impervi-
ous surfaces adjacent to the river likely increase loadings of contami-
nants in stormwater to the river, as has been demonstrated for other
aquatic systems (Brown and Peake, 2006; Lee et al., 2004; McCarthy
et al., 2008). Indeed, stormwater was documented to be a major source
of PCB loading to Puget Sound, with developed lands with more imper-
vious surface contributing higher loads of PCBs to the watershed
(Osterberg and Pelletier, 2015). Although specific inputs on PCBs to
the Snohomish River were lacking, we used impervious surface and
road area as proxies for urbanization in this study area and potential in-
puts of PCBs. The metric utilized for impervious surface was calculated
by determining the “percent developed imperviousness”, %IS (Fry
et al., 2011; Wickham et al., 2013) within predefined watershed catch-
ment areas called Assessment Units (AUs). The %IS values in our study
ranged from 0 to 94%, with the most impervious surfaces (41–94%) in
the City of Everett, located on the lower section of the mainstem, and
the city of Marysville, located in the lower section of Ebey Slough
(Fig. 1).

In addition to contaminant inputs from stormwater, the cities of
Marysville and Everett primarily discharge treatedwastewater, a poten-
tial source of PBDEs and other contaminants, into the estuarine portion
of the Snohomish River. Specific levels of PBDEs discharged into the
Snohomish River are unknown, as wastewater dischargers in WA
State are not required to monitor PBDEs in their effluent. Everett's
Water Pollution Control Facility (WPCF) is adjacent to the mainstem
of the Snohomish River. The facility operates two outfalls and 13 com-
bined sewer overflows (CSOs). One outfall and six CSOs discharge into
the lower section of the river's mainstem and the others discharge
into the marine waters of Port Gardner in Possession Sound (Fig. 1).
TheWPCF uses an aeration/oxidation pond (lagoon) system for treating
the wastewater that discharges to the Snohomish River outfall (WA
Dept. Ecology, 2015). Marysville's WWTP is located in the Distributary
Channels, adjacent to Ebey Slough and uses an aerated lagoonwith a fil-
tration system to treat sewage prior to discharge into an outfall in
Steamboat Slough or themarinewaters of Port Gardner during the sum-
mer (WA Dept. Ecology, 2017). While most of the effluent discharged
from these two facilities is treated, CSOs release untreated wastewater.
CSOs occur on average, 1–2 times a year.

Discharges of dissolved inorganic nitrogen (DIN) in effluent from
municipalWWTPs were used to assess the loads of nitrogen discharged
from WWTPs. In total, Puget Sound has 78 municipal WWTPs
discharging to Puget Sound – 70 discharge to marine waters and eight
discharge to river estuaries. In the year of our study (2016), the Everett
WPCF outfall in the Snohomish River had the highest DIN average daily
discharge (average of February to July) of the eight facilities that dis-
charge to the estuarine portion of Puget Sound rivers (Table 1). Addi-
tionally, the Everett WPCF outfall had the eight highest average daily
discharge of DIN of all 78 municipal WWTPs discharging into Puget
Sound (Table 1). WWTP loads were originally estimated for the years
1999–2008 using methods described in Mohamedali et al. (2011), and
these inputs were updated through mid-2017 as described in Ahmed
et al. (2019). During the 6-month migration window for juvenile Chi-
nook salmon (February through July) in 2016, discharged DIN from
the EverettWPCF averaged 1006 kg/day (Table 1). The EverettWPCF ef-
fluent, however, was atypical compared to other Puget Soundwastewa-
ter facilities, and contained a higher proportion of ammonium relative
to nitrates and nitrites compared to the effluent from other facilities
that discharge into similar waters frequented by juvenile salmon. The
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only otherWWTP facilities discharging into Puget Soundwith compara-
ble or higher ammonium loads (N1000 kg/day) were high load facilities
(≥250 DIN kg/day) that discharged in deep offshore marine waters, be-
yond habitats typically used by juvenile salmonids (Table 1).

2.2. Sampling design and fish collections

We sampled juvenile Chinook salmon for chemical tracers from 11
sites along their migration pathway in the estuarine portion of the
Snohomish River in 2016. The sites were distributed in three regions:
theUpperMainstem, throughwhich all thefishmigrate, and two down-
stream regions, the LowerMainstemand theDistributary Channels, that

constitute alternative routes by which the fish can enter Puget Sound
(Fig. 1). A minimum of three sites per region, distributed along the mi-
gration pathway within each region, were sampled to assess the range
of stormwater and wastewater inputs that fish were potentially ex-
posed to. Due to limitations on the number of ESA-listed Chinook
salmon we were allowed to capture, our sampling design was intended
to compare salmon among the three regions, rather than at specific
sites. Our three sampling regions roughly represent the major bifurca-
tion in the system based on hydrological properties of the rivers
(Collins and Sheikh, 2005; Hall et al., 2018). The Upper Mainstem was
the least developed of the three regions, with the most downstream
site located 2 to 7 km upstream of the outfalls for the wastewater

Fig. 1. Location of estuary sampling sites and sampling regions where juvenile Chinook salmon were collected for contaminant and stable isotope analyses (see Table 2 for additional site
and sample data). Impervious land-surface is shown as grey scale gradations from b7% (lightest grey) to N40% (darkest grey). WPCF = Water Pollution Control Facility. WWTP =
Wastewater Treatment Plant.
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treatment facility and associated CSOs. We assumed that contaminants
measured in seaward migrating salmon collected in the Upper
Mainstem region represented cumulative exposure from all upstream
sources. At each subsequent downstream site in the Lower Mainstem
and the Distributary Channels, we assumed contaminant concentra-
tions in salmon indicated additional inputs from stormwater andwaste-
water to which the salmon were exposed.

Juvenile Chinook salmon were collected in 2016 from April through
July, primarily during the peak of downstream migration (April and
May) to represent the average contaminant concentrations of the river
system's fish populations. All fish were collected with beach seines or
fyke nets, following procedures described in Roegner et al. (2009), eu-
thanized, transferred to the laboratory on ice, assigned a unique num-
ber, and stored at−80 °C until tissue samples for chemistry and stable
isotopes were prepared.

2.3. Sample processing

To process fish for analyses of contaminants and stable isotopes, fish
were thawed slightly, fork length (mm)was recorded for each fish, and
scales were removed for age determination (sub-yearling vs. yearling).
To ensure the gut contents did not influence the contaminant and stable
isotope data, they were removed from the stomach and intestine of fish
and discarded to create gutted whole body fish samples. Additionally,

the brain was removed from each fish for use in a separate study. Each
fish was examined for presence of a clipped adipose fin, a coded wired
tag (CWT), or thermally marked otoliths, any of which would indicate
hatchery-origin fish. Based on thermally marked otoliths, we excluded
from our study a few hatchery-origin fish that did not originate from
within the Snohomish River, leaving 177 salmon for analyses (Table 2).

Forty-eight composite samples of gutted whole body fish, less the
brain, were created by combining 1–8 similarly sized salmon in each
sample (Table 2). The samples were homogenized, placed in pre-
cleaned glass jars, and stored at−20 °C for subsequent chemical analy-
ses. The proportion of natural-origin fish in each composite sample was
used to classify the samples as either predominantly natural-origin
(N65%) or hatchery-origin (b35%). In most cases, samples classified as
predominantly natural- or hatchery-origin contained only fish of that
designation (25 of 30 natural- and 15 of 18 hatchery-origin samples).

2.4. Contaminant analysis

Samples (approximately 2 g from each composite tissue sample)
were analyzed for POPs, including 11 PBDEs, 46 PCBs, and six DDTs,
using an established gas chromatography/mass spectrometry (GC/MS)
method (Sloan et al., 2014). Thismethod comprises three steps: (a) a di-
chloromethane extraction using an accelerated solvent extractor,
(b) cleanup by gravity flow silica/aluminum columns and followed by

Table 1
Mean and range (in parentheses) of daily loads of nitrogen types (DIN, ammonium, and nitrate+ nitrite) and ratio of ammonium to nitrate+ nitrite inmunicipal wastewater treatment
plant effluent for facilities discharging into Puget Sound rivers and marine waters (Mohamedali et al., 2011; Ahmed et al., 2019), reported for each month from February through July of
2016. Effluent data for the Lower Mainstem and Distributary Channel regions of the Snohomish River sampled in this study are summarized separately from data for other facilities. Fa-
cilities discharging mean dissolved inorganic nitrogen (DIN) daily loads N250 kg/day for that six-month window were further categorized as either a freshwater, nearshore or offshore
facility depending on the location of their effluent outfall in the receiving waters. All other facilities discharging into nearshore or offshore marine waters with a mean DIN b250 kg/
day was placed in the “Other nearshore and offshore marine facilities” category. If load data was missing for a month, it was excluded from the average load calculation.

WWTP n DIN (kg/day) Ammonium
(kg/day)

Nitrate + Nitrite
(kg/day)

Ratio of Ammonium (kg/day) to Nitrate + Nitrite
(kg/day)

Lower Mainstem facilitya 1 1006 1002 4.09 335
(829–1162) (822–1161) (1.71–6.97) (118–678)

Distributary Channels facilityb 1 649 628 20.4 48.3
(462–816) (452–806) (6.56–47.4) (14.2–80.2)

Other river facilities
(DIN ≥ 250 kg/day)

1 410 325 85.4 5.58
(203–583) (126–462) (33.2–158) (1.64–13.9)

Other river facilities
(DIN b 250 kg/day)

5 71.6 5.99 65.7 0.019
(1.61–257) (0.005–58.0) (1.60–256) (0.002–2.14)

Nearshore marine facilities
(DIN ≥ 250 kg/day)

3 658 631 27.0 84.7
(383–1177) (365–1173) (3.63–83.4) (5.83–323)

Offshore marine facilities
(DIN ≥ 250 kg/day)

13 2004 1560 445 61.7
(229–9543) (7.87–8684) (0.73–2794) (0.0029–1385)

Other nearshore and offshore marine facilities
(DIN b 250 kg/day)

54 32.9 17.0 15.9 10.1
(0.0077–352) (0.0012–300) (0.0012–236) (0.00035–416)

a Everett Water Pollution Control Facility (see Fig. 1, Everett WPCF).
b Marysville Wastewater Treatment Plant (see Fig. 1, Marysville WWTP).

Table 2
Number (No.) of individual juvenile Chinook salmon and composite samples (Comps.) sampled in 2016 for contaminant analyses atmultiple sites in the estuary habitat of the Snohomish
River. Each composite sample is composed of 1–8 individual salmon of similar size andwas classified as either natural- or hatchery–origin, based on the proportion of natural fish present.
Site numbers refer to the sampling locations depicted in Fig. 1.

Sampling regions Site No. Site name River km Collection period Natural origin Hatchery origin

No. fish No. Comps. No. fish No. Comps.

Upper Mainstem 1 Fields Riffle 18.7 April–July 16 5 3 1
2 Big Tree 14.9 April–July 11 3
3 Old Bridge 11.5 April–July 15 4 4 2

Lower Mainstem 4 Old Barge 7.4 April–May 20 4 3 1
5 Langus Pier 5.2 April–July 31 7 9 3
6 Lower Mainstem 2.0 May–June 11 3

Distributary Channels 7 Union Slough 5.9 May June 8 2 3 1
8 Steamboat Slough 4.8 April–May 6 2 3 1
9 Ebey Slough 1 6.9 April–May 10 2 3 2

10 Ebey Slough 2 6.4 April–May 1 1
11 Ebey Slough 3 2.5 May 7 1 12 3

All regions April–July 124 30 53 18
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size-exclusion high-performance liquid chromatography (HPLC)
cleanup, and (c) quantitation of POPs using gas chromatography/mass
spectrometry (GC/MS) with selected-ion monitoring (SIM). A subsam-
ple of each pre-cleaned extract was used to determine percent lipids
gravimetrically (Sloan et al., 2014). As part of a performance-based
quality assurance program, a solvent (dichloromethane) method
blank and National Institute of Standards and Technology (NIST) Lake
Michigan fish tissue Standard Reference Material (SRMs, 1947) were
analyzed with each batch of field samples and the results of the quality
control samples met established laboratory criteria (Sloan et al., 2019).
The solvent method blank for each sample batch contained no more
than five analytes that exceeded 2 × the lower limit of quantitation
(LOQ), which met our laboratory QA criteria. Levels of ≥70% of individ-
ual analytes measured in NIST SRM 1947 for each sample batch were
within 30% of either end of the 95% confidence interval of the NIST cer-
tified values. Surrogate recoveries for the POP analyses ranged from 99
to 116% and met established laboratory criteria (surrogate recoveries
are to be between 60 and 130%). Additional details for our laboratory
quality assurance measures and criteria for POPs analyses can be
found in Sloan et al. (2019). The lower limits of quantitation (LOQ) for
individual PBDEs, PCBs, and DDTs measured in the field samples and
their associated quality assurance samples ranged from b0.063 to
b0.31 ng/g, wet weight.

Analyte data are presented as summed values for PBDEs and DDTs.
Summed PBDEs (i.e., ∑11PBDEs), were calculated by summing de-
tected concentrations of the congeners 28, 47, 49, 66, 85, 99, 100, 153,
154, 155, and 183. Summed DDTs (i.e., ∑6DDTs) were calculated by
summing the detected concentrations of o,p′-DDD, o,p′-DDE, o,p′-DDT,
p,p′-DDD, p,p′-DDE, and p,p′-DDT. The total PCB concentration
(i.e., TPCBs)was estimated using a simple algorithmbased on the subset
of 17 commonly detected congeners (and coeluting congeners)
representing homologues containing three to ten chlorine atoms [con-
geners 18, 28, 44, 52, 95, 101(90), 105, 118, 128, 138(163,164), 153
(132), 170, 180, 187(159,182), 195, 206, and 209], wherein the sum of
the detected values for these 17 (and coeluting) congeners was multi-
plied by two. The calculated TPCB concentration using this method
was previously shown to agree well with the sum of 209 congeners
measured by high resolution methods for two fish species (West et al.,
2017) and is similar to method used by Lauenstein and Cantillo
(1993) discussed in West et al. (2017). Summed or total POP results
were expressed as nanogram (ng) per gram of tissue weight (wet
weight). Additionally, we calculated POP concentrations on a lipid
basis, as ng of contaminant per g of fish lipid (ng/g lipid), to facilitate
comparisons with other published studies, including those on adverse
critical body residues (CBRs). Published CBRs for POPs are sometimes
reported as lipid normalized concentrations because POP toxicity can
be inversely dependent on lipid content (Lassiter and Hallam, 1990).

2.5. Stable isotopes analyses

All samples with sufficient tissue mass (41 of 48 samples) were an-
alyzed for stable isotope ratios of nitrogen, carbon, and sulfur. Frozen,
non-lipid extracted tissue samples were freeze-dried, ground to a fine
powder, andweighed into tin capsules for isotope analyseswith a target
mass of 0.5 mg of tissue for carbon and nitrogen and 7.5 mg for sulfur.
Stable isotope analyses were performed at the University of
Washington's IsoLab in Seattle, WA as in Fry et al. (1992) and Fry et al.
(2002). A Costech Elemental Analyzer, Conflo III, and Thermo MAT253
isotope ratio mass spectrometer was used for a continuous-flow based
measurement of bulk carbon δ13C and bulk nitrogen δ15N. A Eurovector
Elemental Analyzer, Conflo III, and Thermo MAT253 isotope ratio mass
spectrometer was used for a continuous flow based measurement of
the bulk sulfur δ34S. During analytical runs, these methods provided
precisions (1 sigma) of ±0.05‰, ±0.1‰ and ±0.2‰ for carbon, nitro-
gen and sulfur, respectively.

Stable isotopes of carbon, nitrogen, and sulfur were expressed in
standard delta notation (δ13C, δ15N, and δ34S),

δ ‰ð Þ ¼ 103 Rsample=Rstandard
� �

−1
� �

;

where R is the ratio of heavy and light isotopes in a sample (13C:12C,
15N:14N, and 34S:32S). We expressed stable isotope ratios in units of
permil (‰ – parts per thousand) and are relative to international stan-
dards: Vienna PeeDee Belemnite (VPDB) for δ13C, atmospheric nitrogen
for δ15N, and Vienna–Canyon Diablo Troilite (VCDT) for δ34S. Most
(78%) of the fish tissue samples had a C:N ratio greater than the 3.5
threshold for lipid correction (Post et al., 2007), indicating that the
lipid content of the samples may have depleted the δ13C values. Accord-
ingly, we used the following equation from Post et al. (2007),

δ13Cnormalized ¼ δ13Cuntreated−3:32
� �

þ 0 : 99� C : Nð Þ

to mathematically lipid normalize δ13C values.

2.6. Data analysis

We applied multiple linear regression (R Development Core Team,
2018) to identify the potential effects of four factors on contaminant
concentration for three major POP classes (DDTs, PBDEs, and PCBs).
The four predictor variables were: 1) capture region (one of three),
2) fish origin (natural or hatchery), 3) fish size (mean length of fish in
composite sample) at capture, and (4) % lipid content. Fish origin was
considered a factor because natural-origin fish may reside and feed in
estuaries for longer periods than hatchery-origin fish (Levings et al.,
1986; Rice et al., 2011), resulting in greater potential exposure. Fish
length (an indirect measure of age and duration of exposure) and lipid
content were included as factors as they can affect the concentrations
of POPs accumulated (West et al., 2017). All POP data were log trans-
formed to meet assumptions of normality and homogeneity of group
variances. Additive and interactive effects were evaluated, however,
due to limited degrees of freedom, only models with up to three factors
were considered. Akaike Information Criterion corrected for small sam-
ple size (AICc) and Akaike weights were used to identify the best model
to parsimoniously explain the variation in the concentrations of PBDE,
PCBs and DDTs data (Akaike, 1974; Burnham and Anderson, 2002).
The model with the lowest AICc and highest Akaike weight was consid-
ered the best fit. For the best fit model for each POP class, pairwise com-
parisonswere conducted on estimatedmarginalmeans using theHolm-
Sidak adjustment for multiple comparisons. Test results for pairwise
comparisons were considered statistically significant at p ≤ 0.05. Addi-
tionally, independent linear regressions were performed for ∑6DDT
by fish length for each origin.

To illustrate POP fingerprints among the three regions by two origin
groups, the proportion of∑11PBDEs and other POPs classes in Chinook
salmon samples were compared among the six regions and origin
groups using principal component analyses (PCA), as detailed in the
software package Primer-E version 6 (Clarke and Warwick, 2006;
Clarke and Gorley, 2006). Prior to analyzing with PCA, the POP class
data were pretreated by standardizing (i.e., computing the proportional
contribution of each POP class concentration to the total POP concentra-
tion in each sample) and then transforming the data by taking the
square root to reduce the contribution of dominant classes. Similar
POP fingerprints among groups would indicate consistent sources of
contaminants, whereas dissimilar contaminant patterns would suggest
inputs of specific POPs associated with different sources. Pairwise site
comparisons of group patterns were conducted with ANOSIM, using
the R statistic and p values to identify the main between-group differ-
ences. Values of the ANOSIM R statistic range from 0 (i.e., no separation,
or complete similarity) to 1.0 (i.e., complete separation, or no similarity)
of a population. A p value ≤ 0.05 was used as a guide for determining
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whether themeasured segregation between groups (i.e., R statistic)was
statistically significant.

A two-way ANOVAwas used to test for difference in stable isotopes,
fish length, and lipid content among regions and between natural and
hatchery-origin fish. A Holm-Sidak test was used to conduct pairwise
comparisons among groupmeans for each POP class. Probability values
were used to help evaluate the significance of differences; a p
value ≤ 0.05 was used as a guide to assess whether results for pairwise
comparisons were considered statistically significant.

Salmon POP fingerprints (i.e., PCA analyses of the proportion of
∑11PBDEs and other POPs), a potential indicator of contaminant
source, and δ15N, an indicator of the nitrogen source, were compared
to see if they co-varied. For each region and origin sampling group, we
used linear regression to test for significant relationships between
δ15N and PC1 scores in salmon samples, two independent metrics that
can both be affected by wastewater inputs. Additionally, linear regres-
sion was used to test for significant relationships between δ15N and
∑11PBDEs, and TPCBs.

3. Results

3.1. POPs concentrations

Mean POP wet weight (ww) concentrations in juvenile salmon var-
ied 10-fold for ∑11PBDEs as a function of sampling region and origin
(naturally or hatchery produced), from 2.4 to 24 ng/g ww, and less so
for TPCBs, from 12 to 31 ng/g ww (Table 3). In contrast, mean∑6DDT
concentrations were much more similar among regions and origin
groups, ranging from 1.7 to 2.9 ng/g ww. Although TPCBs varied less
than ∑11PBDEs among sampling groups, overall TPCB concentrations
were greater than ∑11PBDEs, followed by ∑6DDTs (Table 3). For ex-
ample, among fish of the same region, measured mean TPCBs concen-
trations were 1–3 times greater than ∑11PBDE and 5–10 times
greater than∑6DDTs for natural-origin fish and 2–6 times greater
than ∑11PBDEs and 6–16 times greater than ∑6DDTs for hatchery-
origin fish.

Concentrations of ∑11PBDEs and TPCBs in juvenile salmon were
best predicted by models that included factors for the collection region
and the fish origin, rather than body size (i.e., length) or lipid content,
but the importance of these factors varied by POP class (Table S1). Spe-
cifically, ∑11PBDE concentrations were best predicted by models that
included region, origin, and a strong region x origin interaction term
(Adjusted r2 = 0.58; Tables S1, S2). Post-hoc tests identified that
natural-origin fish from the Lower Mainstem had the highest
∑11PBDE concentrations (p ranged from 0.033 to b0.0001). Overall,
concentrations of ∑11PBDEs in natural-origin fish from the Lower
Mainstem (mean= 24 ng/g ww) were 4–10 times higher than salmon

from all other sampling groups, regardless of region or origin (Table 3,
Fig. 2). The only other statistically significant difference in ∑11PBDE
concentrations was between natural- and hatchery-origin salmon
from the Distributary Channels (means = 5.7 and 2.4 ng/g ww),
representing the second highest and lowest concentrations (Table 3,
Fig. 2, p = 0.05). The mean lipid content among samples ranged from
0.97% to 1.6% (Table 3) but did not differ significantly among regions
or between fish origins (Two-Way ANOVA, region F = 0.722 and p =
0.492; origin F = 0.783 and p = 0.781). Moreover, models with lipid
content as a single factor or in combination with region or origin were
poor fits and explained less of the measured variation in ∑11PBDEs
(Table S1). Although natural-origin fish were smaller than hatchery-
originfish (mean=65.7 vs. 77.4mm, Table 3),fish length for combined
origins did not differ among regions (Two-Way ANOVA, origin F =
9.910 and p = 0.003, region F = 0.217 and p = 0.806), and models
with fish length alone or in combination with region or origin were
poor fits and did not contribute substantively to themeasured variation
of ∑11PBDEs (Table S1).

Concentrations of TPCBswere best predicted by sampling region, ac-
counting for 46% of themeasured TPCB variation (Table S1). Fish length
and lipid content, as individual factors or in combination with region or
origin, did not substantively improve the model fit. Overall, fish from
the Lower Mainstem had measured TPCB concentrations (30 ng/g
ww) approximately twice as high as those from the Upper Mainstem
(mean = 13 ng/g ww) and the Distributary Channels (16 ng/g ww;
Table 3, Fig. 2, p b 0.0001 for both comparisons), which did not differ
from each other (p N 0.05).

Unlike the patterns measured for ∑11PBDEs and TPCBs, fish size
was significantly correlated with ∑6DDT concentrations. The ∑6DDT
concentration was best predicted by the origin, fish length, and a fish
origin-length interaction, accounting for 40% of the measured variation
(Table S1). A model with only origin and fish length was not near as
good a fit to the actual data (Table S1), indicating that the fish origin-
length interaction term was significant. Predicted mean ∑6DDT con-
centrations were higher in natural- than hatchery-origin fish (2.3 vs.
1.7 ng/g ww), based on a mean fish length of 70 mm in the best-fit
model regression model (Table S2, Fig. 2c). However, predicted
∑6DDT concentrations depicted in Fig. 2c do not fully represent the in-
teraction between fish origin and fish length due to differences in sizes
between natural- and hatchery-origin fish. The size of newly emerged
natural-origin Chinook salmon prior to exogenous feeding (Beacham
and Murray, 1990) are just a few mm smaller than those we sampled
from the river, however, hatchery-origin fish are not released to the
river until they reach approximately 65 mm, prohibiting full examina-
tion of ∑6DDT size comparison for fish of both origins from the river.
As a result, in addition to the full model, independent linear regressions
were performed for∑6DDT by fish length for each origin (Fig. 3). There

Table 3
Arithmetic mean lipid content (Lipids), fork length (FL), and concentrations of∑11PBDE,∑PBDE 47+99, TPCBs, and∑6DDTs of composite samples of Chinook salmon (Oncorhynchus
tshawytscha). Measured POPs concentrations are reported as ng/gwetweight (ww) and ng/g lipidweight (lw), based on themeasured guttedwhole bodywetweight and lipid content in
the fish.

Region Origin N Lipids FL ∑11PBDE ∑11PBDE ∑PBDE47+99
a ∑PBDE47+99 TPCBs TPCBsb ∑6DDTs ∑6DDTs

(%) (mm) ww lw ww lw ww lw ww lw

Upper Mainstem Natural 12 1.6 61.3 4.0 270 3.5 240 14 950 2.9 210
Hatchery 3 0.97 85.7 5.2 640 4.4 540 12 1200 2.0 220
Natural + hatchery 15 1.4 66.2 4.2 340 3.7 300 13 1000 2.7 210

Lower Mainstem Natural 11 1.5 66.9 24 1500 20 1200 31 2100 2.9 210
Hatchery 7 1.5 75.8 5.4 500 4.7 430 29 2600 1.9 140
Natural + hatchery 18 1.5 70.3 17 1100 14 930 30 2300 2.5 180

Distributary Channels Natural 7 1.1 71.3 5.7 540 4.9 460 18 1700 2.3 200
Hatchery 8 1.6 75.8 2.4 190 2.0 160 15 940 1.7 110
Natural + hatchery 15 1.4 73.7 3.9 350 3.4 300 16 1300 2.0 150

All regions Natural 30 1.4 65.7 12 790 9.7 660 21 1500 2.8 210
Hatchery 18 1.5 77.4 4.0 380 3.5 330 20 1600 1.8 140

a ∑PBDE47+99 = sum of detected BDE-47 and BDE-99 congeners used to assess adverse critical body residues (CBR) for exposure to PBDEs.
b TPCB used to assess adverse CBR for exposure to PCBs.
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was an inverse relationship between fish length and ∑6DDT for
natural-origin fish, ranging from 40.2 to 90.0 mm (Fig. 3). In contrast,
∑6DDT was not significantly correlated with fish length for hatchery-

origin fish for the limited length range tested (65.1 to 95.1 mm,
Fig. 3). Similarly, there is also no significant correlation between length
and∑6DDT for natural-originfish N65mm(p=0.36; data not shown).

3.2. POP fingerprints

A comparison of POP fingerprints among the samples indicated clear
segregation between natural-origin fish from the Lower Mainstem and
all but one of the other sampling groups (Fig. 4; Table 4). The natural-
origin fish from the LowerMainstem exhibited distinct POP fingerprints
(Fig. 4, filled blue triangles), with the higher proportions of∑11PBDEs
in the total POP concentration, compared to other sampling groups.
These fingerprints were most different from hatchery-origin fish from
the same region (Fig. 4, open blue triangles) and the Distributary Chan-
nels (Fig. 4, open pink squares), which exhibited the two lowest relative
concentrations of∑11PBDEs (ANOSIM, R=0.484 and 0.596), followed
by natural origin fish from the other regions (ANOSIM, R = 0.467 and
0.315), with intermediate relative concentrations of ∑11PBDEs
(Table 4, p ≤ 0.006 for all pair-wise comparison). The only sampling
group that was not clearly segregated from the natural-origin fish
from the Lower Mainstem was the hatchery-origin fish from the
Upper Mainstem (Fig. 4, open green triangles; ANOSIM, R = 0.251,
p = 0.052); however, the sample size representing this group was
small (n = 3), so the power to detect difference between these two
groups, if it existed, was low.

The unique pattern of POPs in the Lower Mainstem natural-origin
fish can be further illustrated by examination of POP fingerprints
among the remaining five sampling groups, which were statistically in-
distinguishable from each other. For example, the POP fingerprints in
natural-origin fish from theUpperMainstemand theDistributary Chan-
nels were not different from each other (R=0.068, p=0.195) and nor
were the hatchery-origin fish from the three regions different from each
other (ANOSIM, R from 0.014 to 0.237, and p=0.103–0.467 for all com-
parisons). Among these five sampling groups, natural-origin fish were
only segregated from hatchery-origin fish in three of six comparisons
(ANOSIM, R from 0.272 to 0.43, p b 0.01 for all comparisons; Table 4).

Among region and origin sample groups, the variation in congener
patternswithin the TPCB and∑11PBDEs POP classeswasminor in com-
parison to the variation observed between the TPCBs and ∑11PBDEs
POP classes. The main PCB congeners contributing to the TPCB concen-
tration in each region and origin sample groups (Table S3) were PCB
153 and 138, followed by 101, 118, and then 28 and 18, collectively ac-
counting for 38–68% of the total concentration. The heavier congeners,
195, 206, and 209, were not detected in any samples and the remaining
congeners, when detected, were at low concentration near the LOQ
(Table S3). Although the TPCB concentrations were higher in fish col-
lected from the LowerMainstem compared to those from other regions,
the pattern of detected concentrations of PCB congener homologues,
was similar among region and origin sample groups (Fig. S1). The calcu-
lated values for∑11PBDEs were dominated primarily by contributions
from BDE congeners 47 and 99, followed by 100 (Table S4), collectively
accounting for 86–100% of the ∑11PBDEs for individual fish samples.
The BDE congeners 85, 155 and 183 were not detected in any salmon
samples and the remaining congeners, when detected were at low con-
centrations near the LOQ (Table S4). Although natural-origin fish from
the Lower Mainstem had higher ∑11PBDE concentrations compared
to other region and origin sample groups, the pattern of BDE congeners
detected was similar among these groups (Fig. S2). Likewise, the DDT
and DDT metabolites patterns did not vary among region and origin
sample groups. The calculated ∑6DDTs concentration was dominated
by p,p′-DDE, which was detected in 100% of the samples (Table S5).
The other DDT compounds were never detected (i.e., o,p′-DDE, o,p′-
DDT) or infrequently (8–21%) detected at concentration near the LOQ
(i.e., o,p′-DDD, p,p′-DDD, and p,p′-DDT) in all region and origin sample
groups.

Fig. 2.Measured (symbols) and predicted (bars) concentrations of∑11PBDEs, TPCBs, and
∑6DDTs in juvenile Chinook salmon collected from the Snohomish River estuary.
Symbols represent the arithmetic mean concentrations for ∑11PBDEs, TPCBs, and
∑6DDTs where Upper Mainstem, Lower Mainstem, and the Distributary Channels sites
are represented by upward triangles, downward triangles, and squares, respectively.
Solid filled and open symbols are used to represent natural- and hatchery-origin fish,
respectively. Bars are modeled estimated geometric mean concentrations with solid
filled, open, and hatched bars used to represent natural-, hatchery- and mixed-origin
fish, respectively. Predicted ∑6DDTs concentrations were modeled using a grand mean
fish length of 70 mm. For each POP class, groups with the same lower case letter are not
significantly different from each other.
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3.3. Stable isotopes

The isotopic values δ34S and δ13C in Chinook salmon generally
showed a similar pattern of enrichment from upper to downstream re-
gions of the estuary, and more enrichment in hatchery- than natural-
originfishwithin each region (Two-WayANOVA, Table 5; Fig. 5a). Over-
all, δ34S values (Fig. 5a, vertical axis) in fish from the Distributary Chan-
nels (squares) were 2.1 times more enriched than those in the Upper
Mainstem (upward triangles; t = 10.278, p b 0.001) and 1.2 times
more enriched than those from the Lower Mainstem (downward trian-
gles; t = 4.314, p b 0.001). Measured δ34S in fish from the Lower
Mainstem (downward triangles) were also 1.7 times more enriched
than those from the Upper Mainstem (upper triangles; t = 6.646,
p b 0.001). Overall, δ34S was 1.1 times more enriched in hatchery-
than natural-origin fish (open vs. closed symbols; t = 2.561, p =
0.015). A somewhat similar pattern of enrichment was measured for
δ13C in fish, although the differences were less pronounced from up-
stream to downstream (Fig. 5a, horizontal axis). Measured δ13C in fish

from the Distributary Channels (squares) were 1.1 timesmore enriched
than those from the Upper Mainstem (upward triangles; t = 4.509,
p b 0.001) and the Lower Mainstem (downward triangles; t = 4.141,
p b 0.001), which did not differ from each other (t = 1.043, p =
0.304). Overall, δ13C in hatchery-origin fish (open symbols) were 1.1
times greater than those of natural-origin (closed symbols; t = 6.664,
p b 0.001).

The patterns of δ15N in Chinook salmon (Fig. 5b, vertical axis) were
more complex than those of δ34S and δ13C, with depleted δ15N values
in natural-origin fish from the Lower Mainstem (solid downward trian-
gles) compared to other sample groups (Two-Way ANOVA, Table 5).
Apart from the natural-origin fish in the Lower Mainstem, as juvenile
salmon moved from the Upper Mainstem to the more saltwater influ-
enced region of the Lower Mainstem and the Distributary Channels,
values of δ15N and δ34S were positively correlated and increasingly
enriched (Fig. 5b). Natural-origin fish from the Distributary Channels
(filled squares) were 1.2 times more enriched in δ15N values compared
to natural-origin fish from the Upper Mainstem (filled upward trian-
gles; means = 10.8 and 9.3, t = 3.624, p = 0.002). Hatchery-origin
fish (open symbols) had more similar δ15N values among regions, but
a slight enrichment (1.1 times) was also measured in the downstream

Fig. 3. Relationships between fish length and∑6DDTs for natural-origin (black solid line ± 95% CI shaded region) and hatchery-origin (dashed line ± 95% CI shaded region) fish. Actual
data are plotted using solid filled symbols for natural-origin fish and open symbols for hatchery-origin.

Fig. 4. Plot of the first two principal components (PC) based on the Principal Component
Analysis (PCA) of proportions of ∑11PBDEs, TPCBs and ∑6DDTs measured in juvenile
Chinook salmon collected from three regions of the Snohomish River estuary.
Collectively, both PCAs explain 99.3% of the variation, with PC1 accounting for 81.3%,
showinghigher proportions of∑11PBDEs innatural-originfish fromthe LowerMainstem.

Table 4
ANOSIM statistical results for pairwise comparisons of the proportion of POP classes in ju-
venile Chinook salmon sampling groups. R varies between 0 and 1, although small nega-
tive values close to zero are possible. R values closer to 1 signify a higher degree of
separation. Statistically significant differences are noted with an *. LM= LowerMainstem
region, UM = Upper Mainstem region, and DC = Distributary Channels region. Global R
for test = 0.306 and p = 0.001.

Sampling group comparisons R p

LM natural vs. DC hatchery 0.596 0.001 *
LM natural vs. LM hatchery 0.484 0.004 *
LM natural vs. UM natural 0.467 0.001 *
LM natural vs. DC natural 0.315 0.006 *
LM natural vs. UM hatchery 0.251 0.052
UM natural vs. DC natural 0.068 0.195
UM natural vs. DC hatchery 0.43 0.002 *
UM natural vs. LM hatchery 0.318 0.01 *
UM natural vs. UM hatchery 0.018 0.411
DC natural vs. DC hatchery 0.272 0.033 *
DC natural vs. UM hatchery 0.127 0.258
DC natural vs. LM hatchery 0.106 0.097
UM hatchery vs. DC hatchery 0.237 0.103
UM hatchery vs. LM hatchery 0.111 0.283
DC hatchery vs. LM hatchery −0.014 0.467
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Distributary Channels region compared to those from the Upper
Mainstem (means = 11.2 and 9.8, t = 2.456, p = 0.056). However, in
stark contrast, δ15N in natural-origin fish from the Lower Mainstem
was significantly more depleted than would be predicted based on
their δ34S values (Fig. 5b). Mean δ15N in natural-origin fish from the
Lower Mainstem were only 90% of those in natural-origin fish from
the Upper Mainstem (means =8.372 and 9.268, t = 2.284, p =
0.029). A comparison of natural- and hatchery–origin fish within re-
gions also revealed δ15N was only depleted in natural- compared to
hatchery-origin fish in the Lower Mainstem (means = 8.372 and
10.595; t = 5.205, p b 0.001), however, significant differences were
not observed from either the Upper Mainstem (t = 0.973, p = 0.337)
or the Distributary Channels (t = 0.885, p = 0.382).

Nitrogen isotopic signatures of natural-origin fish from the Lower
Mainstem were also negatively correlated with higher relative concen-
trations of ∑11PBDEs (R2 = 0.68, p = 0.003, slope = −0.74, inter-
cept = 8.15). In natural-origin fish from the Lower Mainstem, the
greater the depletion in nitrogen isotopic signature, the higher the pro-
portion of ∑11PBDEs (Fig. 6a; proportion of ∑11PBDEs measured by
PC1 in Fig. 4). The δ15N values were also negatively correlated with ab-
solute concentrations of ∑11PBDEs (R2 = 0.68, p = 0.003, slope =
−8.93 and intercept =100.64) and TPCBs (R2 = 0.63, p = 0.006,
slope = −6.56 and intercept = 86.52), not shown for brevity. In con-
trast, for each of the other sampling groups, there was no relationship
between δ15N and PC1 (Fig. 6b) or ∑11PBDEs, or TPCB (not shown for
brevity). Furthermore, samples of natural-origin fish that were pre-
sumed to have spent the least amount of time in the Lower Mainstem,
based on their lower δ34S, deviated most from the predicted relation-
ship between PC1 score and δ14N (Fig. S3, F = 27.0701, p = 0.0008,
R2 = 0.77).

4. Discussion

Our study demonstrated the value of three types of complementary
chemical tracer data (POP concentrations, POP fingerprints, and stable
isotopes), to assess location and source of contaminant exposure for ju-
venile Chinook salmon migrating seaward through a developed water-
shed with multiple contaminant sources. Using contaminant
concentration data,wefirst assessed that along theirmigration pathway
through SnohomishRiver estuary, salmonwere exposed predominantly
to PCBs and PBDEs in the Lower Mainstem region, with higher
∑11PBDEs in natural- rather than hatchery-origin fish but similar
TPCBs in both fish origins (Fig. 2). Second, we used POP fingerprints to
determine that natural-origin fish captured from the Lower Mainstem
had a distinct pattern from other region and origin samples, with a

much higher proportion of ∑11PBDEs in the total POP concentration,
indicating a different contaminant source (Fig. 4). Third, we used stable
isotopes, an independent tracer of food sources and habitat use, to doc-
ument that natural-origin fish from the LowerMainstem region had de-
pleted δ15N signatures compared to fish from the other region and
origin groups (Fig. 5b). Moreover, the∑11PBDE-enhanced POP finger-
print in the natural-origin salmon from the Lower Mainstemwas nega-
tively correlated with the δ15N in the salmon (Fig. 6), suggesting a
common source for both the high PBDEs exposure and the depleted ni-
trogen isotopic signal.

4.1. POP concentrations

As hypothesized, POPs concentrations, and∑11PBDEs in particular,
were greatest in salmon sampled from the Lower Mainstem, nearest a
high volume wastewater outfall, suggesting a wastewater source.
Natural-origin fish from the LowerMainstem had∑11PBDE concentra-
tions 4–10 times higher than salmon from other regions, regardless of
origin, indicating the natural-origin fish were most exposed in this

Table 5
Results of a two-wayANOVAwith sampling region (i.e. Region) and fish origin (i.e. Origin)
as factors affecting stable isotopes of sulfur (δ34S), carbon (δ13C), and nitrogen (δ15N)
measured in whole-body samples of juvenile Chinook salmon collected from the estuary
of the Snohomish River.

Stable
isotopes

Factor d.f Sum
squared

Mean
squared

F
value

p
value

δ34S Region 2 187.39 93.695 52.863 b0.001
Origin 1 11.623 11.623 6.558 0.015
Region × Origin 2 0.403 0.202 0.114 0.893
Residual 35 62.035 1.772
Total 40 315.047 7.876

δ13C Region 2 35.649 17.825 13.299 b0.001
Origin 1 59.511 59.511 44.402 b0.001
Region × Origin 2 1.89 0.945 0.705 0.501
Residual 35 46.91 1.34
Total 40 172.28 4.307

δ15N Region 2 20.219 10.11 14.779 b0.001
Origin 1 9.874 9.874 14.435 b0.001
Region × Origin 2 7.132 3.566 5.213 0.01
Residual 35 23.942 0.684
Total 40 71.463 1.787

Fig. 5. Stable isotopes of a) sulfur (δ34S) and carbon (δ13C) and b) nitrogen (δ15N) and
sulfur, measured in natural- and hatchery-origin juvenile Chinook salmon (mean ± 95%
CI) collected from three regions of the Snohomish River estuary.
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region. Similar but less pronounced patterns were measured for TPCBs;
concentrations in fish from the Lower Mainstem were approximately
twice as high as those in fish from the less developed Distributary Chan-
nels and the Upper Mainstem, however, TPCBs did not differ by fish or-
igins. Unlike ∑11PBDEs and TPCBs, ∑6DDT concentrations were
uniformly low in all regions sampled.

The best-fit models for TPCB and ∑11PBDE concentrations mea-
sured in juvenile salmon in this study support the conclusion that POP
concentrations were determined primarily by the sampling region
where the fish were captured (i.e., TPCBs) or the sampling region and
the origin of the salmon (i.e., ∑11PBDEs), rather than fish size or lipid
content (Table S1). Although lipids can affect contaminant uptake
(Elskus et al., 2005; West et al., 2017), the small range of lipid values
measured in the juvenile Chinook salmon in this study likely dampened
the importance of this factor. Likewise, fish length was only a factor for
∑6DDT concentrations (Table S1), but this potential effect was ob-
scured by the small range in fish sizes and differential size distributions
between natural- and hatchery-origin fish. The inverse relationship be-
tween∑6DDT concentrations in thenatural–origin salmon (Fig. 3),was
consistent with previous studies documenting maternal transfer of
DDTs to eggs and fry (Miller, 1994), and subsequent growth dilution.
Given the limited size range of hatchery-origin fish collected, we cannot
test for the presence of maternal transfer and growth dilution in these
fish. POPs in maturing female Pacific salmon are transferred to the de-
veloping eggs (deBruyn et al., 2004; Ewald et al., 1998;Miller, 1993). Es-
timated ∑6DDT concentrations in newly emerged Chinook salmon
would range from 0.9 and 7 ng/g ww, based on a range of∑6DDT con-
centrations measured in muscle tissue of adult Chinook salmon
(4.3–59 ng/g ww) returning to Puget Sound rivers (West et al., 2001)
and correlations between POP concentrations in muscle and fry of Chi-
nook salmon (Miller, 1994). Notably, the estimated maximum
∑6DDT concentration encompassed the highest ∑6DDT concentra-
tions (i.e., 5.7–7.0 ng/g ww) we measured in small (≤42 mm) natural-

originfish,which are just a fewmmlarger than newly emerged Chinook
salmon prior to exogenous feeding (Beacham and Murray, 1990),
supporting the hypothesis that the elevated ∑6DDTs in the smaller
natural-origin fish we sampled were maternally derived. The lack of re-
lationship between∑6DDT concentrations and fish length in hatchery-
origin fish is likely due to the lack of availability of small fish (i.e.
hatchery-origin fish are not released until they reach approximately
65 mm) and subsequent sampling of hatchery-origin fish after growth
dilution occurred. Moreover, these observations suggest DDTs were
not present in the Chinook salmon prey in this system in great enough
quantities to overcome growth dilution.

The higher ∑11PBDE concentrations in natural-origin fish from the
Lower Mainstem compared to the natural-origin salmon from other re-
gions, suggests a higher input of PBDEs into this region of the
Snohomish River estuary. However, the higher ∑11PBDE concentra-
tions in natural-origin fish from the Lower Mainstem compared to the
hatchery-origin fish from the same regions suggests fish of different or-
igins were not equally exposed to the higher inputs of PBDEs. Natural-
origin juvenile Chinook salmonwere primarily exposed to and accumu-
lated ∑11PBDEs at two sites within the Lower Mainstem of the
Snohomish River estuary, both located in the immediate vicinity of an
Everett WPCF outfall and multiple CSOs. In contrast, hatchery-origin
salmon from the same region accumulated lower∑11PBDE concentra-
tions, likely because theymoved through the estuary more rapidly than
natural-origin fish (Levings et al., 1986; Rice et al., 2011) or they spent
less time in the tidally influenced mesohaline area of the estuary
(Davis et al., 2018) where wastewater was discharged. Davis et al.
(2018) documented that seaward migrating juvenile Chinook from an-
other river estuary in Puget Sound exhibited distinct habitat use pat-
terns; natural-origin fish were more frequently captured in the tidally
influenced freshwater and mesohaline habitats whereas hatchery-
origin fish were more frequently captured in the nearshore intertidal
habitat (Davis et al., 2018).

Concentrations of TPCBs were similarly elevated in natural- and
hatchery-origin juvenile Chinook salmon, suggesting that although
TPCBs inputs were greater in the more developed Lower Mainstem re-
gion of the estuary compared to other regions, the inputs were likely
from more dispersed sources throughout the region, and not high
enough to disproportionately elevate concentrations for natural-fish
that likely resided in the area for a longer time.

Previous contaminant studies in juvenile Chinook salmon have also
documented elevated levels of POPs in this species, especially those
sampled from moderately to highly urbanized rivers and estuaries of
Puget Sound (Johnson et al., 2007a; Meador et al., 2010; O'Neill et al.,
2015; Olson et al., 2008; Sloan et al., 2010) and the lower Columbia
River and Washington and Oregon coasts (Johnson et al., 2013;
Johnson et al., 2007b; Sloan et al., 2010). The∑11PBDE concentrations
we measured in natural-origin Chinook salmon in the Lower Mainstem
were 2 to 24 times higher than concentrations in natural- and hatchery-
origin fish from other Puget Sound estuaries and nearshoremarine hab-
itats (O'Neill et al., 2015; Sloan et al., 2010), but they were lower than
the highest concentrations measured in samples collected from the Co-
lumbia River near areas with high inputs of wastewater (Sloan et al.,
2010). Additionally, the Snohomish River estuary appears to be a consis-
tent but possibly decreasing PBDE hotspot for seaward migrating juve-
nile Chinook salmon. Mean concentration of ∑11PBDEs in the
natural-origin Chinook salmon in the Lower Mainstem in this study
(29 ng/g ww) were similar to those measured in natural-origin fish at
the same location in 2013 (24 ng/g ww) but half (1100 vs. 2400 ng/g
lipid weight) those measured in 2006 by Sloan et al. (2010), potentially
indicating a decline in PBDEs as has been observed for other fish species
in Puget Sound (West et al., 2017). Alternatively, the higher PBDE con-
centrations measured by Sloan et al. (2010) could be associated with
differences in the mean fish length (100 vs. 66.9 mm) or sampling
time (August vs April–July) compared to the present study. Concentra-
tions of TPCBs in juvenile Chinook salmon from our study were similar

Fig. 6.Relationship between PC1 score and δ15N showing a significant inverse relationship
for a) natural-origin fish collected from the Lower Mainstem, but no relationship for
b) each of the other region and origin sampling groups (i.e., p N 0.05) for each group.
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to thosemeasured in 2013 (30 vs. 27 ng/gww) at the same sampling lo-
cation in the LowerMainstem (O'Neill et al., 2015). The TPCB concentra-
tions wemeasured in salmonwere higher than thosemeasured at rural
river and estuary sites in the Pacific Northwest (Johnson et al., 2013;
Johnson et al., 2007a; Johnson et al., 2007b), but below those generally
observed at heavily urbanized estuaries in Puget Sound (Johnson et al.,
2007a; Meador et al., 2010; Olson et al., 2008) and the Columbia River
(Johnson et al., 2013; Johnson et al., 2007b). In contrast to TPCBs and
∑11PBDEs, the ∑6DDT concentrations measured in juvenile Chinook
salmon from the Snohomish River estuary were not elevated compared
to other sites in Puget Sound in 2013 (O'Neill et al., 2015). Higher DDT
concentrationsweremeasured in juvenile Chinook salmon from the Co-
lumbia River basin from 2005 to 2009, approximately 8 to 12 times
higher than those we measured in the Snohomish River, possibly asso-
ciatedwith the high degree of agricultural activity in the interior Colum-
bia River aswell asWillamette basins and point sourceswithin Portland
Harbor (Johnson et al., 2013).

Concentrations of∑11PBDEs, and to a lesser extent TPCBs, wemea-
sured in juvenile Chinook salmon in the Snohomish River estuary were
high enough to pose a conservation threat. Based on published labora-
tory exposure studies (Arkoosh et al., 2010, 2018; Meador et al.,
2002), the concentrations of these POPs in some Chinook salmon were
within ranges of adverse CBRs known to impair their health. Approxi-
mately 73% and 14% of the natural-origin Chinook sampled from the
LowerMainstem and the Distributary Channels, the two regions receiv-
ing wastewater effluent discharges, had concentrations of BDE conge-
ners 47 and 99 (Table 3), the two congeners detected most frequently
and at the highest concentrations, within the range of concentrations
found to alter their immune response and increase disease susceptibility
(Arkoosh et al., 2010, 2018). In contrast, none of the natural-origin Chi-
nook salmon from the Upper Mainstem or hatchery-origin Chinook
salmon from this study had∑PBDE47 + 99 levels high enough to predict
altered immune response.

Impairment of immune response is of particular concern for salmo-
nids because a properly functioning immune system is vital for both in-
dividual survival and population productivity (Segner et al., 2003).
Seaward migrating salmonids are exposed to a number of naturally oc-
curring pathogens and parasites, including the trematode Nanophyetus
salmincola (Arkoosh et al., 2004). Exposure to PBDEs and other POPs
may reduce the marine survival of juvenile salmonids due to immune
suppression, thus increasing their susceptibility to naturally occurring
infectious and parasitic diseases, causing direct mortality or indirect
mortality via predation by larger fish, birds andmammals. For example,
Hostetter et al. (2011) reported steelhead (O. mykiss) smolts that tested
positive for pathogensweremore likely to have poor external condition
(i.e., external signs of disease or more scale loss). Moreover, tagged fish
with poor external condition were subsequently observed to have
lower overall marine survival (Hostetter et al., 2011), associated with
increased avian predation (Hostetter et al., 2012). In addition to directly
impairing the immune function of salmonids, exposure to POPs has
been documented to work in conjunction with naturally occurring par-
asites (i.e., trematode exposure) further increasing their susceptibility
to a naturally occurring marine bacterial pathogen (Jacobson et al.,
2003), potentially leading to population level effects (Arkoosh et al.,
1998; Loge et al., 2005; Meador, 2014; Spromberg and Meador, 2005).
Chen et al. (2018) suggested the exposure to POPs and N. salmincola
serve as mortality cofactors for juvenile steelhead from Puget Sound,
with the proximate cause of death involving bacterial pathogens or se-
lective predation of infected cohorts.

Based on lipid normalized TPCB concentrations (ng/g lw) measured
in salmon from the Upper Mainstem, Lower Mainstem and Distributary
Channels, 0%, 27%, and 29%, respectively of the natural–origin fish and
0%, 14% and 0%, respectively of the hatchery-origin fish, had concentra-
tions above an adverse CBR threshold for total PCBs (Meador et al.,
2002). Published CBR thresholds based on individual congeners were
not available for salmon. These lipid normalized values likely

underestimate the number of impaired fish because juvenile salmon
rapidly metabolize lipids as theymigrate downstream, typically achiev-
ing lipid concentrations of 1% or less by the time theymove from the es-
tuary to marine waters (Arkoosh et al., 2011; O'Neill et al., 2015). For
example, modeling a 1% lipid content for the natural–origin fish from
the Lower Mainstem to predict their increased risk after lipids have
been metabolized, would increase the number of fish above the PCB
CBR from 27% to 64% for natural-origin fish and 14% to 29% for
hatchery-origin fish, potentially increasing the likelihood of reducing
their marine survival. Indeed, Meador (2014) documented that hatch-
ery Chinook salmon originating from Puget Sound rivers with contami-
nated estuaries, including the Snohomish River, have lower marine
survival than those originating from uncontaminated rivers.

4.2. POP fingerprints

Analyses of POP fingerprints in salmon from the three regions sup-
port the hypothesis that salmon in the Lower Mainstem are exposed
to a contaminant source influenced primarily by wastewater rather
than stormwater. Except for the hatchery fish from the Upper
Mainstem, natural-origin Chinook salmon from the Lower Mainstem
had distinct POP fingerprints from all other sampling groups (Fig. 4,
Table 4), with high relative concentrations of ∑11PBDEs. The POP fin-
gerprints in natural-origin fish from the Lower Mainstem overlapped
with those of hatchery-origin fish from the Upper Mainstem (R =
0.251) and the p value was 0.052, suggesting that the difference be-
tween these groups may not be statistically significant. However, the
small sample size (n = 3) representing the hatchery-origin fish from
the UpperMainstem, limited our ability to adequately evaluate a signif-
icant difference between these groups should one exist. Although POPs
can enter the Snohomish River estuary via various sources such as
WWTPs, stormwater, or atmospheric deposition, wastewater is consid-
ered to be the primary source for PBDEs in Puget Sound, whereas
stormwater is the greater source for PCBs (Osterberg and Pelletier,
2015). Modeled loading of contaminants to Puget Sound indicated
that most PBDEs enter Puget Sound via publically owned WWTPs,
followed by stormwater related surface runoff, and then atmospheric
deposition (9.91, 4.56, and 3.49 kg/year, respectively) (Osterberg and
Pelletier, 2015). In contrast, Osterberg and Pelletier (2015) concluded
that most PCBs enter Puget Sound via stormwater surface runoff
(4.17 kg/yr), with considerably less entering via publically owned
WWTPs and atmospheric deposition (0.32 and 0.43 kg/yr). In the year
we conducted our study, the Lower Mainstem received wastewater
DIN loads 1.5 times higher than those in the Distributary Channels
(Table 1), and the Upper Mainstem region did not receive direct input
of wastewater effluent. Although we do not have estimates of
stormwater loads to the three regions of the Snohomish River estuary
sampled by our study, loadings from surface runoff are likely highest
in the Lower Mainstem region, based on the high percentage
(41–94%) of impervious surface area in the lands adjacent to this region
of the river (Fig. 1), potentially contributing to the higher concentra-
tions of TPCBs in both natural-and hatchery-origin fish from this loca-
tion. However, stormwater loadings to the Snohomish River are likely
lower than those ofmore urbanized rivers becausemeasured PCBs in ju-
venile Chinook from the Snohomish aremuch less than thosemeasured
in other more urbanized estuaries in the Puget Sound (Johnson et al.,
2007a; Meador et al., 2010; O'Neill et al., 2015; Olson et al., 2008) and
the Columbia River (Johnson et al., 2013; Johnson et al., 2007a;
Johnson et al., 2007b).

Contaminant fingerprints are well established chemical tracers for
providing information about the sources of POPs and movement pat-
terns of migratory animals (Ramos and González-Solís, 2012), but typi-
cally over a broader geographic areas than evaluated in this study. For
example, Krahn et al. (2007) used ratios of PCBs and DDTs acquired by
migratory killer whales, to discriminate differences in feeding areas
and contaminant sources for three pods of whales that forage along
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the west coast of North America. In contrast, we used variation in POP
fingerprints in juvenile salmon sampled over b30 rkm to identify a
PBDE contaminant-source, indicating the robustness of POPsfingerprint
at discriminating contaminant sources along a contaminant gradient.

4.3. Stable isotopes

Isotopic signatures of salmon, especially δ15N, from three regions of
the Snohomish estuary (Fig. 5) also support the hypothesis that natural-
origin salmon from the LowerMainstem regionwere exposed primarily
to a wastewater source rather than a stormwater contaminant source.
Stable isotopic signatures of nitrogen in biota are tools to assess assim-
ilation of wastewater-derived sources of nitrogen into aquatic food
webs (deBruyn and Rasmussen, 2002; Savage, 2005). In addition to
the ambient nitrogen load in the river, nitrogen in wastewater is incor-
porated into aquatic food webs though the uptake of sewage-derived
nutrients by primary producers or consumption of particulate-organic
matter by primary consumers (Tucker et al., 1999), and then subse-
quently transferred through the food web (McClelland et al., 1997;
Vander Zanden et al., 2005). Incorporation ofwastewater-derived nitro-
gen sources into the food web, beyond the background river nitrogen,
causes shifts in nitrogen stable isotopes in aquatic organisms when
compared to background or reference values in both freshwater
(deBruyn and Rasmussen, 2002; Hicks et al., 2017; Loomer et al.,
2015; Steffy and Kilham, 2004) and marine systems (Savage, 2005;
Schlacher et al., 2005; Tucker et al., 1999). However, the extent to
which biota exposed to wastewater have altered δ15N values depends
on the treatment processes used at the plant, effluent quality
(e.g., concentration and load of ammonia/ammonium), and the charac-
teristics of the receiving waters (Hicks et al., 2017).

Depleted δ15N in natural-origin fish from the Lower Mainstem sug-
gests they were exposed to sewage characterized by relatively high nu-
trient concentrations. In contrast, the δ15N in the hatchery-origin fish
from this region was not depleted, suggesting they were less exposed
to nutrient rich wastewater effluent. Complex treatment processes de-
termine the amount of nutrient removal, and whether dissolved inor-
ganic nitrogen in effluent is discharged as ammonia/ammonium,
nitrite or nitrate (Metcalfe et al., 2003). WWTPs designed to optimize
removal of nutrients from wastewater typically use nitrification (con-
version of ammonia to nitrate) followed by de-nitrification (conversion
of nitrate to nitrogen gas) processes to remove nitrogen. In contrast,
WWTPs designed without specific nutrient removal, discharge effluent
with more ammonium than nitrates (Hicks et al., 2017; Loomer et al.,
2015). Furthermore, nitrification, denitrification, as well as volatiliza-
tion ofwastewater, can alter the concentration and the nitrogen isotopic
signature of the pools of ammonia/ammonium and nitrate/nitrite they
act upon (Heaton, 1986; Valiela et al., 2000), as well as the resulting ef-
fluent released to the aquatic systems (Toyoda et al., 2011). Overall,
biota exposed to untreated and primary treated sewage, or secondary
sewage with insufficient nutrient removal, typically exhibit a depleted
δ15N signal (deBruyn and Rasmussen, 2002; Hicks et al., 2017; Loomer
et al., 2015), as we observed in natural-origin Chinook salmon from
the Lower Mainstem. Indeed, the form of DIN discharged by the
Everett's WPCF is atypical compared to other Puget Sound wastewater
facilities that discharge into rivers and nearshore marine receiving wa-
ters, with a higher proportion of ammonium compared to nitrates and
nitrites (Table 1). Conversely, biota exposed to secondary and tertiary
sewage treatment that removes excess nitrogen with nitrifying and
denitrifying bacteria typically have an enriched δ15N signal compared
to background values (Heaton, 1986; Savage, 2005; Valiela et al., 2000).

In contrast to nitrogen isotopes, carbon and sulfur stable isotopes
were enriched in salmon as they moved downstream (see Fig. 5a), con-
sistent with the frequency and amount of saltwater intrusion into the
downstream regions of the Snohomish River (Hall et al., 2018) and a
gradual shift to downstream food sources, as noted in salmon from
other rivers (Moore et al., 2016). Sulfur and carbon isotopes provide

information regarding food sources for consumers, with marine food
webs typically more enriched in δ34S and δ13C than freshwater systems
(Peterson and Fry, 1987), and thus reveal the prey base andmovements
of animals (Hobson, 1999). Based on Hall et al. (2018), there is a contin-
uum from freshwater in the Upper Mainstem region tomore salinewa-
ters in both the LowerMainstem andDistributary Channels regions. The
higher δ34S and δ13C we measured in salmon in these downstream re-
gions, reflects this salinity gradient and the salmons' changing food sup-
ply that is incorporated into their tissues as they migrate downstream.
Similarly, Moore et al. (2016) documented that natural-origin juvenile
Chinook salmon from the relatively undeveloped watershed of the
Skeena River in British Columbia, Canada, became enriched in both
δ13C and δ34S as theymigrated from the headwaters of the river to near-
shore marine waters. The slight enrichment of δ34S and δ13C in
hatchery-origin fish, compared to natural-origin fish from the same re-
gion, may be due to the residual influence of the diet of hatchery fish,
prior to release from the hatchery (Weber et al., 2002). In the hatchery,
fish are fed commercial diets dominated by protein frommarine sources
enriched in δ34S, whereas, natural-origin fish consume freshwater prey
with more depleted δ34S, and the muscle tissue of fish reflect these
sources (Weber et al., 2002). However, tissue differences in δ34S be-
tween hatchery- and natural-origin fish will rapidly be masked by the
freshwater diet consumed by hatchery-origin fish after they leave the
hatchery, given the rapid turnover rates of liver andmuscle tissue of ju-
venile salmonids (Heady and Moore, 2013).

4.4. Complementary chemical tracers

Weusedmultiple, complementary chemical tracers to infer nutrient
and contaminant sources to seaward migrating juvenile salmon, more
discernable information than either tracer provided individually. Collec-
tively, the isotope tracers and POP fingerprints indicated that natural-
origin salmon were exposed to and assimilated both nitrogen and
POPs fromwastewater in the LowerMainstem. The∑11PBDE enhanced
POP fingerprints in natural-origin fish from the Lower Mainstem were
inversely correlated with their δ15N (Fig. 6), suggesting similar sources
for both; the more fish were exposed to the ammonia/ammonium
rich effluent, the more depleted they were in δ15N and the greater
their relative ∑11PBDE concentrations. Concentrations of ∑11PBDEs
and TPCBs were also each negatively correlated with δ15N in salmon.
However, the slope of these relationships were steeper for ∑11PBDEs
(8.93 vs. 6.55), supporting our previous conclusion that the wastewater
the fish were exposed to had a greater load of PBDEs than PCBs. Addi-
tionally, based on their δ34S, the natural-origin fish that had spent the
least amount of time in the Lower Mainstem where the wastewater
discharged, deviated most from the predicted relationship between
PC1 score and δ15N (Fig. S3), further supporting our conclusion that
fishwere exposed to and accumulated PBDEs from awastewater source
in the Lower Mainstem.

These results highlight the role of wastewater as a vector of toxic
contaminants to aquatic consumers, as demonstrated previously
(Meador et al., 2016; Spies et al., 1989), and raises additional concerns
about juvenile salmon exposure to other contaminants in wastewater
not evaluated in this study. Effluent from WWTPs are major sources of
industrial chemicals (Servos, 1999), pharmaceutical and personal care
products, (PPCPs) (Metcalfe et al., 2010), and natural and synthetic hor-
mones (Ternes et al., 1999). Adverse effects observed in aquatic biota
exposed to wastewater include endocrine disruption in individuals
(Tyler and Jobling, 2008; Vajda et al., 2011), and alterations in species
communities (Tetreault et al., 2013). Most pertinent to our study, Chi-
nook salmon collected from wastewater impacted sites had modeled
fish plasma concentrations for a variety of PPCPs in the range expected
to produce adverse effects in fish (Meador et al. 2017); mitochondrial
dysfunction, which is adverse for growing juvenile fish (Yeh et al.,
2017); and altered blood chemistry parameters, a potential early indica-
tor of metabolic disruption (Meador et al., 2018).

13S.M. O'Neill et al. / Science of the Total Environment 712 (2020) 135516



5. Conclusions

Our study demonstrated the utility of multiple chemical tracers to
document the spatial extent, magnitude, and source of contaminant ex-
posure in juvenile Chinook salmon, information necessary to formulate
appropriate conservation measures to reduce or remediate contami-
nant exposure. Three types of complementary chemical tracer data,
POP concentrations, POP fingerprints, and stable isotopes, allowed us
to 1) identify where in their migration pathway threatened Chinook
salmonwere exposed to and accumulated PBDEs (and to a lesser extent
PCBs), at concentrations high enough to impair their health, and 2) re-
veal that wastewater discharging into the river was the likely source
of these POPs. These results highlight the importance of understanding
the role that wastewater may play as a vector of toxic contaminants to
aquatic consumers.

Data from this study can be used to guide and prioritize manage-
ment actions to reduce threats from wastewater and other habitat
stressors to juvenile salmonmigrating through the Snohomish River es-
tuary to Puget Sound. Specifically, identifying the region within the
Snohomish watershed where salmon are most exposed to PBDEs, as
well as the source (i.e., wastewater or stormwater), allows environmen-
tal managers to establish corrective actions to control PBDE inputs. Ulti-
mately, reductions in PBDE exposure should improve Chinook salmon
health and enhance their marine survival. The Snohomish River is the
second largest contributor of Chinook salmon to the Puget Sound evolu-
tionarily significant unit (Jonathan Carey, NationalMarine Fisheries Ser-
vice, Personal communication); consequently, reductions in salmon
survival due to wastewater-contaminant exposure could affect the re-
covery of the ESA-listed Chinook salmon from Puget Sound. Further-
more, exposure to contaminants in wastewater may thwart
substantial habitat remediation efforts underway throughout the US Pa-
cific Northwest to improve survival of natural-origin salmon. For exam-
ple, between 2005 and 2017 approximately $ 90,000,000 US has been
spent to improve the freshwater, estuarine and nearshore marine rear-
ing habitat for natural-origin Chinook salmon originating from the
Snohomish River (Snohomish Basin Salmon Recovery Forum, 2019),
with the ultimate goal of improving their overall survival. The efficacy
of this effort could be reduced if juvenile salmon have increased suscep-
tibility to disease because of exposure to wastewater-derived contami-
nants. More broadly, Chinook and other salmon species are at risk in
much of the southern part of their North American range (Gustafson
et al., 2007), where interactionswithmany anthropogenic factors affect
them, including contaminants (Lundin et al., 2019; Meador, 2014).
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