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Abstract To better understand the dynamics of con-
taminant uptake in outmigrant juvenile salmon in the
Pacific Northwest, concentrations of polychlorinated
biphenyls (PCBs), DDTs, polycylic aromatic hydro-
carbons (PAHs) and organochlorine pesticides were
measured in tissues and prey of juvenile chinook and
coho salmon from several estuaries and hatcheries in
the US Pacific Northwest. PCBs, DDTs, and PAHs
were found in tissues (whole bodies or bile) and
stomach contents of chinook and coho salmon sam-
pled from all estuaries, as well as in chinook salmon
from hatcheries. Organochlorine pesticides were de-
tected less frequently. Of the two species sampled, chi-
nook salmon had the highest whole body contaminant
concentrations, typically 2–5 times higher than coho
salmon from the same sites. In comparison to estuarine
chinook salmon, body burdens of PCBs and DDTs in
hatchery chinook were relatively high, in part because
of the high lipid content of the hatchery fish. Con-
centrations of PCBs were highest in chinook salmon
from the Duwamish Estuary, the Columbia River and
Yaquina Bay, exceeding the NOAA Fisheries’ esti-
mated threshold for adverse health effects of 2400 ng/g
lipid. Concentrations of DDTs were especially high
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in juvenile chinook salmon from the Columbia River
and Nisqually Estuary; concentrations of PAH metabo-
lites in bile were highest in chinook salmon from the
Duwamish Estuary and Grays Harbor. Juvenile chinook
salmon are likely absorbing some contaminants dur-
ing estuarine residence through their prey, as PCBs,
PAHs, and DDTs were consistently present in stomach
contents, at concentrations significantly correlated with
contaminant body burdens in fish from the same sites.
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1 Introduction

Estuaries are important habitats for salmon during the
juvenile stage of their life cycle, when they make the
transition from freshwater to the ocean (Healey, 1982).
Estuaries provide outmigrating juvenile salmon with
a refuge from predators, a rich food supply that sup-
ports rapid growth, and appropriate conditions for the
physiological adaptation to saltwater (Dorcey et al.,
1978; Simenstad et al., 1982). However, urban and in-
dustrial development may impair the quality of estuar-
ine habitats. Estuaries located near urban centers often
receive inputs of toxic contaminants from municipal
and industrial activities (Brown et al., 1998; USEPA,
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1997), which may be taken up by juvenile salmon and
their prey. Because juvenile salmon are in a period
of rapid development, and undergoing many physi-
ological changes during their residence in estuarine
environments, they may be especially vulnerable to the
deleterious effects of toxic chemicals.

The well-documented presence of chemically con-
taminated sediments in Puget Sound urban estuar-
ies (e.g., Malins et al., 1982) prompted a series
of studies to examine the degree to which juvenile
salmon were exposed to toxic chemicals during estu-
arine residence (McCain et al., 1990; Varanasi et al.,
1993; Stein et al., 1995; Stehr et al., 2000). Juvenile
salmon (primarily chinook and coho, Onchorhynchus
tshawytscha and O. kisutch) were sampled from sev-
eral urban and non-urban estuaries in Puget Sound in-
cluding the Green River/Duwamish Estuary system in
Seattle, the Puyallup River/Hylebos Waterway system
in Tacoma, and the more rural Snohomish River and
Nisqually River Estuaries. Juvenile chinook salmon
from hatcheries associated with sampled estuaries were
also collected and whole bodies and stomach contents
were analyzed for chemical concentrations. Results
of these surveys showed that outmigrating juvenile
chinook salmon from the Duwamish and Hylebos
Waterways exhibited consistent evidence of exposure
to contaminants. Juvenile chinook salmon from the
Snohomish Estuary, which has some urban develop-
ment, also appeared to be exposed to contaminants,
but to a much lesser degree than salmon from the
Duwamish and Hylebos Waterways. In addition, when
held in tanks with flow-through seawater for a period
of several months, juvenile salmon from the Duwamish
Estuary exhibited reduced growth and reduced disease
resistance when compared to salmon from either the
Green River Hatchery (the primary source of salmon for
the Duwamish Estuary) or to salmon from the nonur-
ban Nisqually system (Arkoosh et al., 1998; Casillas
et al., 1995). Similar effects were observed for ju-
venile salmon from the Hylebos Waterway (Arkoosh
et al., 2001; Casillas et al., 1998). Chemical contam-
inant exposure in the estuary appeared to place addi-
tional stresses on juvenile chinook salmon that could
affect their long-term health and survival as they enter
the marine environment.

To increase our knowledge of concentrations of
chemical contaminants in outmigrant salmon in the Pa-
cific Northwest, we carried out an expanded study from

1996–2001 in which juvenile coho and chinook salmon
were collected for contaminant analyses from a number
estuaries in Washington and Oregon. Classified by the
overall level of development and channel alteration in
each estuary (Cortright et al., 1987), the sampling ar-
eas included: five deep draft estuaries, with the max-
imum level channel alteration and urban development
(Duwamish Estuary, Columbia River, Grays Harbor,
Yaquina Bay, and Coos Bay); two shallow draft estu-
aries with less extensive channel alteration and some
urban and industrial development (Tillamook Bay and
Coquille River), four conservation estuaries, where
channel alteration is minimal and development is lim-
ited (Skokomish Estuary, Nisqually Estuary, Willapa
Bay and Alsea Bay); and two natural estuaries, which
are largely undeveloped for residential, commercial or
industrial uses (Elk River and Salmon River). Predom-
inantly wild fish were collected in the estuaries, al-
though some fish of hatchery origin may have been
sampled due to incomplete marking of hatchery fish.
Juvenile chinook salmon were also sampled from re-
gional hatcheries to evaluate contaminant uptake dur-
ing rearing but prior to release. Our results indicate
that exposure to chemical contaminants is widespread
in outmigrant juvenile chinook and coho salmon, and
concentrations in tissues of chinook salmon from sev-
eral estuaries are high enough to pose a potential threat
to their health and survival.

2 Materials and methods

2.1 Collecting juvenile salmon

Juvenile, subyearling chinook salmon were collected
from a number of Washington and Oregon estuaries
over a 6-year period (1996–2001; Fig. 1; Table 1).
The Washington estuaries included: Skokomish and
Nisqually Estuaries; Duwamish Estuary, and Grays
Harbor and Willapa Bay. The Oregon estuaries in-
cluded the Columbia, Salmon, Coquille, and Elk
Rivers; and Yaquina, Alsea, and Coos Bays. Juve-
nile coho were also collected from Grays Harbor and
Willapa, Yaquina, Alsea, and Coos Bays during 1998
(Fig. 1; Table 1). Due to the pattern of salmon move-
ment in the estuaries, we generally sampled on early
morning outgoing tides. Salmon were caught with a
beach seine net 36.6 meters in length. The wings of
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Fig. 1 Locations of hatcheries and estuaries where juvenile coho and chinook salmon were collected

the net were 18 meters long by 2.3 meters deep with
0.6 cm mesh.

Appropriate sampling permits were obtained from
the National Marine Fisheries Service (NMFS), and
the Oregon and Washington Departments of Fish &
Wildlife prior to sampling. To ensure sampling of wild
fish instead of hatchery-reared fish we attempted to col-
lectfish fromfield sites prior to releases from hatcheries
or other programs (such as the Salmon and Trout En-
hancement Program or STEP). Although a few fin-
clipped hatchery fish were collected and sampled, we
did not include these fish in our analyses. Once target
salmonids were removed from the net they were placed
in insulated aerated tanks and transported live to the
nearest laboratory, either the Hatfield Marine Science
Center in Newport, Oregon; the University of Oregon’s
Oregon Institute of Marine Biology in Charleston, Ore-
gon; the U.S. Fish and Wildlife’s Olympia Fish Health
Center in Olympia, Washington, the Point Adams Field
Station in Hammond, Oregon or the Northwest Fish-
eries Science Center in Seattle, Washington, where they

were necropsied within a few hours of collection. Juve-
nile chinook salmon were also obtained directly from
several hatcheries (Fall Creek, Butte Falls, Cole M.
Rivers, Elk River, Salmon River, and Trask; see Fig.
1 for locations) to evaluate contaminant uptake during
hatchery rearing. Juvenile hatchery coho salmon were
not available for sampling at the time of the survey.

Fish to be necropsied were measured (to the nearest
mm) and weighed (to the nearest 0.1 g), then sacri-
ficed by a blow to the head. Bile and stomach con-
tents were removed, and composites of 10–15 fish
each were generated. Whole gutted bodies from 10 fish
were also collected and composited. Bile and stomach
contents samples were frozen and stored at −80 ◦C
and whole body samples were frozen and stored at
−20 ◦C until chemical analyses were performed. Sam-
pling sites, dates, and sample types collected are listed
in Table 1. Because of limitations associated with fish
availability and tissue requirements for analysis, not
all samples types could be collected each year from all
sites.

Springer



170 Environ Monit Assess (2007) 124:167–194

Table 1 Sites sampled in Washington and Oregon for juvenile
salmonids. Sites were classified by estuary type according to
Cortright et al. (1987). N = natural estuary; C = conserva-
tion estuary; S = shallow draft estuary; D = deep draft estuary

NS = not sampled; CH = chinook sampled; CO = coho sam-
pled. wb = whole body sampled; b = bile sampled; s = stomach
contents sampled

1996 1997 1998 1999 2000 2001

WA
Skokomish Estuary (C) NS NS CH (wb,b) CH (wb,b) CH (b) NS
Duwamish Estuary (D) NS NS CH (wb,b) CH (wb,b,s) NS NS
Nisqually Estuary (C) NS NS CH (wb,b,s) CH (wb,b,s) NS NS
Grays Harbor (D) NS NS CH (wb,b.s) CH (wb,b,s) NS NS

CO (wb,b,s)
Willapa Bay (C) NS NS CH (wb,b,s) CH (wb,b,s) NS NS

CO (wb,b,s)
Columbia River (D) NS NS CH (wb,s) CH (wb,b,s) CH(b,s) CH (b)
OR
Salmon River (N) CH (wb) NS CH (b) CH (wb,s) CH (wb,s) CH (wb,s)
Yaquina Bay (D) NS NS CH (wb,b,s) CH (wb,b,s) CH (wb,s) CH (b)

CO (wb,b,s) CO (wb,s)
Alsea Bay (C) CH (wb,b) NS CH (wb,s) CH (wb,b,s) CH (wb,b,s) CH (wb,b,s)

CO (wb,b,s) CO (wb,s)
Coos Bay (D) CH (wb) NS CH (wb,b,s) CH (wb,b,s) CH (wb,s) NS

CO (wb,b,s)
Coquille River (S) CH (wb) NS NS NS NS NS
Elk River (N) CH (wb) NS CH (wb,b.s) NS CH (wb,s) CH (wb,b,s)
Salmon River Hatchery CH (wb) NS NS NS NS NS
Fall Creek Hatchery CH (wb) NS NS NS NS NS
Trask Hatchery CH (wb) NS NS NS NS NS
Butte Falls Hatchery CH (wb) NS NS NS NS NS
Cole M. Rivers Hatchery CH (wb) NS NS NS NS NS
Elk River Hatchery CH (wb) NS CH (wb,s) NS NS NS

2.2 Sample analyses

2.2.1 Organochlorine and aromatic hydrocarbon
analyses of composite whole body and stomach
content samples

Samples in this study were analyzed using a
performance-based measurement system (Telliard,
1999), described in detail by Sloan et al. (1993) and
updated in Sloan et al. (2005). Briefly, after the addi-
tion of surrogate standards, samples of up to 3 g were
extracted with dichloromethane either by homogeniz-
ing in the presence of sodium sulfate (Sloan et al., 1993)
or utilizing accelerated solvent extraction (Sloan et al.,
2005). For composite whole body samples, a portion
of the extract was taken for gravimetric lipid determi-
nation. The portion of the extract to be analyzed un-
derwent initial cleanup by filtering through silica gel
and neutral alumina, followed by the addition of a re-

covery standard to determine the fraction of the total
extract analyzed. After further sample cleanup using
high-performance liquid chromatography with size-
exclusion chromatography, the sample fraction con-
taining organochlorines (OCs) and 2–6 ring aromatic
hydrocarbons was collected. The fraction was reduced
in volume, a GC standard was added, and the sample
was analyzed using high-resolution gas chromatogra-
phy coupled with electron capture detection (samples
analyzed for OCs 1996–1998; Sloan et al., 1993) or
mass spectrometry with selected-ion monitoring (sam-
ples analyzed for OCs 1999–2001; Sloan et al., 2005)
with 5–10 levels of calibration standards. Concentra-
tions of aromatic hydrocarbons (stomach contents sam-
ples only) were analyzed in all sampling years by high-
resolution gas chromatography with mass spectrome-
try using selected ion monitoring and 5–6 levels of
calibration standards. Quality assurance measures in-
cluded analysis of a certified reference material and a
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laboratory blank with each batch of samples. Perfor-
mance criteria were met for all samples and sample
batches.

Analyses for OCs included individual PCB (poly-
chlorinated biphenyl) congeners, DDTs, chlordanes,
lindane, aldrin, dieldrin and mirex. PCBs measured
over all years included a standard list of 17 congeners
(IUPAC numbers 18, 28, 44, 52, 95, 101, 105, 118,
128, 138, 153, 170, 180, 187, 195, 206, and 209). Total
PCBs was calculated by summing the concentrations
of these individual congeners and multiplying the
result by two. This formula provides a good estimate
of the total PCBs in a typical environmental sample of
sediments or animals feeding on lower trophic levels,
where a mixture of Aroclors 1254 and 1260 is the pre-
dominant pattern (Lauenstein et al., 1993). Summed
DDTs (�DDTs) levels were calculated by summing
the concentrations of o,p′- and p,p′-DDD, o,p′- and
p,p′-DDE, and o,p′- and p,p′-DDT. Summed chlor-
danes (�CHLDs) were calculated by summing the
concentrations of heptachlor, heptachlor epoxide, γ -
chlordane, α-chlordane, oxychlordane, cis-nonachlor,
trans-nonachlor and nonachlor III. Summed low
molecular weight aromatic hydrocarbons (�LAHs)
were determined by adding the concentrations
of biphenyl, naphthalene, 1-methylnaphthalene, 2-
methylnaphthalene, 2,6-dimethylnapthalene, acenaph-
thene, fluorene, phenanthrene; 1-methylphenanthrene,
and anthracene. Summed high molecular weight
aromatic hydrocarbons (�HAHs) were calculated
by adding the concentrations of fluoranthene,
pyrene, benz[a]anthracene, chrysene, benzo[a]pyrene,
benzo[e]pyrene, perylene, dibenz[a,h]anthracene,
benzo[b]fluoranthene, benzo[k]fluoranthene, in-
denopyrene, and benzo[ghi]perylene. Summed total
aromatic hydrocarbons (�AHs) were calculated by
adding �HAHs and �LAHs.

2.2.2 PAH metabolites in bile

Composite samples of bile were analyzed by high-
performance liquid chromatography with fluorescence
detection (HPLC/uvf) for aromatic hydrocarbon (AH)
metabolites as described in Krahn et al. (1986). In
brief, bile was injected directly onto a C18 reverse-
phase column (Phenomenex Synergi Hydro) and eluted
with a linear gradient from 100% water (containing a
trace amount of acetic acid) to 100% methanol at a
flow of 1.0 mL/min. Chromatograms were recorded

at the following wavelength pairs: 1) 260/380 nm
where several 3–4 ring compounds (e.g., phenanthrene)
fluoresce and 2) 380/430 nm where 4–5 ring com-
pounds (e.g., benzo[a]pyrene) fluoresce. Peaks elut-
ing after 5 minutes were integrated and the areas of
these peaks were summed. The concentrations of flu-
orescent AHs in bile were determined using phenan-
threne (PHN) and benzo[a]pyrene (BaP) as external
standards and converting the fluorescence response
of bile to phenanthrene (ng PHN equivalents/g bile),
and benzo[a]pyrene (ng BaP equivalents/g bile) equiv-
alents. Bile metabolites fluorescing at phenanthrene
wavelengths were considered an indicator of exposure
to low molecular weight PAHs, while metabolites flu-
orescing at benzo[a]pyrene (BaP) wavelengths were
considered as an indicator of exposure to high molec-
ular weight PAHs.

2.2.3 Statistical methods

Statistical analyses were conducted with the
Statview c©statistical software package (SAS In-
stitute, Inc., Cary, NC, USA). Temporal and intersite
differences in tissue, stomach contents, and bile
contaminant concentrations were determined by
ANOVA. Data were log-transformed as necessary to
achieve a normal distribution. The significance level
for all analyses was set at α = 0.05.

3 Results

3.1 Lipid content in whole bodies

Lipid content (as total extractable organics) in bodies
of chinook salmon collected from the estuaries var-
ied from 0.8% in fish from Tillamook Bay to 3.5%
in fish from Coquille River, with an average concen-
tration of 2.4% (Fig. 2; Table 2). Lipid levels in ju-
venile coho salmon were slightly lower, with an av-
erage concentration of 1.2% (Fig. 2; Table 2), but not
significantly different than levels in estuarine chinook
salmon (ANOVA, p = 0.08). Lipid concentrations in
hatchery chinook salmon were significantly higher than
in estuary chinook (ANOVA, p = 0.001), with an av-
erage concentration of 7.9% (Fig. 2; Table 2). The
number of samples collected (typically one compos-
ite per site or hatchery) was too small for intersite or
interhatchery differences to be meaningfully evaluated,
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Fig. 2 Mean lipid content (%, as total extractable organics,
± SE) in whole bodies of chinook and coho salmon from Pacific
Northwest estuaries and juvenile chinook salmon from associ-
ated hatcheries. N = natural estuary; C = conservation estuary;

S = shallow draft estuary; D = deep draft estuary. Numbers in
parentheses indicate number of composite samples (10–15 fish
each) analyzed per site or group. Measurements with different
letters are significantly different (ANOVA, p < 0.05)

but concentrations tended to be fairly uniform within
the sampling groups (i.e, estuarine chinook, estuarine
coho, and hatchery chinook).

3.2 Organochlorine contaminants
in whole bodies

Concentrations of PCBs in whole bodies of estuarine
chinook salmon (Fig. 3, Tables 2 and 3) were quite
variable, ranging from ∼500 ng/g lipid weight (lw)
in salmon from Elk River and Coquille Estuaries to
3100 ng/g lw in salmon from the Duwamish Estuary
in Seattle (or from 3.6 ng/g wet weight (ww) at
Salmon River to 103 ng/g ww at Duwamish). The
lowest concentrations of PCBs were found in chinook
salmon from Elk River Estuary, Coquille River, Alsea
Bay Estuary, Salmon River, and Tillamook Bay; wet
weight PCB concentrations were less than 20 ng/g
ww at all these sites, and lipid weight PCB concen-

trations were below 600 ng/g lw in chinook from
Elk River Estuary, Coquille River, and Tillamook.
The highest PCB concentrations (2500–3100 ng/g lw
or 45–103 ng/g ww) were found in salmon from
Yaquina Bay, the Columbia River, and the Duwamish
Estuary.

Concentrations of PCBs in juvenile coho salmon
(Fig. 3, Tables 2 and 3) tended to be lower than those
in chinook salmon. At sites where both species were
collected, the mean PCB concentration overall was sig-
nificantly lower in coho than in chinook on both a lipid
weight and wet weight basis (1030 vs. 1650 ng/g lw,
p = 0.018; 10 vs. 30 ng/g ww; p = 0.0026). No signifi-
cant differences were observed in PCB concentrations
in coho salmon from different sampling sites, but the
number of samples was very small.

The mean concentration of PCBs in juvenile chi-
nook salmon from hatcheries (Fig. 3, Tables 2 and 3)
was relatively low on a lipid weight basis (620 ng/g lw),
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Table 2 Contaminant concentration mean values (± SE),
ranges, and sites where high and low values were observed
in juvenile chinook and coho salmon from Pacific Northwest
estuaries and juvenile chinook salmon from Pacific Northwest

hatcheries. Values with different superscripts are significantly
different (ANOVA, p = 0.05) in estuarine chinook, estuarine
coho, and hatchery chinook

Estuaries Hatcheries

Chinook Coho Chinook

% lipid 2.4 ± 0.2 (n = 19)a 1.2 ± 0.1 (n = 5)a 7.9 ± 0.8 (n = 7)b

0.8–3.5.% 1.1–1.5% 6–9.7%1

Tillamook–Coquille Grays Hbr.-Coos Elk–Salmon
Body PCBs 27 ± 4 (n = 65)a 9.7 ± 1.6 (n = 9)b 46 ± 3 (n = 7)c

(ng/g wet wt) 3.6–103 6–16 39–59
Salmon–Duwamish Alsea–Grays Hbr. Trask–Salmon

Body PCBs 1650 ± 190 (n = 19)a 1030 ± 230 (n = 5)a 620 ± 50 (n = 7)b

(ng/g lipid) 516–3099 470–1564 521–760
Elk R.–Duwamish Willapa-Grays Hbr. Fall Cr.–Elk

Body DDTs 13 ± 2 (n = 65)a 1.7 ± 0.3 (9)b 34 ± 3 (7)c

(ng/g wet wt) 0.5–41 0.9–3.4 27–45
Tillamook–Columbia. Willapa-Grays Hbr. Trask–Salmon

Body DDTs 550 + 120 (n = 19) 140 + 50 (n = 5) 436 + 234 (n = 7)
(ng/g lipid) 62–2280 66–333 354–507

Tillamook–Columbia Willapa-Grays Hbr. Trask–Elk
Whole body 0.63 ± 0.06 (n = 65)a 0.21 ± 0.03 (n = 9)b 0.72 ± 0.03 (n = 7)a

DDT/PCB ratio 0.10–1.1 0.13–0.26 0.68–0.75
Tillamook–Salmon Coos-Alsea Elk/Trask–Salmon

FACs-BaP 364 ± 96 (n = 47) 218 ± 26 (n = 10) ND
(ng/g bile) 108–1925 136–298

Alsea–Duwamish Yaquina–Grays Hbr.
FACs-PHN 44600 ± 15900 (n = 47) 17600 ± 2040 (n = 10)
(ng/g bile) 9270–359000 12900–25400 ND

Nisqually-Duwamish Yaquina–Coos Bay
Stomach contents 18.6 ± 5.7 (n = 35) 11.6 ± 2.5 (n = 9) 13 (n = 1)
PCBs 4.5–200 5.4–22
(ng/g wet wt) Salmon–Duwamish Alsea–Grays Hbr. Elk
Stomach contents 8.3 ± 2.9 (n = 35) 1.5 ± 0.4 (n = 9) 4.5 (n = 1)
DDTs 0.6–45 0.9–2.3
(ng/g wet wt) Elk.–Grays Hbr. Alsea–Grays Hbr. Elk
Stomach contents 415 ± 235 (n = 35)a 40 ± 19 (n = 9)b 28 (n = 1)b

�LAHs 12–8000 10–69
(ng/g wet wt) Elk-Duwamish Coos Bay-Alsea Bay Elk
Stomach contents 594 ± 353 (n = 35)a 5.4 ± 1.7 (n = 35)b 5 (n = 1)b

�HAHs 1.3–6300 1.3–10
(ng/g wet wt) Elk/Salmon-Willapa Coos Bay–Grays Hbr. Elk

comparable to concentrations observed in estuary chi-
nook and coho salmon from rural estuaries (e.g., Elk
River, Coquille River, Alsea Bay). On a wet weight ba-
sis, however, the mean PCB concentration in hatchery
chinook was quite high (47 ng/g ww), comparable to
concentrations in moderately to heavily urbanized es-
tuaries (Table 3).

Concentrations of �DDTs in estuarine chinook
salmon bodies ranged from 62 ng/g lw at Tillamook
Bay to 2280 ng/g lw in the Columbia River (or from
below 0.5 ng/g ww in fish from Tillamook Bay to
41 ng/g ww in fish from the Columbia River) (Fig. 4,
Tables 2 and 3), with a mean concentration of 550 ng/g
lw or 13 n/g ww (Fig. 4; Tables 2 and 3). Concentrations
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Fig. 3 Mean concentrations of �PCBs (ng/g lipid, ± SE) in
whole bodies of juvenile chinook and coho salmon from Pacific
Northwest Estuaries and juvenile chinook salmon from associ-
ated hatcheries. N = natural estuary; C = conservation estuary;

S = shallow draft estuary; D = deep draft estuary. Numbers in
parentheses indicate number of composite samples (10–15 fish
each) analyzed per site or group. Measurements with different
letters are significantly different (ANOVA, p < 0.05)

of �DDTs were low in fish from Tillamook Bay, Alsea
Bay, and Elk River on both a wet wt and lipid wt basis
(below 250 ng/g lw and 5 ng/g ww); at Coquille River
lipid wt DDT concentrations were comparable but wet
wt concentrations were higher, while the reverse was
true for chinook from Salmon River. Concentrations of
�DDTs were relatively high (over 1000 ng/g lw or 25
ng/g ww) in fish from the Nisqually, Duwamish, and
Columbia River Estuaries. Fish with the highest �DDT
concentrations were from the Columbia River, where
levels were over 2200 ng/g lw or 40 ng/g ww.

In juvenile coho salmon, the maximum �DDT con-
centration was 333 ng/g lw or 3.4 n/g ww in fish from
Grays Harbor (Fig. 4; Tables 2 and 3), while the mean
concentration was 140 ng/g lw or 1.7 ng/g ww. When
coho and chinook salmon collected from the same
sites were compared,�DDT concentrations were much
lower in coho salmon (1.7 ± 0.3 ng/g ww vs. 8.8 ng/g
ww, p = 0.0026; or 137 ng/g lw vs. 551 ± 95 ng/g lw,
p ≤ 0.001).

On a wet weight basis, concentrations of �DDTs
in whole bodies of juvenile Chinook collected from
the hatcheries were fairly high, with the mean concen-
trations for all hatcheries significantly above the mean
concentrations measured in estuarine chinook and coho
(Tables 2 and 3). However, because of the high lipid
content of the hatchery fish, their whole body �DDT
concentrations on a lipid weight basis were more mod-
erate (400–500 ng/g lw), and did not differ significantly
from mean concentrations in estuarine salmon (Fig. 4;
Tables 2 and 3).

Of the six DDTs measured in salmon whole bodies,
p,p′-DDE predominated in whole bodies of both coho
and chinook salmon from all estuaries and hatcheries
sampled, accounting for 75–100% of DDTs measured
(Fig. 5; Table 3). The second most prominent DDT was
p,p′-DDD; it accounted for 10–20% of DDTs mea-
sured in chinook and coho salmon from most sites.
Additionally, p,p′-DDT was present at several sites,
accounting for 3–6% of total DDTs in chinook salmon
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Table 3 Mean concentrations (± SE) in ng/g, wet wt of �PCBs,
�DDTs, and DDT isomers in whole bodies of juvenile chi-
nook and coho salmon collected from Pacific Northwest estuaries
and juvenile chinook salmon from Pacific Northwest hatcheries.

Compounds were measured by GC/ECD in samples collected
from 1996–1998 and by GC/MS in samples collected from 1999–
2001. Values with different letter superscripts are significantly
different (ANOVA, p ≤ 0.05)

Site �PCBs �DDTs o,p′-DDD o,p′-DDE o,p′-DDT p,p′DDD p,p′-DDE p,p′-DDT

Estuary chinook
Columbia River (6) 50 ± 14b 41 ± 3a 0.6 ± 0.1a 0.27 ± 0.0a 0.71 ± 0.15a 6.2 ± 0.64a 31 ± 2.3a 2.4 ± 0.6a

Alsea Bay (8) 11 ± 3c 2.4 ± 0.5d <DLb 0.05 ± 0.05b <DLc 0.32 ± 0.25b 2.8 ± 0.8c 0.11 ± 0.09b

Elk River (2) 9.9 ± 3.9c 4.7 ± 2.6d 0.04 ± 0.03b <DLb 0.02 ± 0.03c 0.5 ± 0.4b 4.1 ± 2.1c 0.21 ± 0.15b

Grays Harbor (3) 27 ± 8b,c 11.3 ± 4c 0.07 ± 0.07b <DLb <DLc 1.1 ± 0.6b 9.9 ± 3.3b 0.1 ± 0.1b

Salmon River (11) 3.6 ± 1.6c 1.9 ± 0.5d <DLb <DLb <DLc 0.16 ± 0.09b 1.7 ± 0.4c 0.11 ± 0.06b

Skokomish Estuary (3) 29 ± 2b,c 19.9 ± 1.5b 0.08 ± 0.08b <DLb 0.05 ± 0.05c 1.9 ± 0.15b 17.3 ± 1.2b 0.27 ± 0.18b

Willapa Bay (3) 24b.c 12.3 ± 0.4c <DLb <DLb <DLc 0.62 ± 0.14b 11.2 ± 0.7b 0.14 ± 0.14b

Yaquina Bay (7) 46 ± 1b 7.8 ± 2.2d <DLb <DLb 0.07 ± 0.07b 0.48 ± 0.11b 6.8 ± 1.8b 0.41 ± 0.14b

Coos Bay (3) 22 ± 3b,c 10.8 ± 1.3c <DLb <DLb 0.02 ± 0.02c 0.59 ± 0.09b 9.8 ± 1.1b 0.45 ± 0.12b

Duwamish Estuary (3) 103 ± 29a 27 ± 1b 0.36 ± 0.03 0.18 ± 0.09a 0.09 ± .09b 3.5 ± 0.4a 22 ± 0.6a 0.61 ± 0.14b

Nisqually Esuary (3) 40 ± 4b 30 ± 4b 0.26 ± 0.03 0.09 ± 0.09b 0.04 ± 0.04c 3.4 ± 0.5a 26 ± 3.5a 0.34 ± 0.09b

Coquille River (1) 18b.c 9.2c,d <DLb <DLb <DLc 1.3b 7.3b 0.58b

Tillamook Bay (1) 5.1c 0.5d <DLb <DLb <DLc <DLb 0.47c <DL
Hatchery chinook
Fall Creek (1) 49b 39a 0.51a <DLb 0.03c 5.4a 32a 1.3a

Butte Falls (1) 49b 35a 0.56a <DLb <DLc 4.9a 28a 1.5a

Cole M. Rivers (1) 45b 31a 0.8a <DLb 0.09b 6.1a 22a 2.0a

Elk River (2) 42b 30 ± 10b 0.04b <DLb 0.21a 4.2a 23a 1.7a

Salmon River (1) 59b 45a 0.9a <DLb 0.26a 8.3a 32a 3.0a

Trask (1) 39b 27b 0.67a <DLb <DLc 4.5a 20a 1.3a

Estuary Coho
Alsea Bay (3) 5.9 ± 1c 1.4 ± 0.2d <DLb <DLb <DLc 0.08 ± 0.04b 1.3 ± 0.2c <DLb

Coos Bay (1) 14c 1.8d <DLb <DLb <DLc <DLb 1.8c <DLb

Grays Harbor (1) 27b,c 3.4d <DLb <DLb <DLc 0.26b 3.0c 0.13b

Willapa Bay (1) 6.4c 0.9d <DLb <DLb <DLc 0.13b 0.63c 0.12b

Yaquina Bay (3) 11c 1.7 ± 0.4d <DLb <DLb <DLc 0.13 ± 0.07b 1.6 ± 0.4c 0.4 ± 0.02b

from the Columbia River, Yaquina Bay, Grays Har-
bor, and Salmon River, 4% of total DDTs in juvenile
coho from Grays Harbor, and 13% of total DDTs in
coho from Willapa Bay. In hatchery chinook salmon,
p,p′-DDT accounted for an average of 5% of total
DDTs. Concentrations of estrogenic o,p′-DDT, o,p′-
DDD, and o,p′-DDE (Fig. 6) were below detection
limits in all coho and many chinook salmon sampled,
but were present at concentrations above 0.1 ng/g ww
or 10 n/g lw in chinook salmon from the Columbia,
Nisqually, Duwamish and Yaquina Bay Estuaries. As
with �DDTs, concentrations of the o,p′ isomers were
highest in chinook from the Columbia River. In hatch-
ery chinook salmon, they averaged 8 ng/g lw.

We calculated the �DDTs/�PCBs ratios in whole
body samples of chinook and coho salmon to iden-
tify groups of fish with distinct contaminant profiles

(Fig. 7). In coho salmon, the mean �DDTs/�PCBs ra-
tio was 0.2, and in estuarine chinook salmon, the mean
ratio was 0.4. In both coho and chinook salmon from
most of the sites we sampled (Nisqually, Skokomish,
Coos Bay, Alsea Bay Estuary, Salmon River Estu-
ary, Willapa Bay, Elk River Estuary, Duwamish Es-
tuary, Tillamook Bay, Yaquina Bay), �DDT/�PCB
ratios were 0.5 or lower. This was not true, however,
of chinook salmon from the Columbia River, whose
�DDTs/�PCBs ratios were 1.0–1.1. In hatchery chi-
nook, the mean �DDTs/�PCBs ratio was ∼0.7.

In addition to PCBs and DDTs, chlordanes, hex-
achlorobenzene, and dieldrin were detected in whole
bodies of estuarine chinook and coho salmon from one
or more sampling sites, but at much lower concentra-
tions than PCBs or DDTs (mean concentrations rang-
ing from <1 ng/g ww to 4 ng/g ww; Table 4). Of the
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Fig. 4 Mean concentrations of �DDTs (ng/g lipid, ± SE) in
whole bodies of juvenile chinook and coho salmon from Pacific
Northwest estuaries and juvenile chinook salmon from associ-
ated hatcheries. N = natural estuary; C = conservation estuary;

S = shallow draft estuary; D = deep draft estuary. Numbers in
parentheses indicate number of composite samples (10–15 fish
each) analyzed per site or group. Measurements with different
letters are significantly different (ANOVA, p < 0.05)

pesticides detected, chlordanes were generally found at
the highest concentrations. Other OC pesticides (i.e.,
lindane, mirex and aldrin) were below the limits of
detection (generally <0.5 ng/g ww) in all samples.
Dieldrin, chlordanes, and HCB were detected in whole
bodies of juvenile chinook from all sampled hatcheries,
typically at concentrations in the 1–5 ng/g ww range.
Concentrations were comparable to the highest levels
reported in estuarine chinook and coho (Table 4).

3.3 Bile metabolites

Levels of high molecular weight AH metabolites in
bile (FACs-BaP) were low to moderate (100–400 ng/g
bile) in juvenile fall chinook and coho salmon collected
from most of the estuaries sampled along the Washing-
ton and Oregon Coast (Fig. 8). Concentrations in chi-
nook salmon from the Duwamish Estuary (∼1930 ng
BaP equiv/g bile) were significantly higher than in fish
from any other sites. FAC-BaP levels were also some-

what elevated (350–500 ng/g bile) in chinook salmon
from the Columbia River, Skokomish Estuary, Grays
Harbor, and Willapa Bay, and in coho salmon from
Grays Harbor. Lowest concentrations were observed
in chinook and coho salmon from Elk River Estuary,
Yaquina Bay Estuary, and Alsea Bay Estuary. At 100–
200 ng BaP equiv/g bile, concentrations of FACs-BaP
infish at these sites were significantly lower than in chi-
nook salmon from the Columbia, Skokomish, Willapa
Bay, and Duwamish sites, and in chinook and coho
salmon from Grays Harbor.

Concentrations of metabolites of low molecu-
lar weight PAHs (FAC-PHN; Fig. 8) were also
significantly higher in chinook salmon from the
Duwamish Estuary (359,000 ng PHN equiv/g bile)
than in fish from any other sites. Concentrations in
chinook salmon from Grays Harbor, Coos Bay, and
the Columbia River (60,000–70,000 ng PHN equiv/g
bile) were much lower than in the Duwamish chi-
nook, but significantly above levels in either coho or
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Fig. 5 Proportions of various DDTs in composite whole body
samples of juvenile chinook and coho salmon collected from Pa-
cific Northwest estuaries and hatcheries. N = natural estuary;

C = conservation estuary; S = shallow draft estuary; D = deep
draft estuary. Numbers in parentheses indicate number of com-
posite samples (10–15 fish each) analyzed per site or group
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Fig. 6 Mean concentrations of �o, p′-isomers of DDTs (ng/g
lipid, ± SE) in whole bodies of juvenile chinook and coho salmon
from Pacific Northwest estuaries and juvenile chinook salmon
from associated hatcheries. N = natural estuary; C = conserva-
tion estuary; S = shallow draft estuary; D = deep draft estuary.

Numbers in parentheses indicate number of composite samples
(10–15 fish each) analyzed per site or group. Measurements with
different letters are significantly different (ANOVA, p < 0.05).
Values were below detection limits for coho from all sites where
they were sampled, and for chinook from Coquille River

chinook salmon from the other sampling sites, whose
biliary FACs-PHN concentrations were 30,000 ng PHN
equiv/g bile or less. Bile sample could not be collected
from chinook salmon at the hatcheries.

3.4 Contaminants in stomach contents

Several classes of contaminants, including PCBs,
DDTs, and low and high molecular weight PAHs, were
present at detectable concentrations in stomach con-
tents of outmigrant juvenile chinook and coho salmon.
Concentrations of �LAHs in stomach contents of es-
tuarine chinook salmon (Fig. 9; Table 2) ranged from
12 ng/g ww at the Elk River Estuary to 8000 ng/g ww
at the Duwamish Estuary. Concentrations of �LAHs
were also fairly high in fish from Willapa Bay, Yaquina
Bay, and Grays Harbor in comparison to other sites,
ranging from 350 to 1400 ng/g ww. Concentrations
of �LAHs in stomach contents of chinook and coho
salmon from all other sites were <100 ng/g ww (Fig. 9;
Table 2). At sites where both species were collected,

average �LAH concentrations in stomach contents of
chinook salmon were higher than in coho salmon (920
ng/g ww vs. 5 ng/g ww). In chinook salmon from Elk
River Hatchery, the concentration of �LAHs in stom-
ach contents was 28 ng/g ww (Fig. 9; Table 2).

Concentrations of �HAHs in stomach contents of
juvenile chinook salmon (Fig. 9, Table 2) were highest
in fish from the Duwamish Estuary and Willapa Bay
(6000–6300 ng/g ww). Concentrations of �HAHs at
Grays Harbor and Yaquina Bay (330–340 ng/g ww)
were also relatively high in comparison to other sites,
where concentrations were ∼20 ng/g ww and be-
low. The lowest levels �HAHs (1–2 ng/g ww) were
observed in chinook from Salmon River and Elk River
Estuary sites. In coho salmon (Fig. 9; Table 2) con-
centrations of �HAHs in stomach contents were ∼10
ng/g ww or below in fish from all sites; at sites where
both species were collected, �HAH concentrations
were higher in chinook salmon than in coho salmon
(323 ng/g ww vs. 40 ng/g ww). In chinook and coho
salmon from most sampling sites, HAHs accounted for
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Fig. 7 Mean �DDT/�PCB ratios (± SE) in whole bodies of
juvenile chinook and coho salmon from Pacific Northwest es-
tuaries and juvenile chinook salmon from associated hatcheries.
N = natural estuary; C = conservation estuary; S = shallow

draft estuary; D = deep draft estuary. Numbers in parentheses
indicate number of composite samples (10–15 fish each) ana-
lyzed per site or group. Measurements with different letters are
significantly different (ANOVA, p < 0.05)

10–20% of total AHs. However, in chinook salmon
from the Duwamish, Grays Harbor, Yaquina Bay, and
Willapa Bay, HAHs were more predominant, account-
ing for 30–70% of total AHs. In chinook salmon from
the Elk River Hatchery (Fig. 9), �HAH concentrations
were relatively low (5 ng/g ww) and accounted for
about 15% of total AHs.

Concentrations of �PCBs in stomach contents of
estuarine chinook salmon (Fig. 10; Table 2) ranged
from 5 ng/g ww in fish from the Salmon River Estuary
to 200 ng/g ww in fish from the Duwamish Estuary.
Concentrations of PCBs in salmon from the Columbia
River and Grays Harbor were about 40 ng/g ww, and
concentrations were about 20 ng/g ww or less at all
other sampling sites. Lowest levels (5–10 ng/g ww)
were observed at Yaquina Bay, Alsea Bay, Coos Bay,
Elk River, and Salmon River Estuaries. In coho salmon
(Fig. 10, Table 2), PCB concentrations in stomach con-
tents ranged from 5 ng/g ww in fish from Alsea Bay
Estuary to 22 ng/g ww infish from Willapa Bay. At sites
where both species were collected, PCB concentrations
were similar in stomach contents of chinook salmon

and coho salmon, 14 ng/g ww vs. 12 ng/g ww. At the
Elk River Hatchery, PCB concentrations in stomach
contents were 13 ng/g ww, comparable to levels in es-
tuarine chinook salmon from non-urban sites (Fig. 10;
Table 2).

Concentrations of �DDTs in stomach contents of
estuarine chinook salmon (Fig. 11; Table 2) were high-
est in fish from Grays Harbor (45 ng/g ww) and the
Columbia River (39 ng/g ww), significantly higher than
in fish from all other sites. In stomach contents of chi-
nook from all sampling sites except for the Columbia
River and Grays Harbor, �DDT concentrations were
<10 ng/g ww. Concentrations of �DDTs in stomach
contents of coho salmon (Fig. 11, Table 2) were low (3
ng/g ww) in fish from all sites. At sites where both
species were collected, �DDT concentrations were
higher in chinook salmon than in coho salmon (9 ng/g
ww vs. 1.5 ng/g ww). In chinook salmon from the Elk
River Hatchery (Fig. 11, Table 2), concentrations of
DDTs were also relatively low, 4.5 ng/g ww.

In stomach contents, as in tissues, p,p′-DDE was
the predominant isomer detected, accounting for about
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Table 4 Mean concentrations (± SE) in ng/g, wet wt of se-
lected organochlorine pesticides in bodies of juvenile chinook
and coho salmon collected from Pacific Northwest estuar-
ies and hatcheries. �chlordanes = summed concentrations of
heptachlor, heptachlor epoxide, γ -chlordane, α-chlordane, cis-
nonachlor, trans-nonachlor and nonachlor III. DL = detection

limit. Pesticides were measured by GC/ECD in samples collected
from 1996–1998 and by GC/MS in samples collected from 1999–
2001. Values with different letter superscripts are significantly
different (ANOVA, p < 0.05). Lindane was also measured, but
was below DL (generally < 0.5 ng/g ww) in all samples

Site dieldrin aldrin �chlordanes HCB Mirex

Estuary Chinook
Columbia River (6) 1.9 ± 0.88a <DLb 3.1 ± 0.26b 0.63 ± 0.05b <DLa

Coquille River (1) 0.56b 0.29a 1.5c 0.65a,b 0.35c

Alsea Bay (8) 0.69 ± 0.39b <DLb 0.47 ± 0.30c 0.21 ± 0.11b <DLa

Coos Bay (4) 0.83 ± 0.83a,b <DLb 0.73 ± 0.12c 0.33 ± 0.09b <DLa

Duwamish Estuary (3) 0.97 ± 0.08a,b <DLb 4.3 ± 0.18a 0.74 ± 0.09b <DLa

Elk River (2) 0.14 ± 0.11b <DLb 0.64 ± 0.33c 0.21 ± 0.09b 0.06 ± 0.06a

Grays Harbor (3) 0.04 ± 0.04b <DLb 1.53 ± 0.67c 0.26 ± 0.06b <DLa

Nisqually Estuary (3) 0.71 ± 0.14a,b <DLb 3.2 ± 0.46b 0.59 ± 0.12b 0.05 ± 0.05a

Salmon River (11) 0.78 ± 0.38a,b <DLb 0.15 ± 0.09c 0.08 ± 0.04c <DLa

Skokomish Estuary (3) 0.28 ± 0.09b <DLb 2.45 ± 0.51b 0.46 ± 0.15b 0.04 ± 0.04a

Tillamook Bay (1) <DLb <DLb <DLc <DLc <DLa

Yaquina Bay (7) 0.06 ± 0.06b <DLb 1.1 ± 0.6c 0.18 ± 0.08b <DLa

Willapa Bay (3) <DLb <DLb 0.32 ± 0.04c 0.13 ± 0.07b <DLa

Hatchery chinook
Fall Creek (1) 2.1a 0.22a 4.5a 1.2a <DLa

Butte Falls (1) 1.9a 0.25a 4.7a 1.1a <DLa

Cole M. Rivers (1) 2.3a <DLb 4.2a 0.88a,b <DLa

Elk River (2) 1.4 ± 0.9a <DLb 3.7a 0.65a,b 0.13 ± 0.13b

Trask (1) 1.7a <DLb 3.6a 0.87a,b <DLa

Salmon River (1) 3.7a <DLb 4.4a 1.1a <DLa

Estuary coho
Alsea Bay (3) 2.5 ± 0.3a <DLb 0.17 ± 0.04c 0.2 ± 0.03b <DLa

Coos Bay (1) 3.3 ± 0.3a <DLb 0.2c 0.16b 0.64d

Grays Harbor (1) <DLb <DLb 0.35c 0.13b <DLa

Willapa Bay (1) <DLb <DLb 0.44 ± 0.26c 0.13 ± 0.0b <DLa

Yaquina Bay (3) <DLb <DLb 0.10c 0.09b <DLa

60–100% of �DDTs in stomach contents of both
coho and chinook salmon from all sites (Fig. 12; Ta-
ble 5). Additionally, p,p′-DDD and p,p′-DDT were
found in both chinook and coho salmon stomach con-
tents from several sites, with highest concentrations
in juvenile chinook from the Columbia River (5.9
and 2.5 ng/g ww for p,p′-DDD and p,p′-DDT, re-
spectively). These isomers accounted for 5–25% of
total DDTs. In comparison with salmon whole bod-
ies, p,p′-DDT was found at higher concentrations in
stomach contents. The o,p’-DDTs were found only
in stomach contents of chinook salmon from the
Columbia River, which had measurable concentra-
tions (0.6–1.1 ng/g ww) of both o,p′-DDT and o,p′-
DDD. In stomach contents of juvenile chinook from
the Elk River Hatchery, the only DDT isomer found

was p,p′-DDE, which was present at a concentration of
4.5 ng/g ww.

In addition to PCBs, DDTs, and PAHs, chlordanes
HCBs, HCHs, dieldrin, and mirex were detected in
stomach contents of estuarine chinook or coho from
one or more sampling sites (Table 6). In stomach con-
tents of chinook from the Elk River Hatchery, chlor-
danes, HCB, and mirex were detected, all at relatively
low levels (0.7–1.4 ng/g ww). Aldrin was below the
limits of detection in all samples.

3.5 Relationship between contaminants in stomach
contents and in salmon bodies

In chinook salmon, concentrations of PCBs and DDTs
in stomach contents were significantly and positively
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Fig. 8 Mean concentrations of fluorescent aromatic compounds
(± SE) measured at phenanthrene wavelengths (FACs-PHN) and
benzo[a]pyrene wavelengths (BaP-FACs) in bile of juvenile chi-
nook and coho almon from Pacific Northwest estuaries. N = nat-
ural estuary; C = conservation estuary; S = shallow draft estuary;
D = deep draft estuary. Bile metabolites measured at PHN and

BaP wavelengths are representative of metabolites of low and
high molecular weight PAHs, respectively. Numbers in paren-
theses indicate number of composite samples (10–15 fish each)
analyzed per site or group. Measurements with different letters
are significantly different (ANOVA, p < 0.05)
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Fig. 9 Mean concentrations of total aromatic hydrocarbons
(�AHs) (ng/g wet wt, ± SE) in stomach contents of juvenile
chinook and coho salmon from Pacific Northwest estuaries and
juvenile chinook salmon from Elk River hatchery. N = natural
estuary; C = conservation estuary; S = shallow draft estuary;
D = deep draft estuary. Contributions of low molecular weight

and high molecular weight AHs (LAHs and HAHs) to totals are
indicated. Numbers in parentheses indicate number of composite
samples (10–15 fish each) analyzed per site or group. Measure-
ments with different letters are significantly different (ANOVA,
p < 0.05)

correlated with body burdens of the same contaminants.
For PCBs (n = 46), r2 = 0.32, p = 0.0001; while for
DDTs (n = 40), r2 = 0.38, p = 0.0001. In coho salmon,
concentrations of contaminant in bodies and stomach
contents were also positively correlated, but relation-
ships were marginally significant (0.06 ≤ p ≤ 0.08),
in part because of smaller sample size. For body DDTs
vs. stomach DDTs (n=9), r2 =0.34, p=0.06. For body
PCBs vs. stomach PCBs (n = 9), r2 = 0.29, p = 0.08.

In estuarine chinook salmon, concentrations of
PCBs and DDTs (ng/g ww) in whole bodies were 3–4
times as high as in stomach contents on average, while
in coho salmon, concentrations of PCBs and DDTs
in whole bodies and stomach contents were about the
same or only slightly higher (1–1.3 times). For chinook
salmon from the Elk River Hatchery (the only hatchery
where stomach contents data were available), concen-
trations of PCBs (ng/g ww) were 4.7 times as high in
bodies as in stomach contents, while concentrations of
DDTs (ng/g ww) were 25 times as high in bodies as in
stomach contents.

In chinook salmon, concentrations of PAH metabo-
lites in bile and PAHs in stomach contents were sig-
nificantly, positively correlated. For �LAHs vs. FACs-
PHN, n = 35, p = 0.0001, r2 = 0.56, and for �HAHs
vs. FACs-BaP, n = 35, p = 0.0006, r2 = 0.28. In coho
salmon, on the other hand, there was no significant
correlation between concentrations of either �HAHs
or �LAHs in stomach contents and concentrations of
PAH metabolites in bile. For �HAHs, n = 5, r2 = 0.07,
p = 0.33. For �LAHs, n = 5, r2 = 0.18, p = 0.26.

4 Discussion

Estuarine and nearshore ecosystems provide a vital role
as juvenile rearing habitat for salmonid species (Levy
and Northcote, 1982; Gray et al., 2002; Rice et al.,
2005), and can be particularly important in the recov-
ery of species at risk (Feist et al., 2003; Fresh et al.,
2005). Unfortunately, estuarine and coastal ecosystems
are also among the environments that are most heavily
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Fig. 10 Mean concentrations of �PCBs (ng/g wet wt. ± SE) in
stomach contents of juvenile chinook and coho salmon from Pa-
cific Northwest estuaries and juvenile chinook salmon from Elk
River hatchery. N = natural estuary; C = conservation estuary;

S = shallow draft estuary; D = deep draft estuary. Numbers in
parentheses indicate number of composite samples (10–15 fish
each) analyzed per site or group. Measurements with different
letters are significantly different (ANOVA, p < 0.05)

impacted by anthropogenic activities (Shreffler et al.,
1990; Beck et al., 2001; Rice et al., 2005). Analyses of
risks to salmon populations in estuarine environments
have focused largely on alterations to or loss of physical
habitat attributes (Bottom et al., 2005; Gray et al., 2002;
Fresh et al., 2005), but it is increasingly recognized that
habitat degradation associated with chemical contam-
inants may also pose a significant risk to salmon pop-
ulations (Spromberg and Meador, 2005; Fresh et al.,
2005; Loge et al., 2005).

The importance of estuarine contamination in terms
of the health of salmonid species depends in part on
the life history strategy of the species in question. In
general, ocean-type stocks, such as fall chinook, which
spend an extended period during theirfirst year of life in
the estuary, are more vulnerable to the impacts of con-
taminants in this environment than stream-type stocks,
such as coho salmon, which pass through the estuary
relatively quickly (Fresh et al., 2005). The same may
be true of chum salmon, which have a long estuar-
ine residence time (Dorcey et al., 1978; Healey, 1982).
Juvenile chum have shown relatively high contaminant

body burdens at urban sites in previous surveys in Puget
Sound, WA (Stehr et al., 2000).

The results of the current study confirm that chem-
ical contaminants are present in the prey and tissues
of outmigrant juvenile salmon from a number of estu-
aries in the Pacific Northwest. The most widespread
contaminants were PCBs, DDTs, and PAHs, which
were observed in both tissues and stomach contents
of chinook and coho salmon from all estuarine sam-
pling sites, as well as in chinook salmon from local
hatcheries. Although additional organochlorine pesti-
cides (chlordanes, lindane, hexachlorobenzene, dield-
rin, aldrin and mirex) were also detected in salmon
tissues or stomach contents, the measured concentra-
tions were relatively low. Like earlier studies in Puget
Sound, the present study highlights the importance of
the estuary as a source of exposure to chemical con-
taminants, especially for juvenile chinook salmon. The
observation of elevated contaminant concentrations in
stomach contents of salmon from sites in several es-
tuaries indicates that fish are being exposed to these
contaminants during estuarine residence through their
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Fig. 11 Mean concentrations of �DDTs (ng/g ww, ± SE) in
stomach contents of juvenile chinook and coho salmon from Pa-
cific Northwest estuaries and juvenile chinook salmon from Elk
River hatchery. N = natural estuary; C = conservation estuary;

S = shallow draft estuary; D = deep draft estuary. Numbers in
parentheses indicate number of composite samples (10–15 fish
each) analyzed per site or group. Measurements with different
letters are significantly different (ANOVA, p < 0.05)

prey. The hypothesis that this could be an important
source of uptake is further supported by the signifi-
cant correlations between concentrations of PCBs and
DDTs in stomach contents and whole bodies of juvenile
chinook salmon, and between PAHs in stomach con-
tents and PAH metabolites in bile. Contaminants in the
water column, and in suspended particulate material,
are also potential sources of exposure, although they
were not measured in this study. Depending on their ori-
gin, chinook and coho salmon from some populations
could also be taking up certain contaminants through
the water column or the diet in freshwater before enter-
ing the estuary. This is especially true if they are pass-
ing through urbanized watersheds. However, the poten-
tial contribution of contaminants in freshwater habitats
to juvenile salmon body burdens cannot be evaluated
based on the samples collected in the present study.

4.1 Species differences in contaminant uptake

Of the two species we examined, chinook salmon ex-
hibited the highest degree of uptake and accumula-

tion of contaminants. On both a lipid weight and a
wet weight basis, contaminant concentrations in whole
bodies of chinook salmon were significantly higher
than in coho salmon sampled from the same sites, with
levels typically 2–5 times as great in chinook than in
coho salmon collected at the same sites. Concentrations
of contaminants in chinook salmon stomach contents
tended to be higher as well, although the difference
was less marked. Additionally, correlations between
contaminant body burdens and contaminant concen-
trations in stomach contents were stronger in chinook
than in coho salmon.

These findings are consistent with results of other
studies on chinook and coho salmon in the Great Lakes
(Manchester-Neesvig et al., 2001; Jackson et al., 2001;
Rohrer et al., 1982), and are likely related to differ-
ences in life history and habitat use, as well as diet and
metabolism. Assuming that the estuary is an impor-
tant source of contaminants for outmigrant salmonids,
these differences are consistent with the more pro-
longed period of estuarine residence in chinook salmon.
Of the five species of Pacific salmon, chinook salmon
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Fig. 12 Proportions of different DDTs in composite stomach
contents samples of juvenile chinook and coho salmon collected
from Pacific Northwest Estuaries. N = natural estuary; C = con-

servation estuary; S = shallow draft estuary; D = deep draft
estuary. Numbers in parentheses indicate number of composite
samples (10–15 fish each) analyzed per site or group

are most dependent upon estuaries during the early
stages of their life cycle (Healey, 1982; 1991; Healey
and Prince, 1995), typically residing in estuaries for
one to two months (Simenstead et al., 1982), but in
some cases for up to 6 months (Healey, 1982; Reimers,
1973; Levy and Northcote, 1982; Simenstad et al.,
1982). Outmigrant juvenile coho, on the other hand,
are much less estuarine-dependent, typically passing
through the estuary within a few days (Moser et al.,

1991; McMahon and Holtby, 1992; Magnusson, 2003;
Duffy et al., 2005). Increased bioaccumulation in chi-
nook salmon may also indicate that they are feeding at
a higher trophic level than coho salmon, which would
be supported by the generally higher concentrations
of PCBs and DDTs in stomach contents of chinook
salmon in comparison with levels in stomach con-
tents of coho salmon collected from the same sites.
This is consistent with dietary studies showing that,
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Table 5 Mean concentrations (± SE) in ng/g wet wt of DDT
isomers in stomach contents composites of juvenile chinook and
coho salmon from Pacific Northwest estuaries, and juvenile chi-
nook salmon from Elk River Hatchery. DDTs were measured by

GC/ECD in samples collected from 1996–1998 and by GC/MS in
samples collected from 1999–2001. Composites contain stomach
contents from 10–15fish. Values with different letter superscripts
are significantly different (ANOVA, p ≤ 0.05)

Site o,p′-DDD o,p′-DDT p,p′-DDE p,p′-DDD p,p′-DDT

Hatchery chinook
Elk River (1) <DLb <DLb 4.5b <DLb <DLb

Estuary chinook
Alsea Bay (6) <DLb <DLb 2.0 ± 0.6b <DLb <DLb

Columbia River (3) 0.6 ± 0.6a 1.1 ± 0.6a 28.7 ± 9.1a 5.9 ± 0.7a 2.5 ± 1.4a

Coos Bay (3) <DLb <DLb 1.1 ± 0.3b <DLb <DLb

Duwamish Estuary (1) <DLb <DLb 5.8b <DLb 2.5a

Elk River (5) <DLb <DLb 0.6 ± 0.2b <DLb <DLb

Grays Harbor (2) <DLb <DLb 41.7 ± 32.3a 1.6 ± 1.6b 2.1 ± 2.1a

Nisqually Estuary (2) <DLb <DLb 3.5 ± 2.3b 0.3 ± 0.3b <DLb

Salmon River (7) <DLb <DLb 1.0 ± 1.0b <DLb <DLb

Willapa Bay (2) <DLb <DLb 4.2 ± 0.4b 0.7 ± 0.7b 2.1 ± 2.1a

Yaquina Bay (3) <DLb <DLb 6.9 ± 2.2b 0.3 ± 0.3b <DLb

Estuary coho
Alsea Bay (3) <DLb <DLb 0.8 ± 0.1b 0.11 ± 0.1b <DLb

Coos Bay (1) <DLb <DLb 1.1b <DLb <DLb

Grays Harbor (1) <DLb <DLb 2.3b <DLb <DLb

Willapa Bay (1) <DLb <DLb 1.2b <DLb 2.5a

Yaquina Bay (3) <DLb <DLb 1.9 ± 0.9b 0.2 ± 0.1b 0.1 ± 0.1b

Table 6 Mean concentrations (± SE) in ng/g, wet wt of se-
lected organochlorine pesticides measured in stomach contents
of juvenile chinook and coho salmon collected from the Pacific
Northwest estuaries and hatcheries. �chlordanes = summed
concentrations of heptachlor, heptachlor epoxide, γ -chlordane,

α-chlordane, cis-nonachlor, trans-nonachlor and nonachlor III.
DL = detection limit. Pesticides were measured by GC/ECD in
samples collected from 1996–1998 and by GC/MS in samples
collected from 1999–2001. Values with different letter super-
scripts are significantly different (ANOVA, p ≤ 0.05)

Site lindane dieldrin �chlordanes HCB mirex

Hatchery chinook
Elk River (1) <DLb <DLb 1.4c 0.7b 0.7b

Estuary chinook
Alsea Bay (6) <DLb <DLb <DLc 0.6 ± 0.3b,c 0.2 ± 0.2b

Columbia River (3) <DLb 6.0 ± 6.0a 0.8 ± 0.5c 1.5 ± 0.8a,b 0.3 ± 0.3b

Coos Bay (3) <DLb <DLb <DLc 0.3 ± 0.2c 0.6 ± 0.6b

Duwamish Estuary (1) <DLb <DLb 12a <DLc 2.5b

Elk River (5) <DLb <DLb 1.4c 0.3 ± 0.2c 0.24 ± 0.25b

Grays Harbor (2) 1.8 + 1.8a 1.5 ± 1.5a,b 6.1 ± 0.6b 1.9 ± 1.9a 2.7 ± 2.7b

Nisqually Estuary (2) <DLb 0.9b 0.5 ± 0.5c 0.17 ± 0.17c <DLb

Salmon River (7) <DLb <DLb <DLc <DLc <DLb

Willapa Bay (2) <DLb 6.5 ± 6.5a <DLc <DLc 6 ± 6a

Yaquina Bay (3) 0.6 + 0.6a <DLb 1.8 ± 1.8c 0.24 ± 0.24c 0.4 ± 0.4b

Estuary coho
Alsea Bay (3) <DLb <DLb 0.17 ± 0.06c 0.72 ± 0.22b <DLb

Coos Bay (1) <DLb 4.0 ± 4.0b 0.31c 0.25c <DLb

Grays Harbor (1) <DLb <DLb <DLc <DLc <DLb

Willapa Bay (1) <DLb <DLb 0.65c 0.65b <DLb

Yaquina Bay (3) <DLb <DLb 0.69 ± 0.36c 0.12 ± 0.07c <DLb
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while there is considerable overlap in the diet of juve-
nile coho and chinook salmon, coho tend to consume
a lower proportion of juvenile and larval fish and a
higher proportion of invertebrates than chinook (Scha-
betsberger et al., 2003; Brodeur and Pearcy, 1990).

4.2 Site-related differences in contaminant
body burdens

Although contaminant concentrations in coho salmon
showed no strong spatial trends, in chinook salmon
there were marked intersite differences in contaminant
concentrations in tissues and stomach contents, with
highest exposure levels in the industrial and urbanized
estuaries. Concentrations of PCBs were highest in sam-
ples from the Duwamish Estuary, and were similar to or
somewhat lower than concentrations reported in earlier
Puget Sound studies at this location (Stein et al., 1995;
Varanasi et al., 1993; Meador et al., 2002). Total PCB
concentrations 2 to 3 times higher than those reported
in this study have been measured in juvenile chinook
collected from heavily contaminated Duwamish Estu-
ary sites (Varanasi et al., 1993; Meador et al., 2002).
The somewhat lower concentrations of PCBs observed
in juvenile salmon sampled in the present study may
be due to differences in sampling location, or because
sampling occurred early in the season, when juvenile
salmon may have only recently entered the estuary
(Bottom et al., 2005). The lower concentrations may
also be reflective of a low proportion of hatchery fish
in this sample. Such differences in contaminant concen-
trations between wild and hatchery-released fish have
been noted in other studies (Meador et al., 2002). In ad-
dition to Duwamish chinook, concentrations of PCBs
were also relatively high in chinook salmon from the
Columbia River and Yaquina Bay.

Interestingly, PCB concentrations in the juvenile
chinook salmon we sampled were quite similar to con-
centrations reported in returning adult chinook salmon
from Washington State (Missildine et al., 2005). Mean
concentrations of PCBs in adult chinook ranged from
48–50 ng/g ww in salmon returning to Puget Sound
hatcheries (Deschutes and Issaquah), and from 15–
29 ng/g ww in salmon returning to coastal hatcheries
(Makah and Quinault). Although it is unlikely that ex-
posures occurring in the juvenile stage make a ma-
jor contribution to adult contaminant body burdens
(O’Neill et al., 1998), these data do suggest consis-

tent exposure at multiple life stages for salmon from
urban estuaries.

Concentrations of DDTs were especially high in
juvenile chinook salmon from the Lower Columbia
River and in the Nisqually Estuary in Puget Sound.
The high DDT concentrations in Columbia River chi-
nook are consistent with elevated DDT concentrations
observed in other resident marine and freshwater fish
from the Columbia River in earlier studies by EPA,
NOAA, and USGS, and the States of Washington and
Oregon (USEPA, 2000; Tetra-Tech Inc., 1993, 1994,
1996; LCREP, 1999; Brown et al., 1998; Foster et al.,
2001a,b). As in most environmental samples, DDT
breakdown products, especially p,p′-DDE, predomi-
nated in coho and chinook salmon body and stomach
contents samples. However, p,p′-DDT and o,p′-DDT
were also detected in samples from some sites, partic-
ularly chinook salmon from the Columbia River and
Yaquina Bay, and coho salmon from Willapa Bay. The
presence of these parent compounds suggests that there
may be fresher sources of DDT in these areas, although
the half-lives of p,p′- and o,p′-DDT in soils can be quite
variable (ATSDR, 2002).

Concentrations of PAHs were especially high in
stomach contents of fish from the Duwamish Estuary,
Willapa Bay, Grays Harbor and Yaquina Bay, although
very high concentrations of PAH metabolites in bile
(i.e., >1000 ng/g bile for FACs-BaP and >200,000
ng/g bile for FACs-PHN) were observed only in fish
from the Duwamish Estuary. In fish from more pris-
tine estuaries such as Alsea Bay, Salmon River, Elk
River, and Tillamook, PAH concentrations were lower
than any of those previously reported in Puget Sound
(Stein et al., 1995; Varanasi et al., 1993; McCain et al.,
1990). High molecular weight AHs, which originate
primarily from combustion products (Varanasi et al.,
1992; MacDonald and Crecelius, 1994), accounted
for a higher proportion of total AHs in stomach con-
tents of fish from the Duwamish Estuary, Willapa Bay,
Grays Harbor and Yaquina Bay, than in fish from other
estuaries. This suggests that atmospheric emissions
from incineration and automobile emissions may be
major contamination sources in these areas, as well
as releases from industries that generate high molecu-
lar weight PAHs (e.g., aluminum smelters, oil refiner-
ies, creosote plants; Varanasi et al., 1992; MacDonald
and Crecelius, 1994). The predominance of LAHs,
which are primarily associated with petroleum prod-
ucts (Varanasi et al., 1992; MacDonald and Crecelius,
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1994), in stomach contents of salmon from Alsea Bay,
Coos Bay, Nisqually, Salmon River, the Columbia
River, and Elk River, suggests that PAHs in these areas
come mainly from releases of fuel oil, crude oil, and
related materials into the environment.

Ratios of �DDT/�PCB varied from site to site, in-
dicating differences in contaminant profiles among dif-
ferent groups of fish. For example, the �DDT/�PCB
ratio in bodies of salmon from the Columbia Estuary
site (∼1.1) was higher than in juvenile chinook salmon
the other estuarine sites, suggesting particularly high
uptake of DDTs from the environment at this site. Fish
from the Duwamish Estuary, the other hand, had one
of the lowest DDT/PCB ratios, reflecting the very high
concentrations of PCBs in fish from this site.

4.3 Contaminants in hatchery salmon

Measurable concentrations of PCBs and DDTs were
also present in bodies of juvenile chinook salmon sam-
pled directly from Pacific Northwest hatcheries. On
a wet weight basis, concentrations of both PCBs and
DDTs in hatchery chinook were relatively high, com-
parable to those in juvenile chinook from the more con-
taminated estuarine sites. However, as the lipid content
of hatchery fish was also quite high (8% as compared
to 1–3% in estuarine fish), when PCB and DDT body
burdens were calculated on a lipid weight basis, con-
centrations in hatchery chinook were relatively low in
comparison to levels in chinook from urban and in-
dustrialized estuaries. In stomach contents of juvenile
hatchery chinook, levels of PAHs, PCBs, DDTs, were
also relatively low, similar to concentrations in rural
estuaries such as Elk River and Alsea Bay. This sug-
gests that elevated contaminant concentrations in the
hatchery fish we sampled are due not so much to high
concentrations of contaminants in feed, but to the high
body fat levels in hatchery reared juveniles that facili-
tate the uptake of lipid soluble contaminants. It is un-
certain, though, whether the Elk River Hatchery sample
is representative of feed from other sampled hatcheries,
or of feeds in current use.

Chemical contaminants, especially PCBs, have been
detected in hatchery fish and feed and in farmed fish
in several other studies (Easton et al., 2002; Parkins,
2003; Karl et al., 2003; Hites et al., 2004). Available
data suggest that the problem is widespread, and also
that contaminant concentrations in different lots of feed
and in fish from different hatcheries are highly vari-

able. Concentrations of PCBs in juvenile salmon from
the Pacific Northwest hatcheries sampled in this study
were similar to mean levels (∼50 ng/g ww) reported by
Easton et al. (2002) and Hites et al. (2004) in farmed
salmon. However, PCB concentrations in commercial
feed analyzed by Easton et al. (2002) and Hites et al.
(2004) were generally higher than PCB concentrations
in stomach contents of Elk River Hatchery salmon, with
a number of samples in the 30–90 ng/g ww range.

In the hatchery chinook we analyzed, the DDT iso-
mers p,p′-DDT and o,p′-DDT made up a substantial
proportion of DDTs present. This appears to be com-
mon in farmed and hatchery fish, and may indicate use
of oils or fish meals from sources where there was rel-
atively recent usage of DDTs (Jacobs et al., 2002).

The observation of chemical contaminants in pre-
release hatchery fish is likely to be a concern for the
management of these animals. If contaminant body bur-
dens are already moderate to high when fish leave the
hatchery, they have an increased risk of reaching ex-
posure concentrations during estuarine residence that
could significantly reduce their likelihood of survival.
Moreover, contaminated salmon may be a significant
source of toxicants in the environment and in the food
chain (Kreummel et al., 2003). This represents a hazard
for birds and other piscivorous wildlife. More compre-
hensive sampling of fish and feed from hatcheries is
needed to determine the extent of this problem in the
Pacific Northwest.

4.4 Potential health effects of contaminants
on salmon

For some contaminants, exposure levels in juvenile
salmon from selected sites are approaching concen-
trations that could affect their health and survival. In-
deed, adverse health effects have been observed in ju-
venile salmon from the Duwamish Estuary, which is
contaminated with PAHs and PCBs. Fish from this
area showed immunosuppression, reduced disease re-
sistance and decreased growth rates (Arkoosh et al.,
1991, 1994, 1998, 2001; Varanasi et al., 1993; Casillas
et al., 1995, 1998), as well as biochemical alterations
such as DNA damage (i.e., PAH-DNA adducts in liver)
and induction of cytochrome P4501A (CYP1A), an en-
zyme that metabolizes selected contaminants includ-
ing PAHs, dioxins and furans, and dioxin-like PCB
congeners (Stein et al., 1995; McCain et al., 1990;
Varanasi et al., 1993; Collier et al., 1998; Stehr et al.,
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2000). These biochemical alterations are not necessar-
ily indicative of adverse health effects in themselves,
but are associated with disease conditions including re-
productive and developmental abnormalities and liver
disease (Williams et al., 1998; Whyte et al., 2000;
Myers et al., 2003). Fish from several sites sampled
in the present study (Grays Harbor, Yaquina Bay, the
Columbia River) had concentrations of PCBs, PAHs or
both in tissues or stomach contents that were compa-
rable to those found in Duwamish Estuary fish, sug-
gesting that they may also be at risk for the types of
adverse health effects documented in fish from that
Puget Sound site. The possibility of increased disease-
induced mortality is increased by recent finding of
widespread occurrence of potentially lethal parasites
and pathogens in juvenile chinook and coho salmon
from the estuaries sampled in this study (Arkoosh et al.,
2004).

The potential for health risks in Pacific Northwest
salmon can also be evaluated by comparing measured
tissue contaminant concentrations against established
effects thresholds. For PCBs, Meador et al. (2002) es-
timated a critical body residue of 2400 ng/g lipid for
protection against 95% of effects ranging from enzyme
induction to mortality, based on a range of sublethal
effects observed in salmonids in peer-reviewed studies
conducted by NMFS and other researchers. Mean PCB
body burdens in juvenile salmon analyzed in this study
were near or above 2400 ng/g lw in fish from three sam-
pling sites, the Columbia River, the Duwamish Estuary,
and Willapa Bay. These findings suggest that a signif-
icant portion of outmigrant juvenile chinook salmon
from these sites may be at risk of some type of health
impairment due to PCB exposure.

A threshold concentration for the impact of DDTs on
listed salmon has not been systematically determined,
unlike the PCBs (Meador et al., 2002). Most reported
effects in salmonids are associated with whole body tis-
sue total DDT concentrations at or above 500 ng/g ww
(Allison et al., 1963; Burdick et al., 1964; Buhler et al.,
1969; Johnson and Pecor, 1969; Peterson, 1976; Poels
et al., 1980), or about 5000 ng/g lipid, assuming that
the test fish had a lipid content of around 10%, which is
typical of laboratory-reared salmonids (Meador et al.,
2002). A number of recent studies suggest that certain
DDT isomers, such as o,p′-DDT and o,p′-DDE, have
estrogenic activity, and may have endocrine-disrupting
or immunotoxic effects (Donohoe and Curtis, 1996;
Arukwe et al., 1998; Celius and Walther, 1998; Khan

and Thomas, 1998; Christiansen et al., 2000; Zaroogian
et al., 2001; Milston et al., 2003; Papoulias et al.,
2003). However, measured or estimated body burdens
associated with these effects are typically in the 10–20
ng/g ww or 100–200 ng/g lipid range or above. Lipid-
adjusted concentrations of total DDTs and o,p′-isomers
of DDTs approached these concentrations in some fish
from the Columbia River, but DDT body burdens typi-
cally found in estuarine chinook and coho salmon were
substantially lower. This suggests that, by themselves,
body burdens of DDTs would be unlikely to cause ad-
verse health effects in most Pacific Northwest juvenile
salmon. However, DDTs do not occur in isolation in Pa-
cific Northwest estuaries, but are present with a variety
of other contaminants. Estrogenic DDT metabolites,
for example, even at low concentrations, could act in
concert with other estrogenic contaminants (e.g., plas-
ticizers, pharmaceuticals, and surfactants) to alter re-
productive processes or other physiological functions.
In fact, some field studies have reported effect thresh-
olds for DDTs lower than those observed in laboratory
exposure studies [e.g., maternal muscle concentrations
of 25–30 ng/g ww for increased yolk sac fry mortal-
ity in Baltic salmon; Vuorinen et al. (1997)], possi-
bly because of the presence of other contaminants, as
well as lower lipid concentrations in wild fish. More
work is needed to understand the potential cumula-
tive effects of DDTs and other contaminants present in
salmon habitats.

Exposure to PAHs may also contribute to health risks
in juvenile chinook salmon from some of the sampling
sites. In juvenile chinook salmon from Puget Sound
sites where immunosuppression and other health ef-
fects have been observed (Arkoosh et al., 1991, 1994,
1998, 2001; Varanasi et al., 1993; Stein et al., 1995;
Casillas et al., 1995, 1998; Stehr et al., 2000), con-
centrations of total PAHs in stomach contents of these
fish were in the 1,200 to 8,000 ng/g ww range for
�LAHs and in the 2,000 to 6,000 ng/g ww range for
�HAHs, or 4,000 to 15,000 ng/g ww for total PAHs
(Stein et al., 1995; Varanasi et al., 1993; Stehr et al.,
2000). In the present study, PAH concentrations in this
range were detected once again in chinook salmon from
the Duwamish Estuary, suggesting a potential for health
risks to fish from this site. Concentrations of �HAHs
were also surprisingly high in stomach contents of chi-
nook salmon from Willapa Bay, but this was not re-
flected in bile metabolite levels of fish from this site.
Additional sampling may be needed to determine if
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there is consistent exposure to PAHs in Willapa Bay
salmon.

In laboratory feeding studies where fish were ex-
posed to PAHs alone, reported effect concentrations
are somewhat higher than levels of PAHs measured in
stomach contents of salmon from sites in where biolog-
ical effects have been reported in the field, or PAH lev-
els measured in the present study. Meador et al. (2005)
found physiological changes in juvenile chinook ex-
posed to 120 ppm total PAHs dry wt, or about 25,000
ng/g ww, while Bravo et al. (2005) observed immuno-
suppression, CYP1A induction and DNA damage in
rainbow trout exposed to concentrations of 40,000 ng/g
ww PAH in diet. Reported no effect doses for im-
munosuppressive and other physiological effects are in
the 8,000–16,000 ng/g ww range (Palm et al., 2004;
Meador et al., 2005). Total PAH concentrations in
stomach contents of juvenile chinook collected from
the Duwamish Estuary and Willapa Bay as part of this
study are similar, and thus might be considered as being
close to a threshold effect level. Moreover, PAHs may
contribute to immunosuppressive or growth-altering
impacts of other contaminants in environmental mix-
tures, even if they are below toxicity thresholds when
considered alone (e.g., see Loge et al. (2005).

4.5 Trophic transfer and health effects on wildlife

Even if levels of bioaccumulative compounds such as
DDTs and PCBs are not sufficient to cause direct effects
on juvenile salmonids, they may represent a hazard
to fish-eating predators through bioaccumulation and
bioconcentration. The U.S. Fish and Wildlife Service
(2004) estimated a no-observable adverse effects level
(NOAEL) for impacts of fish prey on bald eagles of
60 ng/g ww for PCBs and 40 ng/g ww for DDTs, while
Nendza et al. (1997) estimated a �DDTs NOAEL of
22–50 ng/g ww in fish tissue for impacts of related
to bioaccumulation and bioconcentration of DDTs in
estuarine systems. Juvenile chinook salmon sampled
in this study from the Columbia River, the Duwamish
Estuary, and the Nisqually Estuary had whole body
DDT concentrations in the 20–50 ng/g ww range, and
chinook salmon from the Duwamish Estuary had PCB
concentrations above 60 ng/g ww, suggesting these fish
may pose a hazard to fish-eating wildlife. Indeed, there
is considerable evidence of bioconcentration of DDTs
in birds and other wildlife that use the Columbia River,
resulting in body burdens high enough to cause repro-

ductive problems (Anthony et al., 1993; USFWS, 1999,
2004; Thomas and Anthony, 2003; Henny et al., 2003;
Buck et al., 2005).

4.6 Summary

Overall, the results of this study indicate significant
exposure to PCBs, DDTs, and PAHs in outmigrant ju-
venile chinook salmon from several Pacific Northwest
estuaries. Contaminant concentrations were generally
highest in stomach contents and tissues of salmon from
the deep draft estuaries, with the highest levels of ur-
ban and industrial development (i.e., the Duwamish
Estuary, the Columbia River, Yaquina Bay, Coos Bay
and Grays Harbor), and lowest in the natural estuaries
(Elk River and Salmon River), which are largely un-
developed. However, relatively high concentrations of
contaminants were detected in juvenile chinook from
some of the conservation estuaries (Nisqually Estu-
ary, Skokomish Estuary, Willapa Bay, and Alsea Bay),
where land use is primarily agricultural. For example,
concentrations of DDTs in salmon from the Nisqually
Estuary were among the highest observed in this sur-
vey. For juvenile chinook salmon from the Duwamish
Estuary, the Columbia River, and Yaquina Bay, whole
body PCBs were within the range where they could
potentially affect fish health and survival. In juvenile
coho salmon, on the other hand, contaminant concen-
trations were relatively low, below estimated biolog-
ical effects thresholds, and showed minimal variation
from site to site. Juvenile chinook salmon are likely ab-
sorbing some contamination during estuarine residence
through their prey, as PCBs, PAHs, and DDTs were
consistently present in stomach contents, and PCBs
and DDTs were significantly correlated with contami-
nant body burdens in fish from the same sites. Hatchery
chinook also showed evidence of contaminant uptake.
Although contaminant concentrations were not espe-
cially high in stomach contents offish from the hatchery
we tested, body burdens were elevated, in part because
of the high lipid content of the fish. More research is
needed to document exposure and associated effects of
chemical contaminants on endangered Pacific North-
west salmon, but the available data show clearly that tis-
sue burdens of some classes of contaminants are within
the range where they could potentially affect survival
and productivity of listed stocks or have adverse effects
on the ecosystem of which salmon are a part.
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