
study were generally greater than the reported values in Vidal-
Dorsch et al. (2012), but lower than the values observed in
Charleston Harbor, San Francisco Bay, and the Gulf of Mexico es-
tuaries (Hedgespeth et al., 2012; Klosterhaus et al., 2013; Scott et al.,
2015). For the 16 effluent CECs in common between Lubliner et al.
(2010) and the present study for Puget Sound, most of the analytes
reported in the present study were observed at higher concentra-
tions, which could be a result of increased rates of usage for these
CECs or differences in the treatment processes among plants.

As discussed, our results indicate a large number of analytes in
effluent were below their respective limits of analytical detection in
estuarine waters. These chemicals may have been present at
extremely low levels in water and fish but could not be quantified;
however, this does not imply the absence of potential toxic effects
as noted by Schlenk et al. (2012) for mixtures of CECs. It is note-
worthy that our estuarine water samples were collected several
hundred meters from the effluent outfalls and at a depth of only
2 m, thus reported concentrations likely underestimate those
occurring in deeper water and closer to outfalls. The effluent plume
is expected to move horizontally with currents before substantial
mixing occurs (Environment Canada, 2003).

To better understand the characteristics of our WWTP effluents
relative to those in other locations, we compared our effluent
concentrations to those reported by Kostich et al. (2014) for the 50
largest WWTPs in the U.S., none of which discharged to marine
waters or were located in the Pacific Northwest. The Kostich et al.
(2014) data for 53 pharmaceuticals and 7 metabolites were sum-
marized statistically and compared to our measured values in the
two effluents. As observed in Table 2, the results of our comparison
to the Kostich et al. (2014) data overlapped on 45 compounds. The
CEC analyte concentrations observed in our study were generally
higher than most values for a given compound measured in the 50
WWTP effluents, which is reflected in the percentile ranking of our
values to those presented in Kostich et al. (2014). Our concentra-
tions were greater than the 90th percentile for values from all 50
WWTPs (most >99th percentile) for 34 of those 45 analytes. For 10
of the common analytes, all 50 effluent values in that study were
below their reporting limits, but were detected in our study (OH-
amitriptyline, atorvastatin, benztropine, lincomycin, paroxetine,
promethazine, simvastatin, sulfadimethoxine, testosterone, and
warfarin). Conversely, we report non-detectable concentrations for
acetaminophen, sulfamethazine, and theophylline in effluent
whereas detectable concentrations were reported in the Kostich
et al. (2014) dataset. While our observed concentrations were
among the highest reported for effluent in the United States, higher
concentrations have been reported in secondary effluent in other
countries (Verlicchi et al., 2012).

The concentrations obtained in our one-time sampling event for
each estuary are likely representative of samples taken for other
time points throughout the year and not expected to exhibit sub-
stantial temporal variability. One study on CECs in the marine
environment examined temporal variability of effluent and
receiving water concentrations and observed little difference
among the 4 seasons for the 56 analytes examined (Vidal-Dorsch
et al., 2012). Some seasonality was observed by Hedgespeth et al.
(2012) in their study of 19 CEC compounds in effluent and surface
water, who noted higher frequencies of detection in winter
compared to summer, a similar phenomenon observed by
Daneshvar et al. (2010). Higher frequency of detection and greater
concentrations during winter months are likely due to colder
temperatures inhibiting bacterial metabolism and reduced
photolysis (Vieno et al., 2005; Daneshvar et al., 2010; Hedgespeth
et al., 2012), which may offset any dilution due to potential
stormwater inputs. Additionally, for some PPCPs there is likely a
seasonal component for usage rates by consumers. For example,

some chemicals such as antihistamines may be more prevalent
during spring and summer months, whereas others such as DEET,
are expected to be lower during winter.

Despite the widespread occurrence of CECs and importance of
whole-body tissue concentration in risk assessment and regulatory
frameworks (Sappington et al., 2011), we found no comprehensive
studies reporting on whole-body tissue concentrations for these
compounds in field-collected fish. Clearly, this is an important data
gap in assessing the environmental risk of CECs. Choosing one
representative tissue for assessing toxic effects and bio-
accumulation is generally more problematic than analyzing whole
bodies. Whole-body concentrations are likely a better surrogate for
toxic dose and bioaccumulation compared to individual organ
concentrations due to greater comparability among species toxicity
metrics and bioaccumulation factors and because of the inherent
variability for target-organ specificity and lipid content, in addition
to confounding effects and seasonal differences (Meador et al.,
2008). Many studies provide data on organ-specific concentra-
tions, which are generally higher than reported for whole-body
concentrations. Ramirez et al. (2009) examined PPCPs in fish tis-
sue from 5 effluent-dominated streams and one recent review
(Daughton and Brooks, 2011) summarized the known data for wild
fish. The report of Ramirez et al. (2009) and the present study have
5 analytes in common that were detected in fish tissue (nor-
fluoxetine, sertraline, diphenhydramine, diltiazem, and triclosan).
Ramirez et al. (2009) detected carbamazepine in tissue, whereas
we detected this compound only in effluent and estuary water. The
2 studies are not directly comparable because Ramirez et al. (2009)
reported concentrations for fish fillets and liver. Another inter-
esting comparison is the San Francisco Bay data for co-located
water and mussel tissue concentrations (Klosterhaus et al., 2013).
Even though most of their estuarine water concentrations were
higher than our values, our fish tissue concentrations were higher,
sometimes substantially, compared to mussel tissue, with notable
exceptions for carbamazepine, DEET, and NP2EO.

4.2. CEC physicochemical characteristics and bioaccumulation

Compounds with log10Kow value > 2 were more likely to bio-
accumulate in fish; however, compounds with relatively short half-
lives (less than 24 h) would not be expected to appreciably bio-
accumulate due to elevated rates of clearance and/or metabolism.
Unfortunately, a review of the literature revealed few values for
chemical half-lives in fish. For most compounds with elimination
data for both humans and fish, the reported half-life for humans
was much shorter than that observed for fish (Table S2). It should
be noted that human half-life values are for plasma and they may
be representative of whole-body half-life only if the compounds
moved freely among tissues and were not sequestered or stored in
other tissues. Therefore human plasma half-lives are likely not
directly comparable to whole-body half-lives for fish.

4.2.1. Bioaccumulation of CECs in sculpin and salmon
As discussed by Daughton and Brooks (2011), pharmaceuticals

are generally more polar and less hydrophobic than most envi-
ronmental contaminants considered in risk assessments and
therefore do not preferentially associate with sediment or tissue.
While these compounds remain mostly dissolved inwater, they can
be bioaccumulated by organisms through ventilation, ingested
water, and prey and therefore may interact with receptor targets
resulting in pharmacological effects if concentrations are high
enough. Even though predicted bioaccumulation and bio-
concentration factors estimated with Kow values are relatively low,
it is well known that many ionic compounds do not bioaccumulate
according to these predicted values (Meador, 2000; Fu et al., 2009;
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