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a b s t r a c t

Recent research has shown that hatchery coho salmon (Oncorhynchus kisutch) are vulnerable to the olfac-
tory neurotoxicity caused by copper from urban runoff, pesticide use, and mining activities. To explore the
eceived in revised form 18 August 2010
ccepted 24 August 2010
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broader application of this data to salmonids living in the wild, we exposed naturally-reared steelhead (O.
mykiss) to copper (5 and 20 �g/L; 3 h) and measured losses in olfactory function via electro-olfactogram
(EOG) recordings. Copper exposure disrupted the olfactory responsiveness of steelhead to an amino acid
(l-serine) in a dose-dependent manner that was equivalent to previously published data for hatchery
coho. Our findings support extrapolation of copper toxicity data across species and from fish raised in

ild.
lfaction
atchery

hatcheries to fish in the w

In the western United States, anadromous salmonid species
genus Oncorhynchus) are now listed under the U.S. Endangered
pecies Act (ESA) including distinct populations of coho (O. kisutch),
hinook (O. tshawytshca), sockeye (O. nerka), chum salmon (O. keta),
nd steelhead (O. mykiss) (Good et al., 2005). Degraded freshwater
uality is one factor contributing to salmon declines, particularly

n watersheds with intensive human activity. Copper, for exam-
le, is a metal widely used in building materials (e.g., copper roofs
nd treated lumber), automobile parts (e.g., brake pads), and pesti-
ides (Davis et al., 2001). Consequently, copper is often a pervasive
ontaminant in urban and agricultural watersheds where juvenile
almon and steelhead rear prior to oceanic migration.

Short-term copper exposures (a few minutes to a few hours)
t low, environmentally relevant concentrations (<10 �g/L) have
een shown to interfere with salmonid olfaction – specifically,
he sensory detection of (and behavioral response to) ecolog-
cally important chemical signals in the aquatic environment
Baldwin et al., 2003; Sandahl et al., 2007). Recent research
n the neurobehavioral toxicity of copper, however, has largely
ocused on hatchery-reared coho salmon (e.g., Baldwin et al., 2003;
andahl et al., 2007) and uncertainties remain about whether wild
almonids and their hatchery counterparts are similarly suscepti-

le to the olfactory toxicity of copper. Behavioral and physiological
ifferences between hatchery and wild salmonids, attributable
o different rearing environments, have been documented (see
eviews by Einum and Fleming, 2001; Weber and Fausch, 2003).
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Moreover, the assessment of differences between hatchery and
naturally-reared fish can depend on experimental setting (i.e.,
effects seen in the laboratory might not manifest in natural set-
tings, Riley et al., 2005; Tatara et al., 2008). Lastly, different species
of salmon and steelhead may vary in their response to the toxic
effects of copper (see, for example, Hansen et al., 1999).

The objective of the current study was to assess whether the
olfactory toxicity of copper in a naturally-reared salmonid (in
this case, steelhead) is equivalent to that previously reported
in hatchery-reared coho in order to determine whether juvenile
hatchery-reared coho are reliable surrogates for other at-risk wild
salmonids. We focused on juvenile steelhead because several wild
steelhead populations along the west coast of the United States
have declined to the extent that they now require federal protection
under the ESA.

We raised juvenile steelhead under natural stream conditions
and used conventional neurophysiological recordings to measure
the impacts of dissolved copper on the responsiveness of the olfac-
tory epithelium to a conventional odorant (the amino acid l-serine).
The results were compared to previously published toxicity data
for hatchery coho using the same recording methods, copper expo-
sure concentrations (5 and 20 �g/L), and fish of a similar size and
age (Sandahl et al., 2007).

The fish used in the experiment were produced from artificially
spawned hatchery-origin steelhead from the Skookumchuck River

(Washington State). Fertilized eggs were incubated at the Wash-
ington Department of Fish and Wildlife’s Bingham Creek Hatchery
to the eyed egg stage and then transported to the University of
Washington’s Big Beef Creek (BBC) Research Station. Upon reaching
the fry stage, ∼4900 fish were released into a 35 by 5-m screened
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Fig. 1. Naturally-reared steelhead exposed to copper show a significant and dose-
dependent decrease in the amplitude of electro-olfactograms (EOGs) evoked by two
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Fig. 2. Copper-induced reductions in electro-olfactograms (EOGs) evoked by l-
serine in naturally-reared steelhead are similar to those seen in hatchery-reared
coho. Data for coho are from Sandahl et al. (2007). For each species prior to averag-
ing, each EOG was normalized to the mean EOG response magnitude for unexposed
oncentrations of the odorant l-serine (one-way ANOVA, both p values <0.0004). For
ach concentration, the p values on the graph denote the results of comparisons to
he respective controls (Dunnett’s post hoc). For comparison, open symbols and the
ashed line show data from coho (Sandahl et al., 2007; prior to blank subtraction).
rror bars represent one standard error.

ide channel of BBC for natural rearing (described in Riley et al.,
005). The channel had a gravel-cobble substrate, natural early suc-
essional riparian vegetation, and flow of ∼0.05 m3 s−1 originating
rom artesian springs and Big Beef Creek. Fry used in the assays were
ollected by seining and held for up to 3 days in an enclosure within
he stream channel prior to use. The average daily temperature of
he stream channel (±1 standard deviation [SD]) was 11.3 ± 0.9 ◦C.
opper-exposed animals were 6 months old, with an average fork

ength and weight (±1 SD) of 4.9 ± 0.8 cm and 1.2 ± 0.6 g. The juve-
ile coho salmon in the comparison group (Sandahl et al., 2007)
ere 4–5 months old, with an average fork length and weight (±1

D) of 4.6 ± 0.4 cm and 0.9 ± 0.2 g.
Copper exposures followed the methods of Sandahl et al. (2007).

ach week a 25 mg/L copper stock solution was made from copper
hloride (Sigma Chemical Co., St. Louis, MO, USA; 99% purity CuCl2,
ihydrate) dissolved in BBC well water. Nominal exposure concen-
rations of 0, 5, or 20 �g/L were prepared by adding the appropriate
mount of stock solution to 25 L of BBC water in aerated 30 L glass
xposure aquaria. Individual fish were exposed in separate tanks
or 3 h. Although different exposure concentrations were tested on
ny given day, at least one fish from the control group (0 �g/L)
as tested on each day. Measured dissolved copper concentra-

ions (ICP-MS; Frontier Geosciences, Seattle, WA, USA) of samples
f the BBC water, the 20 �g/L exposure tank, and the stock solution
ere <0.04 �g/L (below detection limit), 16.6 �g/L, and 21.6 mg/L,

espectively. Copper exposures are hereafter expressed as nominal
oncentrations. BBC water had a hardness of 58 mg/L (as CaCO3),
lkalinity of 52 mg/L (CaCO3), and pH of 7.5 (Am-Test, Seattle, WA).

Odor-evoked electro-olfactograms (EOGs) were recorded from
he peripheral olfactory epithelium of each steelhead using estab-
ished procedures (Baldwin et al., 2003; Sandahl et al., 2007).
dorant solutions containing the amino acid l-serine dissolved in

−5 −4
BC water (10 and 10 M) were prepared daily from a concen-
rated stock. The two stimulus concentrations were chosen because
hey evoked baseline olfactory responses bracketing the response
o 10−4 M l-serine previously reported for hatchery coho (see Fig. 1;
andahl et al., 2007). While intriguing, the slightly larger response
controls for the specific concentration. For each copper exposure, p values are the
results from t-tests comparing the two species. Error bars represent one standard
error (SD).

to 10−4 M l-serine in wild-reared steelhead may reflect differences
in experimental conditions (e.g., exposure water, odorants present
in the background water, minor differences in electrode placement,
etc.) rather than a species difference in the sensitivity to l-serine.
Rather than comparing the absolute amplitudes of the two stud-
ies, the olfactory toxicity in steelhead was compared to data for
coho (Sandahl et al., 2007) by normalizing each olfactory response
to the mean for the study’s unexposed controls. For the steelhead
data, for each fish the responses to the two l-serine stimulus con-
centrations (10−5 and 10−4 M) were combined to obtain a single
average l-serine response relative to controls.

The amplitudes of l-serine-evoked olfactory responses in unex-
posed steelhead and fish exposed to 5 and 20 �g/L copper are
shown in Fig. 1. For both l-serine stimulus concentrations, a 3 h
copper exposure produced a dose-dependent loss of olfactory func-
tion (one-way ANOVA; both p values <0.0004). The dose–response
curves were also similar to that of coho (Sandahl et al., 2007). More
specifically, as shown in Fig. 2, the reductions in olfactory sensitiv-
ity following exposures to both 5 and 20 �g/L were not statistically
different between naturally-reared juvenile steelhead and hatchery
juvenile coho (t-test; p > 0.05).

These findings are consistent with previous studies that have
evaluated the olfactory toxicity of copper in salmonids over the past
three decades. By various different analytical measures, copper has
been shown to disrupt olfaction and olfactory-mediated behaviors
in hatchery-reared fish (reviewed in Tierney et al., 2010) including
Chinook (Hansen et al., 1999), coho (Baldwin et al., 2003), chum
(Sandahl et al., 2006), and steelhead as well as Atlantic salmon
(Salmo salar) and non-anadromous rainbow trout (O. mykiss) (Hara
et al., 1976; Hansen et al., 1999). Where electrophysiological

recording methods have been used, the threshold for copper neu-
rotoxicity has been remarkably similar across species. For example,
our observation of a significant loss of olfactory responsiveness at
copper concentrations of 5 �g/L (for both coho and steelhead) is
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ery close to the threshold for olfactory toxicity (∼7 �g/L) reported
or rainbow trout by Hara and colleagues as early as 1976 (Hara et
l., 1976).

Artificial rearing environments and genetically based differ-
nces between hatchery and wild salmonids (within and between
pecies) are known sources of variation in physiology, morphology,
nd behavior (Einum and Fleming, 2001; Weber and Fausch, 2003).
urprisingly, however, there has been little research to assess how
his variation might influence physiological susceptibility to toxic
hemical contaminants. Our comparison of the olfactory neurotox-
city data for dissolved copper across salmonid species (coho and
teelhead) raised in different environments (natural and hatchery)
uggests negligible variation across both factors. While this study
oes not address the potential for genetically based differences in
lfactory toxicity among hatchery and wild populations, given the
ack of differences across species, it seems unlikely that the olfac-
ory toxicity of copper would differ within a species across different
enetic stocks.

Although copper olfactory toxicity research has largely focused
n hatchery-reared juvenile coho salmon there are myriad inputs of
opper into freshwater habitats of anadromous salmonids through-
ut the western United States. Therefore, copper poses a threat
o wild-reared juveniles of numerous salmonid species, many of
hich have current population abundances at or near their histor-

cal lows, such as steelhead. Our findings suggest that substantial
ifferences in the vulnerability of the olfactory system of hatchery
nd wild fish to at least copper are unlikely. Resource managers,
herefore, might use the olfactory toxicity information for coho
hen considering the potential consequences of copper exposure

o steelhead and possibly other at-risk but less-studied species.
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