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a b s t r a c t

We examined hepatic EROD activity, as an indicator of CYP1A induction, in Barrow•s goldeneyes captured
in areas oiled during the 1989 Exxon Valdezspill and those from nearby unoiled areas. We found that
average EROD activity differed between areas during 2005, although the magnitude of the difference
was reduced relative to a previous study from 1996/1997, and we found that areas did not differ by
2009. Similarly, we found that the proportion of individuals captured from oiled areas with elevated
EROD activity ( P 2 times unoiled average) declined from 41% in winter 1996/1997 to 10% in 2005 and
15% in 2009. This work adds to a body of literature describing the timelines over which vertebrates were
exposed to residual Exxon Valdezoil and indicates that, for Barrow•s goldeneyes in Prince William Sound,
exposure persisted for many years with evidence of substantially reduced exposure by 2 decades after
the spill.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Some of the oil released during the 1989 Exxon Valdezoil spill
has remained in intertidal sediments of Prince William Sound,
Alaska over the subsequent two decades ( Boehm et al., 2008; Short
et al., 2004, 2006 ). Estimates of the quantity remaining ( Boehm



to be a reliable indicator of oil exposure in birds generally and sea
ducks speci“cally ( Esler, 2008; Miles et al., 2007 ).

Elevated indicators of CYP1A induction have been documented
in a number of vertebrate species sampled from areas of Prince
William Sound, Alaska that received oil during the 1989



for the null model would indicate that variables considered in other
candidate models did not explain important variation in the
response.

The model with the lowest AIC value corrected for small sample
size (AICc) was considered to have the strongest support from the
data among the models considered. Another metric, AIC c weight
(w), was calculated for each model; AIC c weights sum to 1.0 across
the entire model set and provide a measure of relative support for
candidate models. The variables included in the models with high-
est support are considered to explain important variation in the re-
sponse. Parameter likelihoods, which are the sums of w for all
models including a given parameter, indicate the relative support
for that variable, taking into account model uncertainty. Parameter
likelihoods close to 1 indicate strong support. Finally, we calcu-
lated weighted parameter estimates and associated unconditional
standard errors, which are estimates of the size, direction, and
associated variation of effects of variables calculated across the
set of candidate models.

To evaluate trends in EROD activity over time, we applied
corrections to account for between-year differences in reported
values. Between-year EROD values varied substantially across lab-
oratory runs. In consultation with the laboratories, we con“rmed
that, although within-year comparisons between areas were valid,
between-year comparisons were not appropriate without correc-
tion ( Esler, 2008). Therefore, we created an index for CYP1A values,
in which we set average EROD activity for Barrow•s goldeneyes
that we captured at our unoiled areas (Montague Island and
Culross Passage) to 1 for each year, and we adjusted all values
accordingly within the same sample year ( Esler, 2008). When com-
paring data across years, this index assumes that oil exposure, and
hence EROD activity, at unoiled sites was the same across years,
which is reasonable because these are relatively pristine areas with
little inter-annual variation in human activity and, hence, little
variation in occurrence or concentrations of CYP1A-inducing com-
pounds. Indexed values and their associated variation were graph-
ically contrasted across years and oiling history status. For each
year, we also calculated the proportion of individuals captured in
oiled areas with elevated EROD activity, which we de“ned as a va-
lue P 2 times the average value on unoiled areas for that year. We
recognize that this criteria for elevation is arbitrary, but is one that
we considered to represent a biologically meaningful difference in
CYP1A expression. This metric was designed to evaluate whether
the incidence of exposure changed over time.

3. Results

We captured 79 Barrow•s goldeneyes over the course of our
study; sample sizes by year, area, sex, and age are described in
Table 1. For samples collected in 2005, the model with area and
individual attributes as explanatory variables ( w = 0.44) and the

model with area only ( w = 0.41) had essentially equivalent support
(Table 2). The best-supported model had an R2 of 0.30. The remain-
ing two models had little support ( Table 2), with differences in AIC c

values from the best-supported model ( DAICc) of >3.0 and w < 0.10.
These “ndings indicated that area explained important variation in
EROD activity in 2005, with some support for explanatory value of



likelihood of 0.96. Age provided little explanatory value, as the SE
exceeded the absolute value of the parameter estimate. However,
both sex and mass seemed to explain important variation in EROD
in 2009. Speci“cally, females had lower average EROD activity than
males, and EROD activity was negatively related to body mass ( Ta-
ble 3).



found subtle effects of individual attributes, particularly in 2009.
Speci“cally, males had higher average EROD activity and body
mass was negatively related to EROD activity. Sex differences had
not been found in harlequin ducks ( Esler et al., 2010) or Barrow•s
goldeneye in previous sampling periods. A subtle negative rela-
tionship between body mass and EROD was detected in harlequin
ducks from winter 1998 ( Esler et al., 2002), but not in harlequin
ducks (Esler et al., 2010) or Barrow•s goldeneyes in most periods
since 1998. Evidence for a slight relationship between body mass
and EROD in Barrow•s goldeneyes in 2009 was surprising, particu-
larly because there was little evidence of elevation in most individ-
uals. We do not know whether our results for 2009 are spurious
(i.e., artifacts of this speci“c data set) or whether they re”ect pat-
terns in the population of interest.

Some authors have questioned whether oil spilled during the
Exxon Valdezevent can be assumed to be the primary source of
CYP1A inducing compounds in oiled areas of Prince William Sound
(Harwell and Gentile, 2006 ), recognizing that there may be multi-
ple CYP1A-inducing compounds from multiple sources within a gi-
ven area (Lee and Anderson, 2005). However, studies indicate that
PAHs in the areas where elevated CYP1A was observed in verte-
brates are predominately from the Exxon Valdez (Short et al.,
2004), supporting the inference that Exxon Valdez oil was the
inducing agent. Also, other studies ( Trust et al., 2000; Ricca et al.,
2010) considered the potential role of PCBs in observed CYP1A
indication in harlequin ducks in Prince William Sound and deter-
mined that concentrations were very low and generally not related
to CYP1A induction. In addition, Short et al. (2006) calculated that,
given the distribution of residual Exxon Valdezoil through 2003,
benthic foraging vertebrates were likely to encounter lingering
oil during routine foraging activities. Finally, our results indicating
declines in CYP1A induction in Barrow•s goldeneye over time were
consistent with exposure to a source declining in availability over
time, as would be expected with Exxon Valdezoil, rather than com-
pounds predicted as constant over time such as atmospheric PCBs
or oil from natural seeps. Our results for Barrow•s goldeneyes were
encouraging in that they indicated declining exposure to residual
Exxon Valdezoil in a previously-exposed species and, hence, pro-
gress towards ecosystem recovery.

Acknowledgements

This research was supported primarily by the Exxon ValdezOil
Spill Trustee Council. However, the “ndings and conclusions do
not necessarily re”ect the views or position of the Trustee Council.
Any use of trade names is for descriptive purposes only and does
not represent endorsement by the US government. Procedures
described in this manuscript were approved by the Simon Fraser
University Animal Care Committee. We thank those who helped
with “eld work, under frequently dif“cult winter conditions,
including: A. Birmingham, T. Bowman, S. Davis, T. Donnelly, M.
Maftei, D. Rizzolo, N. Slosser, B. Uher-Koch, and K. Wright. Dr.
D. Heard provided additional veterinary expertise during “eld
work. We thank D. Rand and his crew of the motor vessel Discovery
for safe and comfortable passage. We also appreciate the institu-
tional support provided by D. Derksen, D. Bohn, R. Ydenberg, M.
Court, C. Smith, I. Semple, and the Paci“c Wildlife Foundation.

References

Bodkin, J.L., Ballachey, B.E., Dean, T.A., Fukuyama, A.K., Jewett, S.C., McDonald, L.,
Monson, D.H., O•Clair, C.E., VanBlaricom, G.R., 2002. Sea otter population status
and the process of recovery from the 1989 • Exxon Valdez



Short, J.W., Lindeberg, M.R., Harris, P.M., Maselko, J.M., Pella, J.J., Rice, S.D., 2004.
Estimate of oil persisting on the beaches of Prince William Sound 12 years
after the Exxon Valdez oil spill. Environmental Science and Technology 38,
19…25.

Short, J.W., Maselko, J.M., Lindeberg, M.R., Harris, P.M., Rice, S.D., 2006. Vertical
distribution and probability of encountering intertidal Exxon Valdez oil on
shorelines of three embayments within Prince William Sound. Environmental
Science and Technology 40, 3723…3729.

Sleiderink, H.M., Oostingh, I., Goksøyr, A., Boon, J.P., 1995. Sensitivity of cytochrome
P450 1A induction in dab ( Limanda limanda) of different age and sex as a
biomarker for environmental contaminants in the southern North Sea. Archives
of Environmental Contamination and Toxicology 28, 423…430.

Trust, K.A., Esler, D., Woodin, B.R., Stegeman, J.J., 2000. Cytochrome P450 1A
induction in sea ducks inhabiting nearshore areas of Prince William Sound,
Alaska. Marine Pollution Bulletin 40, 397…403.

Vermeer, K., 1982. Food and distribution of three Bucephala species in British
Columbia waters. Wildfowl 33, 22…30.

Whitlock Jr., J.P., 1999. Induction of cytochrome P4501A1. Annual Review of
Pharmacology and Toxicology 39, 103…125.

Whyte, J.J., Jung, R.E., Schmitt, C.J., Tillitt, D.E., 2000. Ethoxyresoru“n-O-deethylase
(EROD) activity in “sh as a biomarker of chemical exposure. Critical Reviews in
Toxicology 30, 347…570.

Wolfe, D.A., Hameedi, M.J., Galt, J.A., Watabayashi, G., Short, J., O•Clair, C., Rice, S.,
Michel, J., Payne, J.R., Braddock, J., Hanna, S., Sale, D., 1994. The fate of the oil
spilled from the Exxon Valdez. Environmental Science and Technology 28, 561…
568.

Woodin, B.R., Smolowitz, R.M., Stegeman, J.J., 1997. Induction of cytochrome P450
1A in the intertidal “sh A. Purpurescens by Prudhoe Bay crude oil and
environmental induction in “sh from Prince William Sound. Environmental
Science and Technology 31, 1198…1205.

614 D. Esler et al. / Marine Pollution Bulletin 62 (2011) 609…614


	Cytochrome P4501A biomarker indication of the timeline of chronic exposure of Barrow’s goldeneyes to residual Exxon Valdez oil
	Introduction
	Materials and methods
	Capture and sample collection
	Laboratory analyses
	Statistical analyses

	Results
	Discussion
	Acknowledgements
	References


