


brates. This conclusion is consistent with confirmation of the
occurrence of residual Exxon Valdez oil in intertidal sediments
of Prince William Sound during the same period in which
elevated CYP1A was indicated [15] as well as calculations
that intertidal-foraging vertebrates would be likely to encounter
lingering oil repeatedly through the course of a year [16].

Harlequin ducks (Histrionicus histrionicus) were one of the
species showing indications of elevated CYP1A induction in
oiled areas of Prince William Sound relative to unoiled areas
[14]. Harlequin ducks are marine birds that spend most of their
annual cycle in intertidal and shallow subtidal zones of temper-
ate and subarctic areas of the Pacific coast of North America.
They are common in Prince William Sound during the non-
breeding season (average of 14,500 individuals between 1990



previous studies, described in detail by Trust et al. [14] for
analyses at WHOI and Miles et al. [13] for those at UCD. The
measure of EROD activity is expressed in picomoles per minute
per milligram of protein.

Statistical analyses

Four analyses were conducted to evaluate variation in EROD
activity. First, results from the WHOI and UCD laboratories
were compared for paired samples collected during March,
2005, to determine whether consistent results were obtained.
Next, EROD activity was evaluated in relation to capture
location (oiled or unoiled area) and individual attributes
(age, sex, and body mass) for the March, 2005, samples using
data from both WHOI and UCD laboratories. Third, EROD
activity was evaluated in relation to location of capture,
individual attributes, and season for samples obtained during
November, 2006, and March/April, 2007, and analyzed at
the UCD laboratory. Finally, variation in EROD activity was
analyzed in relation to capture location and individual attributes
for birds captures during March, 2009. Separate analyses were
run for data from each winter because we wished to compare
results from both laboratories in 2005, so analyzing 2005
separately facilitated direct comparison of inferences from each
data set. Also, considerable variation can occur between labo-
ratory runs [26]; this does not affect contrasts between treat-
ments within runs but could complicate interpretation across
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Fig. 2. Average (�standard error) hepatic 7-ethoxyresorufin-O-deethylase
(EROD) activity of harlequin ducks (n¼ 40) captured in March, 2005, in
areas of Prince William Sound, Alaska, USA, oiled during the Exxon Valdez
spill and nearby unoiled areas. Results are presented for two laboratories
(WHOI¼Woods Hole Oceanographic Institution; UCD¼University of
California Davis) that independently analyzed subsamples of the same livers.
data were generated only from the UCD laboratory for March,
2009, samples.

RESULTS

Laboratory comparison

Based on paired liver biopsies from harlequin ducks cap-
tured in March, 2005, a strong correlation (r2¼ 0.70; Fig. 1) was
found between results reported from WHOI and those reported
independently from UCD. Averages (�SE) differed somewhat
by laboratory (birds captured on areas oiled by the Exxon Valdez
spill¼ 194.9� 30.1 at WHOI and 161.3� 31.2 at UCD, and
those captured from unoiled areas¼ 96.6� 14.4 at WHOI and
55.3� 13.7 at UCD), although area differences were readily
apparent in both data sets (Fig. 2). Similarly, the slope of the
relationship between the two laboratories (using results from
WHOI as the response) was less than one (0.71� 0.08), indi-
cating that the different laboratories reported data with some-
what different absolute values, as reported elsewhere [26].
However, the close correlation, as well as the similarity in
GLM results using both data sets (below), indicated that data
from both laboratories supported the same inference about
differences in EROD activity levels in relation to individual
attributes and areas.

EROD activity March 2005

Variation in EROD activity of harlequin ducks captured in
March, 2005, was strongly associated with whether they were
from oiled or unoiled areas. Based on UCD analyses, the model
with area as the only explanatory variable received nearly
10 times the support of any other model, with a w of 0.87
(Table 2). The group of individual attribute variables did not
explain meaningful variation in EROD, insofar as both models
including individual attributes had small w and received less
support than the null model (i.e., had larger AICc values;
Table 2). Analyses from WHOI corroborated these conclusions;
the order of candidate models and the relative support for each
closely matched those based on UCD analyses (Table 2).

Parameter likelihood values also supported the importance
of area for explaining variation in March, 2005, EROD activity.
With the UCD analysis results, the area parameter was strongly
supported, with a parameter likelihood of 0.91 (Table 3). Also,
the weighted parameter estimate indicated that areas differed by
an average of 96.0 pmol/min/mg protein, with EROD activity
markedly higher in oiled areas (Fig. 2). Parameter likelihood
values for individual attributes were small, and the weighted
parameter estimates were smaller than the corresponding
unconditional standard errors (Table 3), further indicating that
they did not have strong explanatory value. As with the model
ranking described above, the patterns in parameter likelihoods,
weighted parameter estimates, and unconditional SE based on
WHOI results mirrored those from UCD (Table 3 and Fig. 2),
strengthening confidence in the inference drawn from these
analyses.

EROD activity winter, 2006/2007

For samples from winter, 2006 to 2007, analyzed only in
the UCD laboratory, we found that the model with area as
the only explanatory variable was best supported, with a w of
0.51 (Table 4). However, the model with area and season as
explanatory variables also received considerable support, with
an AICc value that was only 0.4 from the best-supported model
and a w of 0.41. None of the other candidate models received
substantial support, including all other models with season as
an explanatory variable. Consistent with these findings, the
parameter likelihood value for area was 1.0, indicating that only
models including area received any meaningful support from
the data (Table 3). The weighted parameter estimate for area
indicated that EROD was significantly higher in oiled areas
compared with unoiled (Table 3 and Fig. 3). Parameter like-
lihoods for individual attributes were low, and the size of
unconditional SE exceeded the weighted parameter estimates
in all cases (Table 3), which confirmed that these variables did
not explain important variation in the response. The parameter
likelihood for season indicated moderate support (Table 3),
based on the inclusion of season in the second-best model;
however, the weighted parameter estimate for season was small
(�7.7 pmol/min/mg protein), with an unconditional SE larger
than the estimate, further suggesting the lack of importance of
season for explaining variance in EROD. Figure 3 graphically
illustrates the modest seasonal difference in EROD as well as
the consistent and large difference by area.

EROD activity March, 2009

Consistent with earlier sampling periods, the best-supported
model for March, 2009, data indicated differences in average
EROD activity between areas, with a w of 0.73 (Table 5). As in
previous winters, average EROD activity was higher in oiled







tor agonist activation and subsequent effects, including possible
involvement of the multiple CYP1 genes that are expressed in
birds, have not been fully explored in relation to the effects of
the Exxon Valdez oil spill, and research is warranted to assess
appropriately those effects on harlequin ducks and other species
at risk of exposure.

In summary, the EROD levels reported here provide strong
evidence of CYP1A induction in harlequin ducks from oiled
areas, which we conclude is due to continued exposure to
residual Exxon Valdez oil and indicates that harlequin ducks
remain at risk of potential deleterious consequences of that
exposure. The present work extends the timeline of exposure to
20 years postspill and adds to the body of evidence describing
the previously unanticipated duration of exposure and potential
effects of the Exxon Valdez oil spill. We note that oil from other
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