
Friends of the Snoqualmie Valley Trail and River (Jean Buckner)
In addition to agreeing with everything said by Ann Baily, the following focuses on harm to fish
both above and below Snoqualmie Falls. Remember these are forever chemicals. Here are my
comments and the new WA state study on PFAS is attached below. Here is an overview: Summary:
Emerging Contaminants in Juvenile Chinook Salmon — Patterns of Exposure and Implications for
Conservation 
Purpose and Context 
This study evaluates whether contaminants of emerging concern (CECs)—including PFAS,
pharmaceuticals, and personal care products (PPCPs)—are accumulating in juvenile Chinook
salmon during a critical life stage and whether those exposures may interfere with salmon recovery
efforts in the Pacific Northwest. Juvenile Chinook are especially vulnerable because they spend
extended periods in estuaries and nearshore waters and undergo smoltification, a physiologically
stressful transition that increases sensitivity to additional stressors. Reduced growth or survival
during this stage is strongly linked to lower adult returns and population declines. 
Using a large, long-term dataset from the Washington Department of Fish and Wildlife's Toxics
Biological Observation System (TBiOS), the authors assess exposure to 219 emerging contaminants
across multiple watersheds and examine whether observed concentrations may plausibly affect
salmon physiology, behavior, or fitness. 
________________________________________ 
Study Design and Methods 
• Sampling period: 2013–2023 
• Samples: 141 composite samples representing 772 juvenile Chinook salmon collected during
downstream migration (April–June). 
• Watersheds: Five Puget Sound watersheds spanning a gradient of urbanization (Skagit,
Snohomish, Green/Duwamish, Puyallup/White, Nisqually), with detailed spatial analyses in the
Green/Duwamish and Puyallup/White, the two most urbanized systems. 
• Analytes: 
o PFAS (40 compounds in focused studies) 
o Pharmaceuticals and personal care products (141 PPCPs) 
o Alkylphenols and current-use pesticides 
• Approach: Whole-body tissue concentrations were compared against multiple biological-effects
thresholds derived from the literature, including screening values (SVs), hazardous concentrations
(HC5s), and predictions from the fish plasma model. These tools were used because most CECs
lack formal regulatory thresholds. 
________________________________________ 
Key Findings 
1. Widespread Exposure to Emerging Contaminants 
• Six chemicals were detected in juvenile Chinook salmon from all five watersheds, regardless of
urbanization level: 
o PFOS (PFAS) 
o Iopamidol (pharmaceutical imaging agent) 
o DEET (insect repellent) 
o Oxolinic acid (antibiotic) 
o Nonylphenol (4-NP) and nonylphenol diethoxylate (NP2EO) 
• This indicates basin-wide, chronic exposure, not isolated contamination. 
2. Urbanized Watersheds Show Higher Burdens 



• Juvenile Chinook from the Puyallup/White and Green/Duwamish watersheds had: 
o Higher average concentrations of CECs 
o Higher maximum concentrations 
o More frequent detections 
• The Puyallup/White watershed showed the highest overall concentrations, raising particular
concern for estuarine and nearshore exposure during migration. 
3. Pharmaceuticals Pose the Greatest Immediate Biological Concern 
• 11 PPCPs exceeded one or more biological-effects thresholds in juvenile Chinook from the
Green/Duwamish watershed. 
• These included: 
o Antibiotics (e.g., oxytetracycline, tetracycline, erythromycin) 
o Psychoactive and metabolic drugs (e.g., citalopram, norfluoxetine, metformin, caffeine) 
o DEET and ibuprofen 
• These compounds are associated in other fish species with: 
o Altered behavior 
o Impaired development 
o Disrupted metabolism and endocrine signaling 
• The study highlights unexpectedly high antibiotic residues downstream of hatcheries and suggests
additional sources such as wastewater, stormwater, or contaminated fish feed. 
4. PFAS Are Ubiquitous but Below Most Current Effect Thresholds 
• PFAS were detected in nearly every fish sample in urban watersheds. 
• While most individual PFAS concentrations did not exceed current EPA or literature-derived
effect thresholds, some samples approached levels of concern, particularly for PFOS. 
• The authors emphasize: 
o EPA criteria are based on freshwater species and may not fully protect anadromous salmon 
o Only 40 PFAS were analyzed, while hundreds are in active use 
o Mixture effects and indirect food-web impacts remain poorly understood 
5. Chemical Mixtures Are the Norm 
• Juvenile Chinook rarely carried a single contaminant; mixtures of PPCPs and PFAS were
ubiquitous. 
• Over 70% of fish in the Green/Duwamish carried two or more chemicals at concentrations
exceeding effect thresholds. 
• Mixture toxicity—especially for pharmaceuticals with similar modes of action—is likely additive
or synergistic, compounding risk beyond single-chemical assessments. 
6. Spatial Patterns Point to Specific Entry Zones 
• Multivariate analyses revealed distinct spatial clusters of contaminants: 
o PFAS hotspots near the Lower Duwamish Superfund area and Commencement Bay 
o Diffuse PPCP patterns consistent with stormwater and wastewater sources 
• These findings provide actionable guidance for source-tracing and remediation efforts. 
________________________________________ 
Implications for Salmon Recovery 
The study concludes that exposure to emerging contaminants likely adds to the cumulative stress
burden already faced by Chinook salmon from habitat loss, warming waters, altered food webs, and
legacy contaminants. Prior research shows juvenile Chinook migrating through contaminated
systems can experience substantially reduced survival, and this work suggests that current recovery
models may underestimate contaminant-related impacts by focusing primarily on legacy pollutants. 
________________________________________ 
Recommendations 



The authors recommend: 
1. Targeted source-tracing studies, particularly for PFAS hotspots. 
2. Improved stormwater and wastewater controls, including green infrastructure. 
3. Explicit inclusion of PPCPs in salmon recovery and water-quality management frameworks. 
4. Expanded toxicity research for under-studied CECs, especially salmonid-specific, tissue-based
thresholds. 
5. Greater consideration of mixture effects and interactions with climate stressors such as rising
temperature. 
________________________________________ 
Bottom Line 
This study provides strong evidence that juvenile Chinook salmon in Puget Sound are routinely
exposed to complex mixtures of emerging contaminants, some at levels likely to interfere with
behavior, physiology, or fitness. While PFAS exposures are widespread, pharmaceuticals and
antibiotics currently present the most immediate biological concern. The findings underscore that
contaminants must be addressed alongside habitat and climate stressors if Chinook recovery efforts
are to succeed. 
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A B S T R A C T

Efforts to recover populations of threatened Chinook salmon in the Pacific Northwest may be hindered by 
exposure to contaminants in the juvenile life stage. Here we leverage a large dataset collected by the Washington 
Department of Fish and Wildlife’s Toxic Biological Observation System to test for the accumulation of 219 
contaminants of emerging concern (CECs) in juvenile Chinook salmon and identify chemicals that may affect 
salmon physiology, behavior, or fitness at current exposure levels. We also highlight results obtained from the 
region’s two most urbanized watersheds, the Green/Duwamish and Puyallup/White, to demonstrate how these 
data can inform decision making to protect juvenile salmonids. We found that juvenile Chinook salmon sampled 
in the Puyallup/White watershed had the highest average concentrations of CECs, and that six chemicals 
appeared to be ubiquitous and were found in all five watersheds spanning a gradient of urbanization. In the 
subsequent detailed studies in the Green/Duwamish and Puyallup/White watersheds, we observed patterns in 
accumulation of per- and polyfluoroalkyl substances (PFAS) that revealed regions where certain analytes could 
be entering the rivers. In contrast, spatial patterns for pharmaceutical and personal care products (PPCPs) were 
less clear and indicated diffuse sources throughout the migration corridor, such as stormwater or wastewater. We 
recommend these results be used to target areas for source tracing studies for PFAS, and that future studies test 
for PPCP residues in commercial fish feed. Finally, the detection of multiple emerging contaminants in almost all 
composite fish samples, 11 of which exceeded available biological effects thresholds, reinforces the global call for 
green infrastructure projects that target source control and the removal or reduction of emerging contaminants 
from stormwater and wastewater.

1. Introduction

Recovery efforts for threatened Chinook salmon in the Salish Sea, an 
iconic inland sea in the Pacific Northwest, are likely hindered by 
exposure to chemical contaminants during their juvenile life stage 
(Pearsall et al., 2021). Chinook salmon may be particularly vulnerable to 
contaminant exposure compared to other salmon species because juve
niles spend more time feeding in estuaries and nearshore marine habitat 
(Quinn, 2018), which receive higher contaminant inputs than offshore 
environments. Juvenile salmon also experience significant physiological 
stress as they undergo smoltification transitioning from freshwater to 
marine environments, which heightens their susceptibility to other 
stressors (Bjornsson et al., 2011). Exposure to contaminants during this 
critical life stage is correlated with decreased first-year growth rates 

(Lundin et al., 2021), which is in turn strongly correlated with adult 
survival and projected salmon population abundance (Claiborne et al., 
2011; Duffy and Beauchamp, 2011; Spromberg and Meador, 2005). If 
we are to successfully recover salmon populations in the Pacific 
Northwest and elsewhere, contaminants must be considered while 
planning for habitat restoration and fish passage projects, alongside 
swift improvements to stormwater and wastewater management.

Numerous studies have documented that juvenile Chinook salmon 
from urbanized watersheds of the US Pacific Northwest are exposed to 
legacy contaminants such as polychlorinated biphenyls (PCBs), the 
insecticide dichlorodiphenyltrichloroethane (DDT), polybrominated 
diphenyl ether (PBDEs) flame retardants and polycyclic aromatic hy
drocarbons (PAHs) during their spring migrations downstream through 
freshwater streams and rivers to saltwater (Johnson et al., 2013; 
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Johnson et al., 2007; Meador et al., 2010; O’Neill et al., 2020; O’Neill 
et al., 2015; Sloan et al., 2010; Stehr et al., 2000; Stein et al., 1995). In 
some river systems the concentrations observed in fish tissue or water 
exceed values predicted to cause an adverse impact on salmon survival 
or growth (Berninger and Tillitt, 2019; Lundin et al., 2021; Meador 
et al., 2006), metabolism (Meador et al., 2024a), thyroid hormone levels 
(Arkoosh et al., 2017), immune response (Arkoosh et al., 2010; Arkoosh 
et al., 2018), and reproductive development (Peck et al., 2011), and may 
be contributing to reduced marine survival (Meador, 2014).

Unfortunately, legacy contaminants are only the tip of the proverbial 
contaminant iceberg. A wide range of other contaminants originating 
from human activity have also been documented in freshwater and 
marine habitats of Chinook salmon, as well as in their plasma and tissue 
(James et al., 2016; Meador et al., 2024b; Meador et al., 2020; Meador 
et al., 2017; Meador et al., 2016; Tian et al., 2020; Yeh et al., 2017). This 
diverse pool of chemicals is often classified loosely as contaminants of 
emerging concern (CECs) due to the lack of information surrounding 
environmental fate, exposure, or toxicity. Examples of CECs include 
pharmaceutical and personal care products (PPCPs), per- and poly
fluoroalkyl substances (PFAS), alkylphenols, bisphenol A, phthalates, 
tire related compounds (6PPD and 6PPD-Q), and current-use pesticides. 
In the Pacific Northwest, several PPCPs and PFAS, the two contaminant 
classes we focus on in this study, were identified as high priority con
taminants likely to be eliciting a biological effect at current exposure 
concentrations (James et al., 2023). For salmon specifically, character
izing exposure to CECs during the critical juvenile life stage has also 
been identified as a priority research gap by the Salish Sea Marine 
Survival Project, a transboundary effort to evaluate threats to the early 
marine survival of salmon (Pearsall et al., 2021).

In the absence of conventional concentration targets set by regula
tory agencies or comprehensive ecotoxicological data, efforts to identify 
data gaps and prioritize CECs for regulatory action, monitoring, and 
future study are strengthened by drawing from multiple lines of evi
dence on adverse effects (Deere et al., 2020; Edwards et al., 2024; Elliott 
et al., 2022; Jorgenson et al., 2018; Maruya et al., 2016). Various ana
lyses have calculated screening values and species sensitivity distribu
tions from the experimental ecotoxicity data compiled in EPA’s ECOTOX 
knowledgebase (Gefell et al., 2019; Maloney et al., 2025; Posthuma 
et al., 2019; Pronschinske et al., 2022), which provide valuable means of 
inferring potential biological effects from CEC exposure. Likewise, tools 
such as the fish plasma model can be applied to predict potential 
physiological or behavioral effects in fish in the absence of experimental 
data for many pharmaceuticals (Huggett et al., 2003; Meador et al., 
2024b).

Here, we leverage a comprehensive dataset collected by the Wash
ington Department of Fish and Wildlife’s (WDFW’s) Toxic Biological 
Observation System (TBiOS) to test for the accumulation and potential 
biological effects of 219 emerging contaminants in the tissue of threat
ened juvenile Chinook salmon throughout five watersheds in Washing
ton State. We also highlight detailed results obtained from the two most 
urbanized watersheds in the region, the Green/Duwamish and 
Puyallup/White, to illustrate how these data could be utilized for deci
sion making relevant to remediation to protect juvenile salmonids. 
Importantly, we build upon previous work to identify CECs most likely 
to be negatively impacting fish physiology, behavior, or fitness, and 
evaluate whether concentrations observed in migrating fish reveal 
geographic regions where contaminants may be entering urbanized 
river systems.

We asked the following questions. 

1. Are juvenile Chinook salmon originating from developed watersheds 
accumulating higher concentrations and total numbers of CECs 
compared to populations originating in less developed watersheds?

2. Do concentrations measured in juvenile Chinook salmon exceed 
concentrations predicted to impact fish physiology, behavior, or 
survival?

3. Are there spatial trends in the contaminant profiles of juvenile Chi
nook salmon sampled throughout the region’s two most urbanized 
watersheds that reveal potential sources of chemicals along their 
migratory pathway?

We hypothesized that the concentrations and numbers of detected 
contaminants would be higher in juvenile Chinook salmon collected 
from more urbanized watersheds in Puget Sound as compared to less 
urbanized watersheds. We further hypothesized that multiple contami
nants would exceed the concentrations derived from the literature 
indicating potential effects to behavior, physiology, or fitness of fish. 
Last, we predicted that spatial groupings of samples and chemicals 
would reveal potential sources of some chemicals accumulating in ju
venile Chinook salmon along their migration path through the 
Puyallup/White and Green/Duwamish watersheds.

2. Methods

2.1. Samples and study design

All data compiled for this manuscript were collected by the WDFW 
between 2013 and 2023 and included 141 composite samples 
comprising 772 individual subyearling Chinook salmon collected be
tween April and June during the peak of their seaward migration. Fish 
were captured using beach seines, lampara seines, and an in-river screw 
trap, with additional collections made directly from hatchery ponds at 
the Soos Creek Hatchery in Auburn, WA. All collections were conducted 
under an ESA Section 4(d) permit obtained by WDFW for the collection 
of listed Chinook salmon. Hatchery-origin fish were identified using fin 
clips, otolith thermal marks, and coded wire tags; all others were pre
sumed to be of natural origin and are hereafter referred to as wild fish. 
To meet the 12 g target mass required for chemical analysis in this study 
and a parallel study on legacy contaminants, individual fish were 
composited based on collection location, origin (wild or hatchery), and 
body weight. The average individual fish mass was 5 g (range: 
0.41–21.8 g). Final samples consisted of composites of whole-body ju
venile Chinook salmon (excluding stomach contents), averaging five fish 
per composite (range: 2–20). Because stomach contents were removed 
for a separate study, the contaminant concentrations reported here do 
not reflect recent dietary exposure.

To first explore whether juvenile Chinook salmon originating from 
developed watersheds in Puget Sound accumulated higher average 
concentrations and total numbers of CECs as compared to those in less 
developed watersheds, we collated a dataset collected across five river 
systems in 2013. These data consisted of three whole-body composite 
samples of fish collected from the Nisqually, Puyallup/White, Green/ 
Duwamish, Snohomish and Skagit watersheds (Fig. 1A; 15 total sam
ples) which were tested for 13 PFAS, 34 current use pesticides, four 
alkylphenols, and 141 PPCPs. Of the three samples collected from each 
watershed, one was from within the river estuary, and two were from 
adjacent marine shoreline, hereafter defined as nearshore areas. These 
five systems were chosen for sampling because they comprise the major 
rivers that flow into the Southern Salish Sea that support populations of 
Chinook salmon, and because they span a gradient of urbanization. We 
used the percentage of impervious surface (USGS, 2024) observed 
within each river’s delta unit as adapted from Stefankiv et al. (2019) to 
provide a frame of reference of the overall level of urbanization perti
nent to each watershed (Table 1). Differences in the average concen
trations and percentages of CECs detected above the reporting limits 
across watersheds were evaluated with linear and generalized linear 
models using the R package lme4 (Bates et al., 2015).

Next, to prioritize CECs based on potential impacts to fish health and 
examine spatial trends, we collated datasets that encompassed the entire 
rearing and downstream migration habitat of juvenile Chinook salmon 
in the two most urbanized watersheds in Puget Sound, Washington; the 
Green/Duwamish and Puyallup/White (Fig. 1B and C). The collection 
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sites were chosen based on contaminant levels previously measured in 
juvenile Chinook salmon, known areas of historic contamination or 
potential point sources (i.e., superfund sites and WWTP outfalls), 
reference areas upstream of contaminant sources and accessibility for 
sampling. The chemistry datasets compiled in the two most urbanized 
watersheds included 1) 37 samples analyzed for 141 PPCPs and four 

alkylphenols (4n-OP, 4-NP, NP1EO, NP2EO) in the Green/Duwamish 
watershed in 2018, 2) 67 samples analyzed for 40 PFAS compounds in 
the Green/Duwamish in 2018 and 2023, and 3) 67 samples analyzed for 
40 PFAS compounds in the Puyallup/White watershed in 2021. Over
views of the compiled samples and analytes tested are provided in 
Tables S1 and S2. Analyses of sample splits taken in 2013 and re- 

Fig. 1. Sampling locations where juvenile Chinook salmon were collected for CEC analyses across five major watersheds of Puget Sound, Washington in 2013 (A), 
throughout the Green/Duwamish watershed in 2018 and 2023 (B) and throughout the Puyallup/White watershed in 2021 (C). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)
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analyzed with later samples in 2021 for quality control indicated that 
more CECs were detected when using newer methods due to analytical 
improvements resulting in lower reporting limits (Document S1). 
Because of these analytical improvements and differences in the 
numbers of analytes tested each year across the two river systems, each 
of the three datasets listed above were considered as not directly com
parable and were analyzed separately. This also ensured that compari
sons across samples and sampling locations within watersheds were 
made using a complete set of tested analytes.

2.2. Chemical analysis

All chemical analyses were completed by the commercial laboratory 
SGS AXYS Analytical Laboratory (Sydney, B.C.). Multiple established 
extraction and analytical methods were used to test for a range of CECs 
including 141 PPCPs, four alkylphenols, 34 current-use pesticides, and 
40 PFAS. These methods are referenced in Document S1 alongside 
further discussion of quality control screening criteria for % recovery, 
lab flags, method blanks, and reporting limits. Method documents are 
available from SGS AXYS upon request. Briefly, fourteen chemicals were 
detected in the method blanks, which consisted of solvent (Table S4). 
Most blank detections were at low concentrations near reporting limits 
(<1 ng/g), and likely reflected trace residues on analytical equipment or 
presence at low background concentrations in materials used for 
chemical analyses. However, two chemicals, DEET and nonylphenol (4- 
NP), were occasionally observed at higher concentrations in the blanks 
(up to 15 ng/g) and were observed consistently across lab sets. 4-NP, a 
degradant product of non-ionic surfactants, is a commonly reported 
laboratory contaminant (Salgueiro-Gonzalez et al., 2012). The insecti
cide DEET has also been reported in field and lab blanks (Kolpin et al., 
2013; Thomas et al., 2007), perhaps due to its ubiquity in the environ
ment after decades of use. To account for background contamination, 
concentration estimates for these fourteen chemicals were adjusted by 
subtracting 1x the measured concentration in the lab set blank from the 
measured concentration in the corresponding sample. This approach 
was preferred to ensure concentration estimates that accounted for the 
specific background conditions defining each set of extractions and 
machine runs for comparisons with fish health effects thresholds.

Reporting limits defined in this study were determined by SGS AXYS 
for each chemical and sample and were defined as either the lowest 
concentration in the calibration standard (lowest level calibration con
centration x extract volume)/sample size), or as the Sample Specific 
Detection Limit (SDL), if it was higher. The SDL was calculated by 
converting 3x the estimated chromatographic noise height to a con
centration and accounted for effects of sample matrix and recovery 
achieved through the analytical work up. Because observed reporting 
limits improved significantly with time due to methodological advances 
(Document S1) we generated summary data and conducted multivariate 
analyses separately for each study year, except for the PFAS data 
collected in the Green/Duwamish in 2021 and 2023, which was 

obtained utilizing the same newer analytical method.
For each analyte we summarized detection frequencies, geometric 

means and concentration ranges based solely on measured values; no 
substitutions were made for non-detects. For the multivariate spatial 
analyses (see section 2.5), values that were not detected above the 
analytical reporting limit were replaced by a constant factor of 0.2 times 
the mean reporting limit for each analyte. Percent lipid content was also 
measured and ranged from 0.5 to 7 % across samples. Concentration 
data were not normalized as is common practice for lipophilic chemicals 
(e.g., PCBs) because many of the CECs tested in this study preferentially 
bind to proteins rather than lipids (Alesio et al., 2022), are poorly 
correlated with lipid content (Ramirez et al., 2009), or do not have well 
characterized toxicokinetic properties.

2.3. Biological effects thresholds

Unlike legacy chemicals, which have established regulatory thresh
olds set by EPA, most of the CECs tested in this study lack similar 
consensus thresholds that are intended to be protective of the environ
ment and provide biological context. To address this knowledge gap and 
provide insight about potential impacts to threatened juvenile Chinook 
salmon, we compared concentrations of detected chemicals to four 
different biological effects thresholds derived from the literature (Gefell 
et al., 2019; Meador et al., 2024b; Posthuma et al., 2019; Pronschinske 
et al., 2022). Two of these available lines of evidence including 
screening values (SVs) and hazardous concentrations (HC5s) (Gefell 
et al., 2019; Posthuma et al., 2019) were selected to remain consistent 
with and expand upon a regional prioritization effort for CECs that 
occurred in 2023 (James et al., 2023), while the fish plasma model 
(Meador et al., 2024) and screening values derived in Pronschinske et al. 
(2022) provide new lines of evidence not previously utilized.

Each of the effects thresholds we obtained, including SVs, HC5s, and 
values derived from the fish plasma model, are defined and described in 
detail in Document S1, along with any calculations made. In total, we 
obtained effects threshold data for 137/185 chemicals tested (Table S2). 
We did not include comparisons to in vitro assays, such as Activity 
Concentrations at Cut off (ACC) values generated using EPA’s TOXCAST 
program, due to the unclear relationships observed between in vitro 
versus in vivo toxicity data for many chemicals (Rodea-Palomares and 
Bone, 2024; Schaupp et al., 2023). For PFOA and PFOS, measured 
concentrations in tissue were also compared to the final chronic aquatic 
life criteria for whole body fish that EPA issued in 2024 of 6.49 mg/kg 
ww and 0.201 mg/kg ww (EPA, 2024a; EPA, 2024b).

2.4. Inferring potential biological effects

Hazardous concentrations and screening values obtained from the 
literature (reflective of concentrations in the water column) were con
verted to whole body concentration estimates expressed as ng/g ww 
using bioconcentration factors (BCFs). BCFs were generated using 

Table 1 
Summary data from each of the five watersheds sampled in 2013 including % impervious surface (IS), % of total chemicals tested that were not detected (ND), % of 
total chemicals tested that were detected (% D), minimum, median, geometric mean, and maximum concentrations of detected chemicals (no substitution for non- 
detects) and summary reporting limits in ng/g wet weight. Samples obtained were tested for 141 PPCPs, 13 PFAS, 4 alkylphenols, 32 current-use pesticides.

Watershed
Concentration (ng/g ww) Reporting Limit (ng/g ww)b

% ISa % ND % D Min Median Mean Max Min Mean Max

Skagit 2.52 96 4 0.023 1.57 3.01 247 0.002 1.08 241
Snohomish 8.64 95 5 0.016 1.07 2.49 629 0.002 1.23 210
Green/Duwamish 72.9 93 7 0.015 2.28 3.55 370 0.004 1.14 455
Puyallup 63.2 94 6 0.044 2.17 5.66 2030 0.011 1.31 495
Nisqually 2.18 96 4 0.014 2.12 3.21 427 0.002 1.02 382

a % Impervious surface (USGS, 2024) was estimated within each river delta, with adaptions noted by Stefankiv et al. (2019).
b SGS AXYS determined reporting limits for each chemical and sample based on the sample mass and lowest calibration standard analyzed. Effects of the sample 

matrix and recovery were accounted for and final reporting limits for each chemical and sample were calculated either as the lowest concentration in the calibration 
standard or as the sample specific detection limit (SDL), whichever value was higher.
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OPERA, a widely used modeling tool produced by the Organization for 
Economic Cooperation and Development that predicts physical chemical 
properties including BCFs based on quantitative structure activity re
lationships (QSARs) (Mansouri et al., 2018). For PFAS compounds, 
which are not well characterized by QSAR models that rely heavily on 
n-octanol–water partition coefficients (log Kow), we used BCFs compiled 
in a meta-analysis (Burkhard, 2021). For the fish plasma model, the 
plasma concentrations estimated to cause a behavioral or physiological 
effect in vertebrates were converted to tissue concentrations by multi
plying the concentrations in plasma known to produce therapeutic ef
fects in humans and rodents (termed Cmax) by the volume of 
distribution. We then compared the concentrations of detected chem
icals in whole body juvenile Chinook salmon to the concentrations 
estimated to produce an adverse effect using all the available lines of 
evidence. For the purposes of this study, we flagged chemicals as having 
the potential to cause a biological effect if fish tissue concentrations 
exceeded any one of the biological effects thresholds.

2.5. Spatial trends

To test for spatial trends in the contaminant profiles of PPCPs and 
PFAS detected in juvenile Chinook salmon migrating through the Green/ 
Duwamish and Puyallup/White watersheds we used MetaboAnalyst 6.0, 
an R-based software package (Pang et al., 2024). MetaboAnalyst is pri
marily used to analyze omics data; however, it contains many statistical 
methods that are widely applicable for multivariate data analysis and 
exploring relationships between spatially oriented samples and 
observed values. We used hierarchical clustering analyses to identify 
patterns in contaminant profiles and spatial associations among sam
pling locations, which consisted of replicate composite samples. 
Euclidean distance was used as the distance measure between samples, 
Ward’s linkage was used as the clustering algorithm, and data were 
normalized by autoscaling. Analytes occurring in only one composite 
sample above the RL were excluded, and values that were not detected 
below the analytical reporting limit (RL) were replaced by a constant 
factor of 0.2 times the mean RL for each analyte. This data filtering 
approach was chosen to address the large number of blank cells due to 
low detection frequencies of many CECs and issues with data normali
zation. This is one of several established approaches utilized by 
MetaboAnalyst 6 to address missing values and left censored data.

3. Results & discussion

3.1. Comparison across five watersheds

Out of the 192 PPCPs, PFAS, and current-use pesticides tested across 
five watersheds in Puget Sound in 2013, 45 were detected. Detection 
frequencies for most compounds were low (0–14 %), and the majority 
(27/45) of detected chemicals were observed in less than 3 samples 
(Table S7). However, there were 18 chemicals detected in three or more 
samples (Table 2) and six of those were observed in every watershed at 
high relative concentrations, with detection frequencies ranging from 47 
to 100 %: 4-nonylphenol (4-NP) and nonylphenol diethoxylate 
(NP2EO), iopamidol, perfluorooctane sulfonic acid (PFOS), the anti
biotic oxolinic acid, and the insecticide N,N-diethyl-meta-toluamide 
(DEET). 4-NP and its degradation product NP2EO are surfactant de
rivatives used in industrial manufacturing of a wide variety of products 
ranging from drugs to explosives. Both are prevalent in the environment 
(Acir and Guenther, 2018) and can inhibit growth in rainbow trout 
(Oncorhynchus mykiss) at ng/mL concentrations (Ashfield et al., 1998). 
Iopamidol is an X-ray contrast agent that is also frequently detected in 
wastewater and surface water around the world because it is not 
metabolized by humans or removed from wastewater treatment plants. 
PFOS is the one of most heavily studied fluorinated compounds and has 
been released into the environment for decades due to industrial 
manufacturing and use and discarding of products that contain PFAS 

(Paul et al., 2009). DEET is frequently detected in environmental media, 
although some uncertainty has been raised about its ubiquity because 
concentrations measured in the environment are higher than predicted 
from known uses (Marques Dos Santos et al., 2019). We detected DEET 
at low concentrations in several method blanks, and the possibility that 
target analyses pick up DEET mimics has been discussed, though none 
have been identified (Merel et al., 2015; Merel and Snyder, 2016). 
Nevertheless, the accumulation of these chemicals in fish from five 
different river systems indicates widespread exposure, and all but oxo
linic acid have been previously flagged as likely to produce biological 
effects at current concentrations in Puget Sound (James et al., 2023). 
Detections are a function of the detection limits, and so we emphasize 
that there are almost certainly more CECs that may accumulate in tissue 
than were detected in this early study due to marked improvements in 
analytical methods since 2013.

Contaminant profiles in juvenile Chinook salmon appeared to differ 
across watersheds, (Fig. S3), though small sample sizes precluded in- 
depth quantitative analyses across chemical classes. The highest per
centages of detected chemicals were observed in juvenile Chinook 
salmon from the Puyallup/White and Green/Duwamish systems, and the 
highest average and maximum concentrations were observed in samples 
from the Puyallup/White (Table 1, Fig. S4). No significant differences 
were observed in the total numbers of CECs detected across the five 
watersheds, but geometric mean concentrations of CECs were higher in 
fish sampled in the Puyallup/White River than in the Skagit and Sno
homish, which raises concerns (Table S10). Other studies also indicate 
that the estuary at the mouth of the Puyallup/White River, referred to as 
Commencement Bay, is a hot spot for CECs, potentially associated with 
the Tacoma Central wastewater treatment plant outfall approximately 
370 m northwest from the mouth of the Blair Waterway (Fig. S6). CECs 
including amphetamine, azithromycin, fluoxetine, miconazole, nor
fluoxetine, sertraline, sulfadimethoxine, triclosan, and nonylphenol 
have been observed in juvenile Chinook salmon and caged mussels at 
higher concentrations and detection frequencies in the Puyallup/White 
river estuary relative to other regions in Puget Sound (Meador et al., 
2016; Swam-Jaramillo et al., 2024). Overall, our findings were only in 
partial support of our hypothesis that the frequency of CEC detections 
and average concentrations would be greatest in Puget Sound’s most 
urbanized watersheds. Bioaccumulation of some CECs in juvenile Chi
nook salmon is also occurring in less developed watersheds.

3.2. Detailed study in two urbanized watersheds

Our data suggests juvenile Chinook salmon are exposed to multiple 
PPCPs and PFAS during their downstream migration through the re
gions’ most urbanized watersheds; the Green/Duwamish and Puyallup/ 
White. Summary concentration data, detection frequencies, and 
reporting limits are provided in Table 2 for chemicals detected in a 
minimum of 3 samples, and in Table S7 for all chemicals tested.

3.2.1. Pharmaceuticals and personal care products
Of the 145 PPCPs tested, 36 were detected in the juvenile Chinook 

salmon collected in 2018 in the Green/Duwamish watershed. The most 
frequently detected chemicals were 4-NP, NP2EO, hydrocortisone, 
oxytetracycline, 4-epioxytetracycline, and diazepam, and the highest 
geometric mean concentration was 464 ng/g ww (oxytetracycline). Of 
the detected PPCPs, 11 were observed at concentrations in fish from the 
Green/Duwamish River that could potentially cause an adverse bio
logical response based on either the fish plasma model, HC5s, or SVs 
derived from the literature (Fig. 2). These included the antibiotics 
oxytetracycline [OTC], tetracycline [TC], and erythromycin-H20, the 
insect repellant DEET, and the pharmaceuticals metformin, ibuprofen, 
valsartan, norfluoxetine, citalopram, caffeine, and hydrocortisone. 
Except for hydrocortisone, which is a synthetic glucocorticoid that may 
be conflated in these analyses with endogenously produced cortisol, the 
remaining 10 chemicals raise potential concerns. These CECs have been 
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Table 2 
Summary data for chemicals detected in a minimum of three composite samples of whole-body juvenile Chinook salmon for A) the study conducted across five 
watersheds in 2013, B) the focus study conducted in the Green/Duwamish watershed testing for PPCPs in 2021 and PFAS in 2021 and 2023 and C) the focus study 
conducted in the Puyallup/White watershed testing for PFAS in 2021. Data includes the number of samples where a chemical was detected (#D), number of samples 
tested (N), % detection (%D), minimum, median, geometric mean, and maximum values of detected chemicals (no substitution for non-detects) and summary reporting 
limits provided by SGS AXYS in ng/g wet weight. See Table S2 for associated CAS numbers.

Concentration (ng/g ww) Reporting limit (ng/g)

Analyte CEC Category N #D % D Min Med Mean Max Min Mean Max

A) Comparison across five river systems (141 PPCPs, 13 PFAS, 4 alkylphenols, 32 current-use pesticides - 2013)
4-NP Industrial 13 13 100 6.80 23.3 22.4 62.4 0.498 0.712 1.34
Iopamidol Pharmaceutical 15 15 100 144 236 276 629 31.0 43.7 76.9
NP2EO Industrial 13 12 92 0.615 1.13 1.754 70.2 0.442 0.483 0.505
PFOS PFAS 14 11 79 1.12 2.03 2.99 14.2 0.905 1.06 1.62
DEET Pesticide 15 9 60 0.56 33.7 43.5 2.03E+03 0.31 0.38 2.0
Oxolinic Acid Antimicrobials 15 7 47 0.345 1.03 1.06 3.02 0.273 1.14 3.06
Octachlorostyrene Industrial 15 6 40 1.4E-02 0.020 0.024 0.072 2.2E-03 7.5E-03 0.139
Citalopram Pharmaceutical 15 6 40 0.347 0.475 0.568 2.17 0.155 0.404 2.95
4n-OP Industrial 13 4 31 0.555 0.857 0.834 1.32 0.468 0.553 0.928
Diphenhydramine Pharmaceutical 15 4 27 0.354 0.657 0.660 1.38 0.233 0.289 1.19
Sertraline Pharmaceutical 15 4 27 0.382 0.649 0.901 4.15 0.234 0.352 0.503
Erythromycin-H2O Antimicrobials 15 4 27 1.00 1.23 1.26 1.67 0.891 0.913 0.966
Etoposide Pharmaceutical 15 4 27 1.71 3.95 3.41 5.06 0.781 2.53 13.1
Sulfadiazine Antimicrobials 15 4 27 2.68 3.22 3.93 8.59 0.588 0.892 1.46
PFOSA PFAS 14 3 21 0.657 0.936 0.875 1.09 0.543 0.589 0.628
Desmethyldiltiazem Pharmaceutical 15 3 20 0.079 0.333 0.227 0.446 0.058 0.064 0.164
Fluoxetine Pharmaceutical 15 3 20 0.686 0.894 1.09 2.1 0.581 0.681 2.06
Anhydrochlortetracycline Antimicrobials 15 3 20 8.72 9.62 10.1 12.1 6.47 9.08 12.8

B) Green/Duwamish River (141 PPCPs & 4 alkylphenols - 2018, 40 PFAS - 2021 & 2023)
PFOS PFAS 69 69 100 0.447 1.49 1.86 21.4 0.088 0.104 0.189
PFOSA PFAS 69 38 55 0.103 0.215 0.285 3.38 0.088 0.104 0.189
4-NP Industrial 35 34 97 1.86 9.99 10.1 40.7 0.448 0.494 1.11
Hydrocortisone Hormones 37 33 89 9.82 24.3 25.1 213 2.26 3.92 11.7
PFNA PFAS 69 31 45 0.101 0.184 0.203 0.798 0.088 0.104 0.189
Oxytetracycline [OTC] Antimicrobials 37 30 81 24.8 359 465 2.25E+04 2.22 4.21 71.4
NP2EO Industrial 35 27 77 0.506 0.906 0.988 5.51 0.448 0.485 0.588
4-Epioxytetracycline [EOTC] Antimicrobials 37 26 70 10.3 47.4 68.8 3250 2.24 4.82 71.4
PFDoA PFAS 69 26 38 0.08 0.18 0.20 0.91 0.07 0.09 0.15
PFDA PFAS 69 26 38 0.099 0.175 0.183 0.511 0.088 0.104 0.189
Diazepam Pharmaceutical 37 23 62 0.205 0.334 0.340 0.705 0.186 0.208 0.322
PFMBA PFAS 69 23 33 0.096 0.240 0.241 0.560 0.088 0.104 0.189
PFTrDA PFAS 69 21 30 0.104 0.237 0.243 0.704 0.088 0.104 0.189
PFTeDA PFAS 69 21 30 0.099 0.143 0.184 1.00 0.088 0.106 0.339
N-EtFOSE PFAS 69 17 25 0.757 0.987 1.24 6.77 0.693 0.888 1.89
PFDS PFAS 69 17 25 0.112 0.146 0.181 0.335 0.088 0.104 0.189
PFHxS PFAS 69 15 22 0.100 0.192 0.204 0.713 0.088 0.104 0.189
6:2 FTS PFAS 69 13 19 0.337 0.505 0.546 0.842 0.316 0.374 0.679
PFHxA PFAS 69 13 19 0.108 0.125 0.160 0.433 0.088 0.120 0.436
4n-OP Industrial 35 12 34 0.490 0.906 0.818 1.32 0.448 0.523 2.13
2-Hydroxy-ibuprofen Pharmaceutical 37 12 32 1.75 2.37 2.55 6.25 1.48 1.57 1.68
PFUnA PFAS 69 11 16 0.142 0.322 0.303 0.599 0.088 0.104 0.189
Ibuprofen Pharmaceutical 37 8 22 1.62 2.03 2.22 3.86 1.48 1.57 1.63
PFOA PFAS 69 7 10 0.099 0.123 0.156 0.273 0.088 0.104 0.189
Sulfathiazole Antimicrobials 37 6 16 0.615 2.61 2.16 4.03 0.560 0.886 7.54
Ormetoprim Antimicrobials 37 6 16 0.236 0.521 0.605 3.86 0.222 0.236 0.268
Caffeine Pharmaceutical 37 4 11 7.96 10.6 13.9 41.8 5.60 6.16 11.3
Sulfadimethoxine Antimicrobials 37 4 11 0.426 2.87 1.54 5.31 0.111 0.378 6.37
Erythromycin-H2O Antimicrobials 37 4 11 0.900 0.985 0.982 1.07 0.852 0.902 0.935
Warfarin Pharmaceutical 37 4 11 0.189 0.200 0.216 0.286 0.148 0.161 0.223
N-MeFOSA PFAS 69 4 6 0.119 0.130 0.151 0.259 0.088 0.115 0.197
Tetracycline [TC] Antimicrobials 37 3 8 37.2 83.1 70.4 113 2.22 3.02 6.21
4-Epitetracycline [ETC] Antimicrobials 37 3 8 25.0 57.8 49.4 83.2 2.22 2.66 5.96
Metformin Pharmaceutical 37 3 8 1.45 1.83 2.00 3.00 0.251 0.298 0.445
Sulfamethazine Antimicrobials 37 3 8 0.808 2.87 1.97 3.28 0.222 0.445 3.56
PFBA PFAS 69 3 4 0.723 0.905 1.00 1.51 0.351 0.415 0.755

C) Puyallup/White River (40 PFAS - 2021)
PFOS PFAS 67 61 91 0.140 0.823 0.829 8.25 0.089 0.110 0.180
PFPeA PFAS 67 27 40 0.203 0.399 0.436 2.46 0.178 0.232 0.560
PFDoA PFAS 67 22 33 0.086 0.124 0.156 0.494 0.071 0.088 0.144
PFUnA PFAS 67 21 31 0.110 0.149 0.177 0.531 0.089 0.110 0.180
PFDA PFAS 67 20 30 0.111 0.189 0.203 0.906 0.089 0.110 0.180
PFOSA PFAS 67 19 28 0.104 0.198 0.200 0.421 0.089 0.110 0.180
PFNA PFAS 67 18 27 0.099 0.183 0.184 0.464 0.089 0.110 0.180
N-EtFOSE PFAS 67 17 25 1.01 1.33 1.49 2.63 0.889 1.10 1.80
PFDS PFAS 67 9 13 0.110 0.134 0.223 1.89 0.089 0.110 0.180
PFTrDA PFAS 67 9 13 0.119 0.183 0.189 0.306 0.089 0.110 0.180
PFTeDA PFAS 67 8 12 0.111 0.175 0.180 0.352 0.089 0.110 0.180
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Fig. 2. Concentrations of contaminants of emerging concern (CECs) detected above reporting limits in whole body composite samples of juvenile Chinook salmon in 
the Green/Duwamish and Puyallup/White watersheds. Points represent sample concentrations, and multiple points indicate a chemical was detected in multiple 
samples. Colors represent whether concentrations exceeded compiled thresholds derived from the fish plasma model, Hazardous Concentrations (HC5s), or Screening 
Values that indicate potential biological effects. See Table S2 for associated CAS numbers. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)

M. Shuman-Goodier et al.                                                                                                                                                                                                                     Environmental Pollution 382 (2025) 126639 

7 



documented to affect behavior (norfluoxetine, citalopram, caffeine - 
Chiffre et al., 2016; Steele et al., 2018; Yan et al., 2023), development 
(ibuprofen - David and Pancharatna, 2009), and metabolic function 
(DEET, metformin - Colas-Ruiz et al., 2023; Zhang et al., 2024) in 
various fish species, and have the potential to similarly affect juvenile 
Chinook salmon, which could reduce their probability of survival to 
adulthood. Additional work is needed to test for links with reduced 
growth or survival in the field and better understand the relevant 
exposure durations of these priority chemicals.

The consistent detection of oxytetracycline and several of its degra
dation products in juvenile Chinook salmon sampled at the Soos Creek 
hatchery was associated with the application of medicated feed treat
ment that was occurring at the time of sampling in April 2018 to treat 
disease. It is not a surprise that oxytetracycline and associated metab
olites were detected at high concentrations in fish from the hatchery that 
were being actively treated. However, concentrations observed in 
hatchery origin fish sampled at sites farther downstream in the Green/ 
Duwamish watershed remained unexpectedly high. This could be due to 
additional exposure sources downstream as oxytetracycline is a widely 
prescribed antibiotic or unexpectedly slow elimination rates following 
exposure in hatcheries. Notably, most samples collected downstream of 
the hatchery facility also exceeded concentrations that indicate the po
tential for direct negative effects on juvenile Chinook salmon health 
from two separate lines of evidence; the fish plasma model and the HC5 
derived from chronic exposure toxicity studies that included several fish 
species. Of the 37 samples collected and tested for PPCPs, 30 consisted of 
hatchery origin fish and 7 consisted of wild fish. Wild fish were not 
found at most of the sampling sites, precluding direct comparisons to 
hatchery origin fish, except for three sites downstream in the estuary 
(Elliott Bay). At those three sites, oxytetracycline was detected in all 5 
hatchery origin fish (Fig. S13), but was also detected in wild fish (in 2 
out of 7 samples) further supporting the possibility of additional sources 
in the watershed. We also detected additional antibiotics including 
ormetoprim, sulfonamides, and cloxacillin that point towards additional 
sources of antibiotic exposure which could be from wastewater, storm
water, or residues in fish feed. Commercial fish feed has been found to 
contain other chemical contaminants (Johnson et al., 2010; Kelly et al., 
2008; Maule et al., 2007), and may contain additional antibiotic or 
pharmaceutical residues, although to our knowledge this has not yet 
been tested. We suggest that identifying these additional sources of 
antibiotics could be a priority for future work.

Our finding of consistently high concentrations of several antibiotics 
in juvenile Chinook salmon sampled outside of the hatchery also raises 
concerns about promoting antibiotic-resistant or pathogenic bacteria 
harmful to juvenile salmon. Many antibiotics such as azithromycin, 
ciprofloxacin, erythromycin, oxytetracycline, and tetracycline exhibit 
predicted no effect concentrations (PNEC) for resistance at aqueous 
exposure concentrations in the 1 μg/L range (Bengtsson-Palme and 
Larsson, 2016), which would result in low ng/g tissue concentrations 
due to their low BCF values. Consequently, many of the antibiotics 
detected in this study occurred at concentrations that would be 
considered a concern for fostering bacterial resistance. Preliminary 
studies of antimicrobial resistance and resistant genes within Puget 
Sound demonstrate their presence in southern resident killer whales 
(Melendez et al., 2019; Raverty et al., 2017), marine waters (Vingino 
et al., 2021) and sediments (Herwig et al., 1997), as well as waters, 
wastewater, and nearshore waters (Wallace et al., 2018). The connec
tions between antimicrobial exposure and the development of 
antimicrobial-resistant bacteria in marine species reinforces the need to 
identify additional exposure sources and to minimize residues of anti
biotics entering the environment.

3.2.2. Per- and polyfluoroalkyl substances
Of the 40 PFAS tested, 21 were detected in fish migrating through the 

Green/Duwamish watershed and 12 in fish migrating through the 
Puyallup/White watershed, estuary, and adjacent nearshore marine 

waters. The most frequently detected PFAS chemicals in fish from the 
Green/Duwamish were PFOS, PFOSA, and PFNA and the highest geo
metric mean concentration was 1.3 ng/g ww (PFOS) and the maximum 
concentration observed was 21.4 ng/g ww (PFOS). When we considered 
the sum of all PFAS detected in each sample (

∑
PFAS), the geometric 

mean was 3.1 ng/g ww and the maximum was 28.6 ng/g ww. In the 
Puyallup/White, PFOS and PFPeA were the most frequently detected 
and the highest geometric mean concentration was 0.8 ng/g ww (PFOS) 
and the maximum concentration was 8.2 (PFOS) ng/g ww. The geo
metric mean concentration of 

∑
PFAS was 1.6 ng/g ww and the 

maximum concentration was 16.1 ng/g ww. PFAS concentrations were 
higher on average in fish collected from the Green/Duwamish watershed 
as compared to fish from the Puyallup/White (Table 2, Fig. 3).

The median 
∑

PFAS concentration we observed in anadromous ju
venile Chinook salmon (2.2 ng/g ww) was lower than those observed in 
freshwater fish fillets across the United States (9.5 ng/g) summarized 
using data from the National Rivers and Streams Assessment and the 
Great Lakes human health fish tissue studies (Barbo et al., 2022; Stahl 
et al., 2023). These differences are likely even larger as both 
meta-analyses were based on fillet data, while our samples were whole 
bodies, which typically have concentrations 1.4–2.5 times higher than 
fillets (Fair et al., 2019). Another study in the Pacific Northwest (Meador 
et al., 2016) reported concentrations of three PFAS (PFOS, PFSOA, and 
PFDA) out of 13 analyzed in juvenile Chinook salmon collected in Sin
clair Inlet, WA (max 

∑
PFAS = 35 ng/g ww) but not in fish from the 

Puyallup River estuary. However, tissue RLs ranged from 0.5 to 1 ng/g 
for Meador et al. (2016) whereas the RLs for this study were 2 to 10x 
lower due to analytical improvements.

None of the individual PFAS detected in fish from the Puyallup/ 
White or Green/Duwamish watersheds were observed at concentrations 
that exceeded the predicted biological effects thresholds (Fig. 2) or 
EPA’s final chronic aquatic life tissue criteria for PFOA or PFOS (EPA, 
2024b). However, EPA’s chronic aquatic life criteria were based on data 
from freshwater fish, and it is uncertain whether they are protective of 
anadromous species. This is an important consideration because estu
aries undergo large fluctuations in salinity and temperature, which can 
influence toxicity of PFAS chemicals (Burcham et al., 2024; Chung et al., 
2024). In one sample from the Green/Duwamish River, PFOS was 
detected at 21 ng/g ww, just below the concentration derived from the 
HC5 from Posthuma et al. (2019). Given the composite samples analyzed 
represent the average concentration across multiple fish, it is highly 
likely that a small percentage of individuals in the Green/Duwamish 
have concentrations of PFOS that would exceed the HC5 derived from 
species sensitivity distributions. If mixtures or the indirect effects of 
PFAS on invertebrate prey, which have been observed to be more sen
sitive to PFAS than fish (EPA, 2024b), were considered, conclusions 
could further shift. For instance, if we assume comparable toxicity across 
analytes and compare the 

∑
PFAS to the HC5 for PFOS, four composite 

samples had concentrations that indicate potential concerns. The cur
rent data based on individual chemicals suggest exposure to a limited 
number of PFAS may not be affecting the majority of juvenile Chinook 
traveling downstream in two highly urbanized watersheds, but we 
caution that a large amount of uncertainty remains as we tested for only 
40 analytes out of the hundreds of PFAS that are listed as active by EPA 
(Ankley et al., 2021).

3.2.3. Mixtures
Our results also reflect the reality that environmental exposures in 

urban watersheds are comprised of mixtures of multiple chemicals. 
Multiple PPCPs were detected in every sample obtained from the Green/ 
Duwamish watershed, with a maximum of 16 detected in one sample 
from the Green River hatchery (GR02) and 10 from station LDR06 in the 
Lower Duwamish River (Fig. S7). Notably, 73 % (27/37) of the fish 
originating from the Green/Duwamish had two or more PPCPs detected 
at concentrations that exceeded the available biological effects thresh
olds, the majority of which were antibiotics. Multiple PFAS were also 
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detected in every sample from the Green/Duwamish and most samples 
(55 out of 67) from the Puyallup/White watershed (Figs. S7 and S8). In 
the Green/Duwamish, the highest numbers of distinct PFAS chemicals 
were detected in samples collected at stations LDR04 (Rhone Poulenc; 
16 distinct chemicals) and LDR05 (Slip 4; 13 distinct chemicals), which 
fall within the Lower Duwamish Waterway Superfund site. In the 
Puyallup/White watershed, the highest numbers of distinct PFAS 
chemicals were detected in samples collected from the screw trap at 
station RW02 (13 distinct chemicals), and in the Hylebos waterway and 
Commencement Bay at stations WHY02 and CBC01 (10 distinct chem
icals). Results from the spatial analyses below further support that these 
are regions in both the Green/Duwamish and Puyallup/White where 
certain mixtures of PFAS appear to be entering waterways (Figs. 3 and 4, 
S10, S12). Together these results demonstrate the average juvenile 
Chinook migrating downstream in an urbanized watershed accumulates 
multiple CECs in its tissue by the time it reaches saltwater. This is in 
addition to the accumulation of a myriad of legacy contaminants 
(Meador et al., 2010; O’Neill et al., 2015), which were not tested in this 
study, and any exposures to non-accumulative contaminants in river 
water, food, or sediment. There are many additional uncertainties sur
rounding the effects of mixtures of chemicals on salmon health that we 
were unable to address in this study but which we discuss further below.

3.2.4. Uncertainties inferring fish health effects
We found there were no syntheses of biological effects data available 

for 48 of the PPCPs and 38 of the PFAS chemicals tested in this study, 
including 10 out of the 36 detected PPCPs and 19 out of the 21 detected 
PFAS (Fig. 3). This reinforces the need for the scientific community to 
generate ecologically relevant toxicity data for many understudied 
CECs. Tissue-based toxicological data is especially needed because it 
provides a more accurate estimation of the potential risk for CECs and 
other chemicals (McCarty et al., 2011; Meador et al., 2008). While the 
biological impacts of many PFAS and PPCPs remain unclear, their 
presence in the environment is certain and should not be ignored.

There are many other uncertainties associated with comparing tissue 

concentrations to biological effects thresholds compiled from multiple 
sources that should be described with transparency. First, the toxicity 
thresholds we gathered from the literature are not specific to salmonids 
and were generated largely from experiments with model organisms and 
freshwater species (SVs and HC5s) or, in the case of the fish plasma 
model, using read-across assumptions about the conservation of re
ceptors in humans and fish. Second, converting toxicity data derived 
from water column experiments to tissue concentration equivalents 
using modeled BCFs introduces additional uncertainty to the biological 
effect threshold estimates. Last, the samples analyzed in this study were 
composites that represent the average concentrations across multiple 
fish. Composite samples do not capture the maximum and minimum 
values that might occur within individual members of a population. As a 
result, while we have high confidence around the mean tissue concen
trations, our findings do not fully represent the complete range of the 
true exposure distribution for juvenile Chinook salmon. Despite these 
uncertainties and in the absence of detailed toxicity datasets specific to 
salmonids, we believe this study provides an important means of infer
ring the potential biological relevance for a daunting list of emerging 
contaminants which would otherwise be difficult to prioritize. Follow up 
work should confirm the degree to which the chemicals identified as 
having the potential to cause adverse effects in this study are affecting 
populations of wild salmonids.

Comparisons in this study were also based on single chemical com
parisons (PPCPs) or single chemicals and the sum of all detected 
chemicals (PFAS). Since contaminants in the environment occur as 
complex mixtures, it is important to consider adverse effects from 
multiple chemicals instead of as single-chemical cause and effect 
outcome, especially for pharmaceuticals (Kidd et al., 2024). Multiple 
compounds in such classes as macrolide antibiotics, selective serotonin 
reuptake inhibitors (SSRIs), and endocrine receptor agonists often occur 
in surface waters and are frequently similar in potency and receptor 
interaction. For example, additivity has been demonstrated for antide
pressants (Bisesi et al., 2015) and endocrine disruptors (Hinfray et al., 
2016). At a minimum, related compounds could be considered as 

Fig. 3. Total concentrations of perfluoroalkyl and polyfluoroalkyl substances (PFAS) observed in whole-body composite samples of juvenile Chinook salmon 
collected in 2018 and 2023 from the Green/Duwamish rivers, estuary, and adjacent nearshore waters of Elliott Bay. A total of 40 PFAS were tested across samples. 
Samples are grouped by sampling site (top panels) and arranged from upstream (right) in the Green River to downstream (left) in Elliott Bay (see Fig. S5 for a detailed 
map of sampling locations and Table S2 for associated CAS numbers). Colors represent detected PFAS, which are grouped by class: perfluoro carboxylic acids in 
shades of red and brown, PFAS derived via electrochemical fluorination in shades of green, perfluoroalkyl sulfonates in shades of blue. Composite samples of wild 
origin fish are marked with an *. All other samples were hatchery origin fish. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.)
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additive. A recent meta-analysis of mixture toxicity found that additivity 
was the most common result (60 %) for studies of active pharmaceutical 
ingredient (API) mixtures and 18 % were considered synergistic (Martin 
et al., 2021). However, the data on mixture toxicity for PFAS is limited 
and contradictory. One study (Soderstrom et al., 2022) found potenti
ation of the peroxisome proliferator-activated receptor (PPAR), a 

nuclear receptor that plays a key role in energetics. A PFOS-PFOA 
mixture induced a synergistic activation whereas no activation was 
observed with either PFAS alone. Other studies conclude that there is no 
trend for PFAS interactions including additivity, synergism, and antag
onism (Tanabe et al., 2024). Considering mixtures with chemicals 
grouped by their mechanisms of action represents an excellent next step 

Fig. 4. Spatial clustering results shown as a heatmap (distance measure using Euclidean and clustering algorithm using ward.D) for samples of whole-body composite 
juvenile Chinook salmon collected from the Green/Duwamish in 2018 and 2023 and tested for 40 PFAS. Colored boxes show relative concentrations of detected 
analytes for each replicate sample. Red is relatively high, and blue is relatively low. Composite samples of wild origin fish are marked with an *. All other samples 
were hatchery origin fish. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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but is difficult to carry out in practice due to the large amount of 
research needed to characterize similar mechanisms or describe adverse 
outcome pathways (AOPs).

3.2.5. Spatial trends
Multivariate analyses revealed patterns in the contaminant profiles 

of juvenile Chinook salmon that would otherwise have been overlooked. 
For PFAS, distinct sample groupings in both the Green/Duwamish and 
Puyallup/White watersheds revealed regions that are likely serving as 
entry points for specific analytes and could be targeted for future source 
tracing efforts. In the Green/Duwamish, five distinct groups were 
identified. Group 1 exhibited high relative concentrations of multiple 
PFAS, including PFOS, particularly at stations LDR4 and LDR5, as well as 
in Elliott Bay (Figs. 3 and 4). Group 2 was characterized by high relative 
concentrations of PFMBA at stations LDR6–LDR8, suggesting a potential 
PFMBA source in that area. Notably, Group 5 was defined by elevated 
6:2 FTS levels in 2023 samples, which were below detection in 2018 due 
to higher analytical detection limits. Similarly, in the Puyallup/White 
watershed, six groups were identified (Fig. S12). Group 1 consisted of 
wild fish that had similar chemical profiles and elevated concentrations 
of PFDA, PFNA, and PFUnA at stations RP02 and 03 and WML01 (Mil
waukee waterway), pointing to potential sources and a difference in the 
chemical profiles of wild versus hatchery origin fish at these locations. 
Group 2 showed elevated PFOS and n-EtFOSE in samples from 
Commencement Bay and the lower White River. Hatchery samples 
grouped with low PFAS concentrations compared to downstream sam
ples (Group 6), and the highest concentration was observed in a sample 
of wild fish from the White River screw trap (station RW02-W04). These 
groupings highlight areas for future PFAS source tracing efforts, notably 
near the Lower Duwamish Superfund Region (Stations LDR04 & 05) in 
the Green/Duwamish and near the White and Puyallup River screw traps 
(RW02, RP02, RP03) in the Puyallup/White.

In contrast, spatial patterns for PPCPs were less distinct and indi
cated potential diffuse sources throughout the migration corridor, such 
as stormwater or wastewater. Elevated levels of several chemicals 
(nonylphenols, sulfathiazole, metformin, bisphenol A, and erythro
mycin) were also observed in two groups of samples from the lower 
Duwamish River (Fig. S9). However, chemical profiles were highly 
variable across samples and sampling locations. This variability likely 
results from differences in juvenile Chinook salmon behavior during 
migration, as well as temporal and spatial differences in contaminant 
sources. An exception was observed at the Green River hatchery, where 
fish prior to release showed distinct chemical profiles, primarily from 
high levels of oxytetracycline used to treat disease, compared to 
downstream fish.

3.2.6. Contaminants in context for salmon recovery
Our findings suggest that exposure to CECs may add to the detri

mental effects of legacy contaminants on Chinook salmon that have been 
documented by previous efforts. A limited number of studies have 
attempted to predict the population-level impacts of contaminant 
exposure on Chinook salmon, and these have focused primarily on well- 
characterized chemicals such as PCBs and pesticides (Baldwin et al., 
2009; Landis et al., 2020; Lundin et al., 2019; Mitchell et al., 2021; 
Spromberg and Meador, 2005). The CEC exposure observed in this study 
indicates that contaminant burdens in urban rivers may be more 
extensive than previously recognized, and cumulative impacts may be 
underestimated in current population-level models that consider only 
legacy contaminants.

Contaminant exposure is just one of many factors contributing to the 
declines in marine survival of Chinook salmon in the Salish Sea, 
alongside climate change, shifts in food web dynamics, water quality, 
and habitat availability (Pearsall et al., 2021). These factors are dynamic 
and interconnected, with potential compounding effects on salmon 
health. For example, changes in abiotic factors related to climate change 
like rising temperature and acidification can alter toxicity (Noyes et al., 

2009). In addition to direct impacts on fish health, exposure to con
taminants can further impact fish survival indirectly by causing shifts in 
food webs, changes in prey availability, altered predation rates, and 
increased disease and pathogen dynamics (Fleeger et al., 2003; Saaristo 
et al., 2018). One study across Puget Sound found that juvenile Chinook 
migrating through contaminated river systems had a 45 % lower sur
vival rate compared to those in less contaminated systems (Meador, 
2014). While the decrease in survival could be attributed to several 
factors autocorrelated with contaminants in urbanized river systems 
such as decreased habitat availability and prey availability, the study 
provides a concerning perspective on the cumulative impact of multiple 
stressors on juvenile Chinook survival.

Looking ahead, inputs of contaminants into vulnerable aquatic 
habitats throughout the Salish Sea are predicted to increase with 
development and increased intensity and duration of storms driven by 
climate change (Borris et al., 2013; Levin et al., 2020). Despite these 
challenges, salmon recovery may yet be successful in the Pacific Norwest 
if adaptive management actions recognize these many interacting 
threats. To address concerns related to contaminants, we recommend 
targeted regulations considering potential mortality or "take" of listed 
salmonids, coupled with source tracing studies, and source control. 
Rapid investments in green infrastructure and green urban spaces are 
also needed to mitigate contaminant inputs by enhancing stormwater 
and wastewater management. These actions, while challenging, are 
essential to increase the odds of successful salmon recovery.

4. Conclusions

This study provides a broad-scale assessment of contaminants of 
emerging concern in juvenile Chinook salmon across Puget Sound, 
highlighting spatial patterns of exposure and identifying priority com
pounds in urbanized watersheds. Although most CECs were below 
detection limits, six were ubiquitous across sites, and 11 pharmaceuti
cals and personal care products exceeded literature-based thresholds for 
biological effects in the region’s most urban river systems. While PFAS 
concentrations did not exceed current EPA or predicted effect thresh
olds, their near-ubiquitous detection underscores ongoing exposure.

To better protect threatened salmonids and promote population re
covery efforts, we recommend this study be used to inform source 
identification efforts and strategies to remove or reduce CECs in 
stormwater and wastewater. The 11 CECs identified as a potential 
concern could be prioritized for future research to clarify the impacts on 
salmonid growth or survival. We also encourage researchers to fill 
toxicity data gaps for chemicals that were detected in this study but lack 
synthesis of biological effects in the literature or data specific to sal
monids. Last, given their bioactivity in vertebrates, we propose that 
PPCPs should be explicitly incorporated into regional management 
frameworks aimed at reducing contaminant inputs and promoting 
salmon recovery.
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