
Daughton and Brooks, 2011). One study that measured plasma
bioconcentration factors in fish found large variation among sites
that was not attributed to aqueous concentration, pH, exposure
time, or temperature (Brown et al., 2007), indicating the difficulty
of predicting tissue concentrations.

Of the 69 PPCPs detected in water or fish in the present study,
70% are ionizable organic compounds. Bioaccumulation of polar
and ionizable compounds is generally not predictable with the
current target lipid model (Di Toro et al., 2000) that is premised
solely on hydrophobic partitioning to organismal lipid. Instead of
passive diffusion across membranes that can be easily modeled,
predictions of bioaccumulation for many CECs demand an evalua-
tion based on toxicokinetics, passive diffusion, and active transport,
which can vary widely among species (Daughton and Brooks, 2011;
Meredith-Williams et al., 2012). Active transport is likely an
important mechanism to consider because a large number of drugs
are known to be taken up across biological membranes by one of
several known transporters (Dobson and Kell, 2008).

Various estimates for the percentages of commercially available
drugs that are ionizable range from 63 to 95% (Manallack, 2007)
indicating this as an important factor for determining bio-
accumulation, toxicity, and environmental fate. Specifically, organic
compounds with pKa values several units above or below the pH of
seawater (pHz 8e8.1) are expected to be ionic andmay not readily
accumulate in fish, unless there is active transport across gill or
gastrointestinal membranes. Wells (1988) estimated that 75% of
pharmaceuticals are weak bases, indicating that pKa is a crucial
factor for assessing bioaccumulation and toxicity in marine waters
especially when pH e pKa > �3 to 1 (Rendal et al., 2011).

A number of compounds in Table S2 have relatively high log10-
Kow values (>3) and pKa values similar to seawater (pH approx. 8.0),
indicating a high potential for bioaccumulation in aquatic organ-
isms. It is not known if these high Kow compounds would exhibit
even higher bioaccumulation as a result of active transport over
that predicted based on thermodynamics (e.g., the target lipid
model). In the present study, most of the compounds that were
detected in fish are characterized by high Kow values (Table S2),
with the exception of amphetamine, caffeine, ciprofloxacin, DEET,
ranitidine, and sulfadimethoxine. It is unknown if pKa would play a
role in bioaccumulation for these low Kow compounds. It should be
noted that BCF values may be a poor estimator of bioaccumulation
for some of these compounds in the field. For example, the steady-
state BCF values for caffeine, carbamazepine, and diphenhydramine
determined in the laboratory for mosquito fish (Gambusia hol-
brooki) were 2, 1.4, and 16, respectively, whereas the BCF values for
this species naturally exposed to these compounds in a pond were
29, 108, and 821 (15e77� greater), indicating that dietary exposure
is likely important for bioaccumulation (Wang and Gardinali, 2012).

As noted by Rendal et al. (2011), organic bases such as fluoxe-
tine, norfluoxetine, propanolol, lidocaine, sertraline, and trimipr-
amine, exhibit increasing toxicity for algae and fish with rising pH,
with large differences between pH 6.5 and 8.5. As shown for
fluoxetine (pKa ¼ 9.8) each unit increase in pH from 7 to 9 caused
both the log10Kow and levels of unionized fluoxetine to increase 10-
fold (Nakamura et al., 2008). These data indicate a substantially
greater potential for bioaccumulation in aquatic environments with
greater than neutral pH, such as marine systems. This was
confirmed by Nakamura et al. (2008) who showed a substantial
increase in the fluoxetine BCF for fish (30-fold) in addition to a 28-
fold decrease in the LC50 (more toxic) as pH increased from 7 to 9.

Even though observed and predicted BCFs for many CECs are
relatively low (e.g., 3e10, Table S4), salmon and sculpin collected in
the present study contained higher than expected concentrations
when based on analytes detected in estuary water. These higher
than predicted tissue concentrations could be due to additional

sources, such as upriver inputs or foodweb magnification. One
study demonstrated large differences in bioconcentration factors
among invertebrates exposed to a number of pharmaceuticals with
species varying 10e100 fold (Meredith-Williams et al., 2012).
Notably, these authors reported a BCF of 185,900 for fluoxetine in
the amphipod (Gammarus pulex), which may contribute to higher
than expected fish tissue concentrations. Such differences are often
due to variable uptake and elimination kinetics among species,
similar to those described for invertebrates exposed to tributyltin,
which is both polar and ionizable (Meador,1997). The unexpectedly
large differences in tissue concentrations for juvenile Chinook
salmon and staghorn sculpin in this study are unknown; however
such differences noted above for invertebrate prey, in addition to
variability in ventilation and ingestion rates between fish species,
potential metabolic differences, and degree of mobility may explain
the disparity. As noted in Meador (2014), Chinook salmon can
exhibit high rates of ingestion and gill ventilation.

4.3. Classes of compounds

Noteworthy groups of compounds are highlighted due to the
high frequency of occurrence and potential to cause adverse effects
in fish.

4.3.1. Pharmaceuticals
4.3.1.1. Hormones. Many pharmaceuticals are considered endo-
crine disrupting (ED) compounds affecting reproductive function
(Diamanti-Kandarakis et al., 2009). Hormones are the most potent
EDs affecting fish at low ng/L concentrations and several were
detected in effluent or estuarine waters (androstenedione, estrone,
and testosterone). Estrone (E1) was elevated in the Bremerton
effluent and the measured value (58 ng/L) is in the 85th percentile
of all measured effluent values fromU.S. WWTPs as summarized by
Kostich et al. (2013). Dammann et al. (2011) reported increased
levels of vitellogenin, altered secondary sexual characteristics, and
enhanced aggression in male fish exposed at aqueous concentra-
tions of estrone ranging from 15 to 54 ng/L, exhibiting a similar
potency as 17-a-ethinylestradiol (EE2). Dietary uptake may be a
substantial source of these compounds for fish species. The pre-
dicted E1 BCF for fish is 54 (Table S4); however Daphnia magna
exhibited a BCF for E1 of 228 (Gomes et al., 2004), which may be
representative of bioaccumulation in other invertebrates and could
lead to enhanced tissue concentrations in fish.

4.3.1.2. Antibiotics. In our study, 16 antibiotic compounds were
detected in water and fish tissue. Excess antibiotics in the water
may affect the natural composition of bacteria externally and
internally in fish (Daughton and Brooks, 2011; Carlson et al., 2015).
Possible effects include the suppression of beneficial bacteria and
enhancement of pathogenic bacterial resistance to antibiotics. A
number of authors have raised the possibility that continuous
discharge of antibiotics into surface waters may increase the
occurrence of antibiotic resistant strains of bacteria (Kristiansson
et al., 2011; Berglund, 2015). Several macrolide antibiotics
(-mycins, Table S2), were detected and they summed to approxi-
mately 500e980 ng/L in effluent, 5 ng/L in estuarine water, and
13e34 ng/g in whole-body fish. Because a number of these anti-
biotics work by the same MoA (e.g., macrolide antibiotics at a
specific site on subunit 50S of the bacterial ribosome), their effect
concentration for bacteria may be considered together through
dose addition.

4.3.1.3. Central nervous system agents. A large number (25) of
detected compounds in this study are used to modulate neuro-
logical function in humans. These include serotonin selective re-
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