
uptake inhibitors (SSRIs) in addition to central nervous system
stimulants, narcotics, and analgesics. These compounds have been
widely prescribed to treat anxiety, epilepsy, and hypertension in
humans (Table S2). Many of these chemicals may also affect
behavioral function in fish and invertebrates, even at the relatively
low concentrations found in contaminated receiving waters
(Painter et al., 2009; Brooks, 2014). Surprisingly, algal growth was
very sensitive to fluoxetine (Brooks et al., 2003).

Two of the antidepressants, sertraline and fluoxetine, are
especially noteworthy because these were observed in juvenile
Chinook (Table 2) at concentrations higher than those reported by
Brooks et al. (2005) for 3 species of fish from an effluent-dominated
stream. A number of studies have examined effects of sertraline and
fluoxetine in fish and report a large range in aqueous concentra-
tions causing adverse effects. For example, Schultz et al. (2011)
reported increased mortality and histological alterations in the
testes for sertraline and fluoxetine and increased vitellogenin
production in male fathead minnows exposed to very low con-
centrations (1.6e5.2 ng/L of sertraline and 28 ng/L for fluoxetine),
which are substantially lower than effluent concentrations re-
ported in the present study. In Schultz et al. (2011), reported con-
centrations of these compounds in brain tissue were very low
(0.17 ng/g for fluoxetine and 0.02e0.06 ng/g for sertraline). While
the concentrations of these SSRIs were below detection limits in
estuarine water in the present study, our whole body concentra-
tions for these compounds were elevated (5e17 ng/g) for juvenile
Chinook salmon. Because brain tissue preferentially accumulates
sertraline and fluoxetine and exhibits concentrations that are
higher than other tissues (Brooks et al., 2005; Schultz et al., 2010),
whole-body concentrations are likely lower than that expected for
brain tissue, suggesting that brain tissue of juvenile Chinook
salmon in our study contained very high levels of these antide-
pressants. Additionally, the metabolite norfluoxetine binds the se-
rotonin reuptake transporter with a similar affinity as fluoxetine
and is considered as potent as the parent compound. Based on
these characteristics, it is reasonable to sum the concentrations of
these compounds to determine the potential for adverse effects for
this MoA (Meador, 2006; Daughton and Brooks, 2011).

4.3.1.4. Metabolic regulators. A number of compounds that target
metabolic abnormalities (e.g. metabolic regulators) such as
elevated lipids and hyperglycemia were observed in effluent,
estuarine water, and fish tissue. These include atorvastatin, gem-
fibrozil, glipizide, glyburide, metformin, and simvastatin and they
have the potential to act as metabolic disruptors affecting growth,
lipid homeostasis, and energy balance in nontarget organisms
when introduced to the environment (Casals-Casas and Desvergne,
2011). Other chemicals that are known metabolic disruptors were
also detected at high concentrations in the present study, including
bisphenol A, nonylphenols, phthalates, and perfluorinated
compounds.

Metformin, a medicine to treat diabetes, was the analyte
detected at the highest concentration in effluent
(29,300e82,700 ng/L) with very high concentrations in estuary
water (up to 832 ng/L). The highmetformin concentration observed
in sculpin from the Nisqually estuary (27.8 ng/g) was unexpected
given the very low Kow for this compound. A recent study (Niemuth
and Klaper, 2015) demonstrated reduced growth in male fathead
minnow (Pimephales promelas) and extensive disruption of repro-
ductive parameters in both sexes of this species exposed to met-
formin at 40,000 ng/L. Another recent study demonstrated
significant increases in mRNA transcripts for vitellogenin, estrogen
receptor-alpha, gonadotropin releasing hormone 3, and cyto-
chrome P450 3A4-like isoform in juvenile fatheadminnowexposed
to concentrations in water as low as 1 ng/mL (Crago et al., 2016).

4.3.2. Personal care products
Triclosan and triclocarbanwere detected in effluent and salmon

tissue. Only triclosan was detected in estuary water (Sinclair Inlet)
and was present at 5.2 ng/L, which would theoretically result in a
fish tissue concentration of 0.47 ng/g, given the observed fish BCF of
90 for this compound. A high concentration was observed in
salmon tissue from the Puyallup estuary (mean¼ 24.4 ng/g), which
may be due to foodweb magnification from algae and invertebrate
species that exhibit relatively high bioaccumulation factors
(500e1000) (Hontela and Habibi, 2014). High tissue concentrations
are also expected in higher trophic level species such as marine
mammals (Hontela and Habibi, 2014). Given the observed BCF for
triclosan, our reported tissue concentration in salmon would be
equivalent to a water exposure concentration of 271 ng/L. Triclosan
is weakly estrogenic in fish (Hontela and Habibi, 2014), but has
been shown to significantly increase aggressive behavior in fathead
minnows when exposed to a mixture of triclosan (560 ng/L) and
triclocarban (179 ng/L) (Schultz et al., 2012). These aforementioned
concentrations are only about 2-fold higher than the modeled
exposure concentration (271 ng/L) expected to result in the
observed salmon tissue concentration.

4.3.3. Industrial chemicals
Nonylphenol (NP) was one of the more ubiquitous compounds

in our study andwas observed in every sample (except Sinclair Inlet
estuary water) at relatively high concentrations in water
(14e41 ng/L) and tissue (8e76 ng/g). The ethoxylates of non-
ylphenol (NP1EO and NP2EO) were also detected in most effluent
and tissue samples. The U.S. Environmental Protection Agency
(2005) chronic water quality criterion (WQC) for nonylphenol in
marine systems is 1.7 ng/mL, a value that approximates the
observed effluent concentration for the Tacoma WWTP reported
here. Also, the U.S. Environmental Protection Agency (2010) pro-
vides toxic equivalency factors (TEFs) for aquatic species exposed to
nonylphenol ethoxalates and these are considered to be about 50%
as potent as NP (NP¼ 1; NP1EO and NP2EO¼ 0.5).When these TEFs
are applied to the observed effluent concentrations, the combined
concentrations of NP and these 2 ethoxylates exceed the WQC
approximately 2-fold. No toxicity data for alkylphenols based on
fish tissue concentrations could be found for comparison to our
observed values.

Several studies indicate adverse effects for fish exposed to
alkylphenols at environmentally-relevant concentrations. One
study reported severe reductions in growth for rainbow trout
(Oncorhynchus mykiss) exposed separately to 1 ng/mL of NP and
NP2EO at concentrations as low as 1 ng/mL that persisted for
several weeks to months after exposure was terminated (Ashfield
et al., 1998). Our measured concentrations for each of these com-
pounds in effluent was higher than this growth impairment con-
centration and combined were approximately 3-fold higher. The
second study observed a negative correlation between catch data
for Atlantic salmon and the application of a pesticide to various
tributaries within a river basin during smolt development for a one
year period (Fairchild et al., 1999). Based on the analysis of Fairchild
et al. (1999), the authors concluded that NP (an adjuvant for the
pesticide application) was responsible for excess mortality during
this life stage. Similar effects were also noted by Fairchild et al.
(1999) for spray events over several years for another anadro-
mous species (Blueback herring, Alosa aestivalis).

4.4. Implications for potential adverse ecological effects in Puget
Sound

As discussed, the observed water and tissue concentrations of
numerous analytes detected in the two effluent-impacted estuaries
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