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Abstract—We collected 136 fresh and unhatched eggs from bald eagle (Haliaeetus leucocephalus) nests and assessed productivity
on eight islands in the Aleutian archipelago, 2000 to 2002. Egg contents were analyzed for a broad spectrum of organochlorine
(OC) contaminants, mercury (Hg), and stable isotopes of carbon (�13C) and nitrogen (�15N). Concentrations of polychlorinated
biphenyls (�PCBs), p,p�-dichlorodiphenyldichloroethylene (DDE), and Hg in bald eagle eggs were elevated throughout the archi-
pelago, but the patterns of distribution differed among the various contaminants. Total PCBs were highest in areas of past military
activities on Adak and Amchitka Islands, indicating local point sources of these compounds. Concentrations of DDE and Hg were
higher on Amchitka Island, which was subjected to much military activity during World War II and the middle of the 20th century.
Concentrations of �PCBs also were elevated on islands with little history of military activity (e.g., Amlia, Tanaga, Buldir), suggesting
non–point sources of PCBs in addition to point sources. Concentrations of DDE and Hg were highest in eagle eggs from the most
western Aleutian Islands (e.g., Buldir, Kiska) and decreased eastward along the Aleutian chain. This east-to-west increase suggested
a Eurasian source of contamination, possibly through global transport and atmospheric distillation and/or from migratory seabirds.
Eggshell thickness and productivity of bald eagles were normal and indicative of healthy populations because concentrations of
most contaminants were below threshold levels for effects on reproduction. Contrary to our predictions, contaminant concentrations
were not correlated with stable isotopes of carbon (�13C) or nitrogen (�15N) in eggs. These latter findings indicate that contaminant
concentrations were influenced more by point sources and geographic location than trophic status of eagles among the different
islands.
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INTRODUCTION

The Aleutian archipelago is a 1,900-km island chain that
extends westward from the Alaskan Peninsula, Alaska, USA.
It comprises a series of remote and physically similar volcanic
islands that separate the North Pacific Ocean and the Bering
Sea. Although the archipelago is remote from human popu-
lations, agriculture, and industry, it has been subjected to sig-
nificant anthropogenic influences. For example, military ac-
tivities have occurred on some islands during World War II
[1] and the ensuing cold war; introduced arctic foxes (Alopex
lagopus) have depleted breeding seabird populations, leading
to substantially altered terrestrial ecosystems [2]; and various
marine mammal and fish species have been harvested exten-
sively from the surrounding marine environment [3]. In ad-
dition, elevated concentrations of polychlorinated biphenyls
(PCBs), p,p�-dichlorodiphenyldichloroethylene (DDE), and
heavy metals have been reported in sea otters (Enhydra lutris)
[4], bald eagle eggs [5], internal organs of bald eagles [6], and
pelagic cormorants (Phalacrocorax pelagicus) [7]. These re-
ports of contaminants in various levels of the food chain have
raised concerns about their potential effects on near-shore eco-
systems.

Bald eagles are apex or high trophic–level predators
throughout their geographic range. In the Aleutian archipelago,
their diet is comprised mostly of fish and seabirds, and the
majority (�90% by number and biomass) of their prey comes
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from near-shore marine ecosystems [5]. Because of their high
trophic status, bald eagles tend to accumulate higher concen-
trations of environmental contaminants than other birds that
occupy the same environments [8]. For example, Elliott et al.
[9] reported that bald eagle eggs contained about a 10-fold
higher DDE concentration than other fish-eating birds such as
great blue herons (Ardea herodias) and double-crested cor-
morants (P. auritus). Consequently, bald eagles accumulate
some of the highest concentrations of contaminants in aquatic
ecosystems and can be used to assess the more severe and
potential impacts to these systems [8]. The effect of DDE on
productivity of regional populations of bald eagles is well
documented [8,10], and various studies have indicated that the
species is sensitive to low concentrations of DDE [8,11,12].
Also consensus is broad that impairment of reproduction by
DDE was the major factor that caused declines of bald eagle
populations throughout much of North America during the
middle of the 20th century [8]. With the ban of DDT from
use in the United States in the 1970s, there was subsequent
recovery of reproductive success of the species [13]. The ef-
fects of PCBs and mercury (Hg) on bald eagle reproduction
are less certain because concentrations of these contaminants
usually are correlated positively with concentrations of DDE
in eggs [10], so their effects are not easily separated from
those of DDE [8]. Based on the bald eagle’s diet, sensitivity
to DDE and other organochlorines (OCs) [8], and its tendency
to bioaccumulate environmental contaminants [10], the species
has been used to monitor environmental contaminants in fresh-
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water, estuarine, and marine ecosystems [14]. White-tailed sea
eagles (Haliaeetus albicilla) and Bonelli’s eagles (Hieraaetus
Fasciatus) have been used for the same purpose in Europe
[15,16].

Recently, elevated concentrations of DDE, PCBs, and mer-
cury in bald eagle eggs were reported from Adak, Tanaga,
Amchitka, and Kiska Islands, and these elevated levels were
associated with lower reproduction on Kiska Island during
1993 to 1994 [5]. At the time, these results were not expected,
and they raised concern for bald eagle populations in the re-
gion. However, the spatial scale and size of sample collections
limited inferences about the potential impact and source(s) of
contaminants. The potential sources of these contaminants are
local point sources, migratory seabirds that may be acquiring
contaminants throughout the North Pacific Ocean, and/or glob-
al transport via oceanic or atmospheric deposition from Europe
and Asia [5]. Understanding the source of environmental con-
taminants to the Aleutian Islands is vital to understanding the
potential impacts to marine ecosystems [17].

The purpose of this study was threefold. First, we wanted
to assess whether environmental contaminants represented a
potential threat to reproduction and stability of bald eagle pop-
ulations in the Aleutians. Second, we wanted to describe the
geographic pattern and potential sources of contaminants in
bald eagle eggs from a number of widely distributed islands
in the Aleutian archipelago. Last, we wanted to determine if
contaminant levels in eagle eggs were related to trophic status
of bald eagles among the islands. Previous studies have shown
that concentrations of environmental contaminants are related
to the trophic level at which a species forages [18,19]. The
heavy isotope of nitrogen (15N) is preferentially incorporated
into the tissues of consumers from their diet, which results in
a systematic enrichment in the nitrogen-isotope ratio (15N/14N)
with each trophic level [20]. Consequently, we predicted that
concentrations of contaminants in bald eagle eggs would be
correlated positively with �15N in eggs. In contrast, relatively
little trophic enrichment occurs among carbon isotope ratios
(13C/12C), so �13C is a reliable indicator of primary productivity
among trophic levels due to the differential fractionation of
carbon during photosynthesis in terrestrial versus marine plants
[20]. Furthermore, variation in water turbulence in marine eco-
systems allows partitioning of pelagic phytoplankton versus
near-shore algal communities [21]. Recent studies have shown
that �13C decreases from east to west along the Aleutian ar-
chipelago in zooplankton [22] and pelagic cormorants [7]. We
predicted a similar east-to-west decrease in �13C in bald eagle
eggs because they tend to occupy relatively small breeding
territories [23] and forage on local prey species. Herein, we
report on contaminant concentrations and stable isotopes of
carbon and nitrogen in bald eagle eggs from eight islands. We
also discuss the possible sources of environmental contami-
nants and their potential impacts on bald eagle productivity in
the Aleutian archipelago.

METHODS

Study area

The Aleutian archipelago comprises �200 islands extend-
ing westward from the tip of the Alaska Peninsula towards
Asia (Fig. 1). The Aleutians were strategically important dur-
ing World War II and for subsequent Cold War military ac-
tivities. Islands with a history of military activities include
Attu, Shemya, Kiska, Amchitka, Adak, Umak, and Unalaska.
The U.S. Naval Base on Adak closed in 1996 and now houses

a small fish processing plant and support community. Cur-
rently, nonmilitary human activities are more common in the
eastern Aleutians. Large commercial fish processing and fleet
operations are located primarily in the eastern Aleutians at
Dutch Harbor on Unalaska Island and at a smaller port at Sand
Point in the Shumagin Islands.

Egg collections and productivity surveys

We determined locations of nests for egg collections and
nesting status of bald eagles by surveying approximately 1,130
km of shoreline from inflatable skiffs during the egg-laying
and incubating phase of the breeding season (mid-April to
early May), 2000 to 2002. The Aleutians are virtually treeless,
so the open terrain and species’ close association with water
allowed us to reliably count pairs and identify nests. Active
nests were recorded and climbed when possible. We collected
one egg from each nest, placed it in a clean 500-ml plastic
container padded with nest material, kept it refrigerated, and
removed the contents within a few days. We obtained 109
fresh eggs: 30 from Adak (15 each from the east and west
sides), 15 each from Kiska, Amchitka, and Tanaga, 14 from
Unalaska (including Akun and Akutan), and 15 from the Shu-
magin Islands (Fig. 1). One additional fresh egg was collected
in 2004 at Buldir Island, the western-most island where bald
eagles nest. We also collected 27 unhatched eggs from nests
during productivity surveys in June. All collections during this
study were done in accordance with the U.S. Geological Sur-
vey’s Animal Care and Use committee and authorized by per-
mits from the U.S. Fish and Wildlife Service (permit
MBO14922-1) and Alaska Department of Fish and Game (per-
mit 01-027).

Terminology used to define nest success and productivity
followed that of Postupalsky [24] and Anthony et al. [5]. We
determined nesting success and productivity at 282 occupied
territories during 2000 to 2002: 106 on Adak, 77 on Kiska,
72 on Amchitka, and 27 on Tanaga; some of these were the
same nesting territories/pairs sampled in different years. We
also searched the nests for unhatched eggs and collected six
from Kiska, four from Amchitka, eight from west Adak, and
nine from East Adak. In 1993 to 1994, we surveyed 181 nests
(69 on Adak, 43 on Kiska, 39 on Amchitka, 30 on Tanaga)
and collected 25 unhatched eggs in an identical manner [5].

Sample preparation and analytical chemistry

We excised each egg along its equator and extracted all
contents into certified chemically cleaned jars. Jars were sealed
and frozen until chemical analyses were performed. We mea-
sured combined thickness of eggshell and membrane at four
approximately equidistant locations along the equator of each
egg using a Starrett 1010M dial thickness gauge (L.S. Starrett
Company, Athol, MA, USA). We calculated Ratcliffe’s index
(eggshell weight/[egg length � egg width]) as a surrogate for
eggshell density.

Fresh eggs were analyzed for 97 congener-specific PCBs,
4 PCB Aroclors (1242, 1248, 1254, 1260), and 27 chlorinated
pesticides by the Geochemical and Environmental Research
Group, Texas A&M University, College Station, Texas, USA.
Unhatched eggs were analyzed for the same suite of com-
pounds and elements except for the specific PCB congeners.
Elemental mercury (Hg) was analyzed in all eggs by the Trace
Element Research Laboratory, Texas A&M University, Col-
lege Station, Texas, USA. Egg samples were prepared for or-
ganic analyses following the National Oceanic and Atmo-
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Fig 1. Map of the Aleutian archipelago, Alaska, USA, illustrating islands where bald eagle eggs were collected from 2000 to 2002.

spheric Administration Status and Trends Method [25], with
slight revisions [26,27]. A 1- to 10-g sample (wet weight) was
extracted with a Teckmar Tissumizer (Tekmar, Cincinnati, OH,
USA) by adding surrogate standards, Na2SO4, and methylene
chloride in a centrifuge tube. Extracts were purified by silica/
alumina column chromatography to isolate pesticide and PCB
fractions, which were further purified by high-performance
liquid chromatography to remove interfering lipids. Quanti-
tative analyses then were performed by capillary gas chro-
matography with an electron capture detector. Coeluting pes-
ticides and congeners were analyzed and confirmed using cap-
illary gas chromatography with a mass spectrometer operated
in select ion monitoring mode. Total PCB concentrations that
we report are the sum of the four Aroclors as reported by the
laboratory. Mercury was determined with a direct mercury
analyzer whereby a sample aliquot was combusted in a stream
of oxygen, and Hg became trapped on a gold column. Mercury
then was released by electro-thermal heating and analyzed by
atomic absorption. Standard reference materials were mussel
tissue (National Institute of Standards and Technology 2974)
for organic analyses and dogfish tissue (National Research
Council Canada, Dogfish Reference Material-2) for Hg anal-
ysis. The analytical laboratories were authorized under the
quality assurance and quality control standards and guidelines
of Patuxent Wildlife Research Center, U.S. Geological Survey,
Laurel, Maryland.

Limits of detection for contaminants averaged 0.1 ng/g

(standard deviation [SD] � 0.4) for PCB congeners, 2.7
ng/g (SD � 1.4) for chlorinated pesticides, 29.4 ng/g (SD �
11.8) for PCB Aroclors, and 4.8 (SD � 3.3) ng/g for Hg.
Analytical accuracy and precision were assessed using spiked
sample recovery and duplicate analyses on 5% of all samples.
For organic analyses, spiked recoveries averaged 86.7% (SD
� 10.4), and relative percent difference for duplicate samples
averaged 8.3% (SD � 15.2). For Hg, spiked recoveries av-
eraged 99.6% (SD � 4.5), and relative percent difference for
duplicate samples averaged 2.3% (SD � 2.6). Information
regarding analytical chemistry and quality assurance for eggs
collected during 1993 to 1994 are provided by Anthony et al.
[5]; lower limits of detection in the earlier study were 	10�
higher because of the state of analytical technology available
at that time.

Stable isotope analysis

We determined stable isotopes of nitrogen (15N) and carbon
(13C) in all bald eagle eggs collected for contaminant analysis.
A 6- to 7-g subsample was extracted from individual frozen
and homogenized whole egg samples, dried at 60
C for 24 to
48 h, and ground into a fine powder with a mortar and pestle.
Lipids were extracted from dried and ground egg homogenates
using diethyl ether in a Soxhlet apparatus for 48 h [28], and
samples were freeze dried for 12 h to remove any remaining
solvent. Aliquots (1.0–1.5 mg) were sealed into 5 � 9 mm tin
capsules and analyzed with an Europa Hydra 20/20 (Europa
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Scientific, Cambridge, UK) continuous flow isotope ratio mass
spectrometer at the University of California, Davis, Stable Iso-
tope Facility. We expressed stable isotope ratios in delta no-
tation

�X � ([R /R ] � 1) � 1,000sample standard

where �X is 13C or 15N (parts per thousand) and R is the cor-
responding ratio of 13C/12C or 15N/14N. The Rstandard values were
based on the PeeDee Belemnite and atmospheric N2 for 13C
and 15N, respectively. Measurement error determined from rep-
licate analysis of internal laboratory standards was 0.1% and
0.05% for 13C and 15N, respectively.

Data analysis

Productivity estimates. We calculated productivity as the
number of young produced per number of occupied territories
[24]. Previous studies have demonstrated that bald eagles may
abandon nests if eggs are collected during the incubating phase
[29], so we adjusted our estimates of productivity by excluding
a failed nest from the total number of occupied sites if we
collected a fresh egg from that nest during the same year. We
also adjusted productivity calculations by adding one young
to a successful nest if we collected an egg and the nest was
successful during the same breeding season. This accounted
for our effect on productivity.

Contaminants. We pooled concentrations of OC compounds
into related chemical groups to summarize overall contaminant
patterns. Contaminant groups were �PCBs, �DDT (DDE,
DDT, and dichlorodiphenyldichlorethane [DDD]), �chlorda-
nes ([CHLORD], alpha and gamma chlordane, oxychlordane,
heptachlor epoxide, cis and trans nonachlor), �chlorobenzenes
([CBZ], hexachlorobenzene and 1,2,3,4- and 1,2,4,5-tetrach-
lorobenzene), �hexachlorocyclohexane ([HCH], alpha, beta,
delta, and gamma HCH), �cyclodiene pesticides (aldrin, diel-
drin, endrin), �other compounds ([OTH], mirex, toxaphene,
and endosulfan II), and Hg. In most cases, only concentrations
greater than the limit of detection were included in group totals
to avoid overestimation of rare compounds. However, we sub-
stituted ½ limit of detection when a particular analysis did not
allow a missing value. For statistical hypothesis testing, we
separated p,p�-DDE from �DDT due to its well-known effects
on eagle reproduction [8,10]. Percent lipid varied with con-
centrations among all contaminant groups (p � 0.02), but cor-
relations were weak (R2 � 0.22) given the large sample size
of eggs (n � 136). We expressed concentrations of OC com-
pounds on a wet weight basis (
g/g) to facilitate comparison
to previous studies. We expressed concentrations of Hg on a
dry weight basis (
g/g) unless noted otherwise.

We constructed profile charts to visually examine relative
proportions of individual PCB congeners and chlorinated pes-
ticides comprising �PCBs and �OC groups, respectively. We
used principal components ordination in PC–ORD software
(MSM, Gleneden, OR, USA) to quantify overall patterns of
PCB congeners among islands and sites. We used correlation
analysis to examine relations among contaminants and mul-
tivariate analysis of variance to test for overall differences in
contaminant concentrations among islands. If a significant dif-
ference was found among mean vectors in the multivariate
analysis of variance, we used univariate analysis of variance
to determine which contaminants differed among islands. This
procedure was followed by Tukey-Kramer mean separation
tests to determine how concentrations differed among islands.
Prior to this analysis, we tested for overall differences in con-

taminant concentrations between the east and west sides of
Adak because one of our objectives was to determine how east
Adak, the location of a previous U.S. Naval Base, differed
from the remainder of the archipelago. Overall concentrations
differed between east and west Adak (Wilk’s � � 0.23, F �
7.97, p � 0.0001), so we treated them separately in subsequent
analysis of variance. We also tested for differences in contam-
inant concentrations between fresh and unhatched eggs from
islands where both egg types were collected (Kiska, Amchitka,
Adak). An overall egg type effect (Wilk’s � � 0.60, F � 5.23,
p � 0.0001) occurred for only �CBZ (F � 32.7, p � 0.0001)
and �HCH (F � 5.9, p � 0.02). Concentrations did not differ
between fresh and unhatched eggs for all other contaminant
groups (F � 1.77, p � 0.18), so we combined the two samples
in the tests for differences among islands. We did not discrim-
inate between fresh and unhatched eggs for concentrations of
�CBZ and �HCH because these groups comprised only a small
percentage of total OC composition (see Results section). All
contaminant concentrations were loge-transformed prior to
analysis [30]. Mean loge concentrations from analyses of var-
iance were back-transformed and presented as geometric mean
concentrations. The lack of significant differences in concen-
trations of contaminant groups between fresh and unhatched
eggs in the 2000 to 2002 sample justified a comparison of
contaminant concentrations in this study to those in 1993 and
1994 [5], because the earlier study was based on the analysis
of unhatched eggs.

We used multiple regression to examine the relation be-
tween contaminants and stable isotopes. We controlled for dif-
ferences among island groups because baseline isotopic food
web signatures may not be constant across all food webs in
the Archipelago. We used results from 1993 and 1994 and this
study to regress average productivity for each island and study
period against loge-transformed mean concentrations of
�PCBs, DDE, and Hg. We used multiple regression to examine
the relation between concentrations of each contaminant group
and stable isotopes in each egg sample while controlling for
differences among island groups (Rat, Andreanof, and Fox-
Shumagin). We pooled values from the Fox and Shumagin
island groups into a single group to represent the eastern Aleu-
tians. The Rat Islands included Buldir. We also regressed egg-
shell thickness on concentrations of �PCBs, p,p�-DDE, and
Hg in each egg to determine if any of the contaminants were
likely to have caused thinning of eggshells.

RESULTS

OC and Hg composition and concentrations

All eggs contained detectable concentrations of �PCBs and
Hg. Total DDT and chlordane compounds were detected in
�54% of all eggs except DDE and hepatachlor, respectively.
The only HCH compound detected was �-HCH (99%). Mirex
and endosulfan II (�OTH) were detected in �91% of all eggs,
except for the egg from Buldir in which neither compound
was detectable. Aldrin and endrin (�cyclodiene pesticides) and
1,2,3,4-TCBZ (�CBZ) were detected infrequently (�43%).
Toxaphene was not detected in any of the samples.

Proportional composition of OC compounds in eggs was
similar among islands. Total PCBs (56%) and �DDT (29%)
comprised the majority of organochlorines in eggs from all
islands. Notably, �PCBs comprised 81% of organochlorines
at east Adak, and �DDT comprised 41% at Buldir. Total
CHLORDs comprised 8% of organochlorines in eggs, and
�CBZ, HCH, cyclodiene pesticides, and OTH comprised �2%
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from all islands. Within organochlorine groups, DDE com-
prised �91% of �DDTs in eggs from each island. Chlordane
composition generally was similar among islands and mostly
was comprised of the metabolic by-products transnonachlor
(39–62%), oxychlordane (21–51%), and cis-nonachlor (4–
10%). Chlorobenzenes and cyclodienes primarily were com-
prised of HCB (45–94%) and dieldrin (82–100%), respective-
ly. Mirex comprised the majority (68–88%) of other com-
pounds.

Concentrations of most organochlorines and Hg were sig-
nificantly correlated with each other; however, most r values
were �0.70 but significant due to the large sample size (n �
136). However, concentrations of �PCB and �DDT (r � 0.82,
p � 0.001); DDE and �CHLORD (r � 0.89, p � 0.001); and
DDE and �OTH (r � 0.83, p � 0.001) in eggs were most
strongly correlated. Concentrations of �PCBs and DDE (r �
0.55, p � 0.001) and DDE and Hg (r � 0.48, p � 0.001) also
were correlated positively. The correlation between �PCBs
and Hg was much weaker (r � 0.26, p � 0.003).

Differences among islands

Overall, contaminant concentrations in bald eagle eggs dif-
fered among islands (Wilk’s � � 0.04, F � 8.1, p � 0.001)
for all contaminant groups except �CHLORD (F � 1.9, p �
0.07; Table 1). Mean concentrations of �PCBs in eggs were
highest at east Adak (3.6 
g/g) and lowest at Amlia (1.0

g/g) and the Shumagins (1.3 
g/g). Mean concentrations of
DDE (1.2 
g/g) and Hg (2.5 
g/g) were highest at Kiska and
declined eastward. Mean concentrations of �DDTs in eggs
were highest at east Adak and Kiska, and �CBZ (0.06–0.07

g/g) and �HCH (0.04–0.05 
g/g) were highest at Unalaska
and the Shumagin Islands. The egg from Buldir had the highest
concentrations of �PCBs (11.1 
g/g), DDE (8.3 
g/g), and
Hg (5.3 
g/g; Table 1).

PCB composition and concentrations

Eighty-seven percent of the PCB congeners were detected
in �50% of all fresh eggs. Congeners 7/9, 15, 29, 30, 39, 45,
46, 63, 69, 114, and 200 rarely were detected (Fig. 2). Forty-
nine percent of �PCBs were comprised of congeners 118, 138/
160, 153, and 180, which typically bioaccumulate in marine
food webs [31]. All the other congeners comprised �5% of
�PCBs. A pattern of high proportional composition (�90%)
of penta-, hexa-, and hepta-chlorinated PCB homologue
groups and low composition of lighter and less chlorinated
PCB homologues existed, which was similar among all islands.
Total PCBs were composed almost exclusively of Aroclor 1260
and 1254; PCB 1260 was highest in eggs from east Adak and
Buldir (� 80%), though PCB 1254 was highest in eggs from
Amchitka (53%). Composition of Aroclor 1248 in eggs was
�5% from any island, and PCB 1242 was only detected in
eggs from Tanaga.

Principal component analysis of PCB congeners identified
subtle differences in PCB concentrations in eggs among is-
lands, and the first two axes explained 68% of the cumulative
variance in congener concentrations (Fig. 3). Axis 1 was cor-
related positively with concentrations of all congeners, partic-
ularly the more highly chlorinated congeners such as 138, 153,
and 180 (r � 0.93). Axis 2 was correlated negatively with the
lower chlorinated congeners such as 1, 18, 25, 40, and 92 (r
� �0.54) and positively correlated with the highly chlorinated
congeners (r � 0.23). Concentration in the egg from Buldir
was an outlier in ordination space with high concentrations of

138, 153, 180, and lower chlorinated congeners compared to
all other islands. Higher concentrations of lower chlorinated
congeners were found in eggs from Kiska and Tanaga, although
higher concentrations of higher chlorinated congeners were
found in eggs from east Adak. Low concentrations of lower
chlorinated congeners were associated with west Adak, Amlia,
and the Shumagin islands.

Comparison of concentrations between study periods

Overall contaminant concentrations in eggs differed be-
tween 1993 and 1994 and 2000 to 2002 (Wilk’s � � 0.40, F
� 17.9, p � 0.001) and among islands (Wilk’s � � 0.22, F
� 5.7, p � 0.001), but differences between study periods were
not consistent among islands (period � island interaction:
Wilk’s � � 0.48, F � 2.5, p � 0.001; Fig. 4). For example,
concentrations of �PCBs (F � 7.2, p � 0.008) and Hg (F �
3.8, p � 0.05) in eggs were higher in the 2000 to 2002 sample,
whereas concentrations of DDE were higher in the 1993 and
1994 sample (F � 5.8, p � 0.02). Concentrations of all of
these contaminants differed among islands (F � 2.6, p � 0.03),
and differences between study periods were consistent across
islands (period � island interaction: F � 1.3, p � 0.29). No
within-island study period interaction differed statistically (p
� 0.06) for any contaminant group. However, higher concen-
trations in the 2000 to 2002 sample appeared to be driven
mostly by increased �PCBs in eggs from Tanaga and east Adak
and increased Hg in eggs from Tanaga, although lower con-
centrations of DDE largely were due to the nearly 50% re-
duction from 1993 to 1994 concentrations in eggs from Kiska
(Fig. 4). Concentrations of mirex (�OTH) were lower in the
1993 and 1994 sample (F � 6.8, p � 0.0001), but differences
between study periods varied across islands (period � island
interaction: F � 2.6, p � 0.04), where mirex concentrations
were 	3� higher in eggs from Kiska and Amchitka Islands
during 2000 to 2002 versus 1993 and 1994.

Geographic differences in contaminants and stable
isotopes

Concentrations of Hg and �DDT in eagle eggs were highest
in the western Aleutians and declined linearly to the east re-
gardless of the inclusion of Buldir (Fig. 5). Concentrations of
p,p-DDE and �CHLORD also were highest in the western
Aleutians, declined in the central Aleutians, and increased
slightly in the eastern Aleutians conforming to a marginally
significant (F � 5.1, p � 0.06) quadratic relation (Fig. 5).
Neither linear nor quadratic relations between relative longi-
tude and concentrations were statistically significant (F � 4.6,
p � 0.07, r2 � 0.51) for all other contaminant groups. In
contrast to contaminant concentrations, mean �15N was lowest
in the western Aleutians and increased linearly going east (Fig.
6A). In contrast, mean �13C only varied by about 2.3 mg/g
among islands and was not significantly correlated with lon-
gitude (Fig. 6B).

We identified two local point sources of contaminants in
eagle eggs. Concentrations of �PCBs in eggs were signifi-
cantly elevated in Kuluk Bay, east Adak Island (Fig. 7), and
concentrations were particularly high in Sweeper Cove, the
site closest to the former military base, and declined with
distance from this site. These elevated concentrations on east
Adak were in contrast to the relatively low concentrations in
the Bay of Islands, west Adak (Fig. 7). In addition, concen-
trations of Hg, DDE, and �PCBs were elevated significantly
in eggs collected from the south end of Amchitka Island from
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Fig. 2. Polychlorinated biphenyl (PCB) congener profiles in fresh bald eagle eggs (n � 110) collected during 2000 through 2002 in the Aleutian
archipelago, Alaska, USA. The mono, di, and tri groups have been omitted because they comprised �2% of total congeners.

Makarius Bay to East Cape (Fig. 8). Although the concentra-
tions in eagle eggs were somewhat different among the three
contaminants, the data indicate several likely point sources of
contaminants along this shoreline. On Unalaska, �PCBs were
elevated (3.9 
g/g) in one egg collected near Dutch Harbor
and in eggs from nearby Akun and Akutan Islands (2.5–3.3

g/g). In addition, one egg from Akun contained 2.6 
g/g
DDE.

Association of contaminants to stable isotopes

Variation in concentrations of contaminants in eggs was not
influenced by trophic status of eagles as estimated by �15N.
No significant associations were found between concentrations
of most contaminant groups in eggs and �15N (t � �1.9, p �
0.06, r2 � 0.02) when controlling for variation among island
groups. The only exceptions were negative associations be-
tween �15N and �CBZ (t � �2.71, p � 0.007, r2 � 0.05) and
�OTH (t � �2.1, p � 0.04, r2 � 0.03), which were weak and
contrary to our original predictions. In contrast, there were
significant but weak (r2 � 0.09) negative relations between
concentrations of most contaminant groups and �13C, partic-
ularly for �PCB (t � �2.7, p � 0.01, r2 � 0.13), DDE (t �
�3.3, p � 0.001, r2 � 0.20) and �DDT (t � �3.6, p � 0.001,
r2 � 0.20).

Productivity and eggshell thickness

Breeding success, productivity, and clutch size were high
during this study. Productivity ranged from 1.08 young/oc-
cupied territory on east Adak during 2001 to 1.71 young/

occupied territory on Amchitka during 2001. Mean produc-
tivity with years and islands combined was 1.36 young/oc-
cupied territory. Breeding success ranged from 63% on Am-
chitka in 2000 to 94% on Amchitka in 2001. Neither
productivity nor breeding success differed significantly among
years (F � 2.95, p � 0.11) or islands (F � 0.92, p � 0.50)
during the study. Clutch size averaged 2.3 eggs per clutch
across the archipelago and did not differ significantly among
islands (F � 1.0, p � 0.63). Reduced breeding success was
associated with egg collections during 2000 to 2002, as 53%
of nests with egg collections failed compared to 35% failure
for nests without egg collections.

Fresh eggs were slightly thicker (x � 0.64 mm, SE � 0.01)
than unhatched eggs (x � 0.61 mm, SE � 0.01), but the dif-
ference was not statistically significant when accounting for
variable concentrations of DDE and �PCBs (y intercepts: t �
1.5, p � 0.14). Eggshell thickness decreased with increasing
concentrations of DDE (t � �2.2, p � 0.03), but with low
predictability (partial r2 � 0.04). Eggshell thickness was not
associated with concentrations of �PCBs (t � �1.8, p � 0.08).
Ratcliffe indices for eggshell density were similar between
fresh (mean � 3.21, SE � 0.02) and unhatched eggs (mean
� 3.20, SE � 0.02) and did not differ significantly with var-
iable concentrations of DDE and �PCBs (y intercepts: t �

�0.4, p � 0.59). Shell density declined with increasing DDE
(t � �2.0, p � 0.04) but with low predictability (partial r2 �
0.03). A nonsignificant (r2 � 0.15, p � 0.18) relation existed
between mean island productivity and DDE concentrations in
eggs for the two study periods. Productivity was not related
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Fig. 3. Principal components analysis for polychlorinated biphenyl (PCB) congeners in fresh bald eagle eggs (n � 110) collected during 2000
through 2002 in the Aleutian archipelago, Alaska, USA. Sample units are individual eagle eggs, and scales are identical for each graph.

to concentrations of �PCBs (r2 � 0.00, p � 0.47) or Hg (r2

� 0.00, p � 0.94) across the two study periods, although it
was significantly depressed (0.65 young/occupied site) on Kis-
ka Island in 1993 and 1994.

DISCUSSION

Concentrations of PCBs, DDE, and Hg in bald eagle eggs
were elevated in the Aleutian archipelago in this study, which
allowed us to assess the potential impact and suggest the pos-
sible sources of these contaminants. Our results exemplified
the utility of bald eagles as a monitoring species for environ-
mental contaminants and support the results of others who
have used the species similarly [8,11,14,32]. Bald eagles are
a good sentinel species for environmental contaminants be-
cause they forage at the top of the food chain, accumulate high
concentrations of contaminants [10], are relative sedentary as
breeding adults [23], and are sensitive to moderate levels of
contamination [8]. In addition, several studies have docu-
mented the effect of elevated concentrations of DDE in con-
junction with PCBs and Hg on reproductive success of bald
eagles [8,10,12,33]. The correlation between productivity and
average concentrations of DDE in bald eagle eggs has been
used to predict average productivity of local and regional bald
eagle populations [8,10,12]. This relationship is expressed by
the equation Y � 1.070 � 0.489 log10X, where Y is mean
productivity (young produced per breeding pair) and X is mean
DDE concentration in eggs [8]. Concentrations of DDE in the
range of 3.0 to 12.0 
g/g in eggs have been shown to affect
productivity of bald eagles [8,10], and concentrations of DDE

�12 
g/g result in severely decreased reproduction and de-
clines in local populations. A threshold value of 6 
g/g DDE
in eggs has been suggested by Elliott and Harris [8] for effects
on reproduction.

Contaminants, eggshell thickness, and productivity

The majority (�98%) of bald eagle eggs in this study had
DDE concentrations below the threshold of 6 
g/g except for
one egg from each of Amchitka and Buldir Islands. In addition,
the low percentage of DDT in all samples indicated weathered
rather than recent deposition of this compound. Furthermore,
we found little evidence for eggshell thinning or reduced pro-
ductivity of bald eagles during this study with the exception
of Buldir Island. The egg from Buldir was the most contam-
inated with 8.4 
g/g DDE, 11.0 
g/g �PCBs, and 5.3 
g/g
Hg, which may explain the apparent low reproduction of bald
eagles there (J. Williams, U.S. Fish and Wildlife Service, Ho-
mer, AK, USA, personal communication). Our results were in
contrast to those of Anthony et al. [5], who found reduced
productivity on Kiska Island associated with elevated concen-
trations of DDE in eggs during 1993 and 1994. Why have
DDE concentrations in bald eagle eggs declined and produc-
tivity increased on Kiska Island in such a short time frame?
We offer three possible explanations for these differences.
First, the sample of eggs from Kiska Island during 1993 and
1994 was small (n � 6) and may not have been representative
of the population. Second, the sample of bald eagle eggs col-
lected during 1993 and 1994 may have been from older females
who had accumulated high levels of DDE with age, and these
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Fig. 4. Comparison of geometric mean concentrations of various contaminant groups in bald eagle eggs collected during 1993, 1994, and 2000
through 2002 in the Aleutian archipelago, Alaska, USA. P values refer to differences between study periods; no within-island study period
combination differed significantly (p � 0.06); PCB � polychlorinated biphenyl; DDE � dichlorodiphenyldichloroethylene.

females were no longer living in 2000 to 2002. Third, the
source of contaminants in bald eagles in 1993 and 1994 may
have been from scavenging of marine mammal carcasses,
which would be ephemeral in nature (see Source of contam-
inants section). Nonetheless, concentrations of DDE, chlor-
danes, and HCHs were lower in 2000 to 2002, and productivity
was not depressed on Kiska Island. Productivity in 2000 to
2002 was indicative of healthy populations on all islands ex-
cept Buldir during this study.

Source of contaminants

Concentrations of DDE, �PCBs, and Hg were elevated and
sufficiently variable among the islands, so we were able to
suggest some possible sources of these contaminants in food
chains of the Aleutian archipelago. First, our results provide
strong evidence for point sources of some contaminants. Con-
centrations of �PCBs in eagle eggs were highest in Kuluk
Bay, particularly Sweeper Cove, at east Adak Island and were
comprised by a higher proportion of the heavier PCB con-
geners. The pattern of �PCBs concentrations in bald eagle
eggs from Kuluk Bay was strikingly similar to those in blue
mussels from the same area (S.L. Reese, University of Cali-
fornia, Santa Cruz, CA, USA, Master’s thesis). This area had

considerable military activity during World War II [1] and was
the site of a U.S. Naval Base for approximately five decades
thereafter. In addition, concentrations of DDE, �PCBs, and
Hg in eagle eggs from the southern end of Amchitka Island
were elevated. The southern end of Amchitka also had con-
siderable military activity during World War II and was the
site of various other military activities thereafter, including an
atomic test site by the U.S. Atomic Energy Commission during
the 20th century. Our results suggest that military activities
were the likely source of these high concentrations of contam-
inants at specific locations on Adak and Amchitka Islands.
Similar conclusions were made about the source of organo-
chlorine contaminants in pelagic cormorants from the Aleutian
archipelago [7]. We also found slightly elevated concentrations
of DDE, �PCBs, and/or Hg in eagle eggs from Dutch Harbor
on Unalaska Island and around nearby Akutan and Akun Is-
lands. The source of contaminants at these sites was not ap-
parent, but Dutch Harbor supports the largest fish processing
industry in western Alaska and has a considerable amount of
shipping activity.

The other possible sources of contaminants were complex
and not easily partitioned between point and non–point sourc-
es. Nonetheless, our data provide evidence for non–point
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Fig. 5. Relations between longitude and log mean concentrations of various contaminant groups in bald eagle eggs collected during 2000 through
2004 in the Aleutian archipelago, Alaska, USA, including Buldir; DDE � dichlorodiphenyldichloroethylene.

Fig. 6. Relationship between longitude and mean �15N (A) and �13C
(B) in bald eagle eggs collected during 2000 through 2004 in the
Aleutian archipelago, Alaska, USA, including Buldir.

sources of contaminants from atmospheric transport and dis-
tillation, oceanic currents, or migratory seabirds. First, con-
centrations of DDE, �PCBs, and Hg were elevated in eagle
eggs from islands that had little military or other human ac-
tivity (e.g., Amlia, Tanaga, Buldir) indicating non–point sourc-

es of contaminants. Second, our results show a distinct pattern
of east-to-west increases in DDE and Hg in eagle eggs in the
Aleutian Islands. Third, higher concentrations of lighter mo-
lecular weight PCB congeners and Hg were detected at the
more westerly islands (e.g., Kiska and Buldir). The higher
concentrations of the lighter more volatile compounds in the
western Aleutians support the hypothesis of global transport
and atmospheric deposition of these contaminants from Eur-
asia. Contaminant residues originating from agricultural or in-
dustrial activities often are transported long distances by the
atmosphere and deposited into arctic regions through global
distillation [34–36]. Compounds with DDT have been used
recently throughout most of the world, particularly in Japan,
Russia, and China, so it is possible that DDE and Hg are being
transported to the Aleutian archipelago via atmospheric and
oceanic currents from eastern Eurasia [37].

Our data provide two lines of evidence that implicate mi-
gratory seabirds as a non–point source for contaminants in
bald eagles. First, the lack of significant relations between
�13C and longitude and the slight negative trend between con-
taminant concentrations and �13C suggests a pelagic source of
contaminants (see below). Second, we found the highest con-
centrations of DDE and Hg in eagle eggs from Kiska and
Amchitka Islands, where marine birds comprised a higher por-
tion of their diet compared to Adak and Tanaga Islands [5].
Admittedly, this latter pattern is somewhat confounded by the
east-to-west increase and possible atmospheric source of these
contaminants. Rocque and Winker [7] found no evidence that
migratory prey were a source of contaminants in cormorants
in the Aleutian archipelago; however, cormorants feed locally
on small fish, whereas bald eagles consume a wider range of
prey, including marine birds [5]. Data on contaminant con-
centrations in seabirds along with the geographic distribution
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Fig. 7. Spatially explicit concentrations of �polychlorinated biphenyls (PCBs) in bald eagle eggs collected from Adak Island, Alaska, USA, 2000
through 2002.

of these contaminants is necessary to fully assess this potential
source of contaminants to bald eagles in the Aleutian archi-
pelago.

Another potential source of contaminants to bald eagles is
the scavenging of marine mammal carcasses. Marine mammals
often contain high concentrations of contaminants [38–40],
and bald eagles are known to scavenge on dead carcasses of
many species of animals. For example, we observed up to 20
individual bald eagles scavenging on a dead killer whale (Or-
cinus orca) on the south side of Kiska Island in the spring of
2001, and carcasses of harbor seals (Phoca vitulina), Steller’s
sea lions, and various whale species are likely available from
time to time. This source of contaminants is highly variable
spatially and temporally and difficult to trace, but it could be
an important source to bald eagle populations in the Aleutian
Islands.

Association between contaminant concentrations and
stable isotopes

We predicted higher �15N in eagle eggs from the western
Aleutian Islands, which would be correlated positively to con-
taminant concentrations, because seabirds comprise a higher
portion of their diet than in the western Aleutians [5]. We
found no support for this prediction, which indicated that con-
taminant uptake was influenced more by longitude and/or prox-
imity to point sources than trophic status of bald eagles among
islands. Another study of environmental contaminants and sta-

ble isotopes in bald eagles also failed to find a positive cor-
relation between �15N and �PCBs, DDE, or Hg in blood plasma
from nestling bald eagles in Newfoundland [41]. In contrast,
Hg concentrations and �15N in blood of adult bald eagles but
not eaglets in British Columbia, Canada, were positively cor-
related [42]. Concentrations of Hg were correlated positively
with the proportion of secondary consumers in the diet of
Bonelli’s eagles from Southwest Portugal [16], but they did
not characterized trophic position with stable isotopes. At least
three reasons explain why contaminant concentrations in eagle
eggs were not positively related to �15N in our study. First,
isotope contaminant studies usually examine biomagnification
over multiple species/trophic levels [19], whereas we restricted
our investigation to a single species. Second, analysis of re-
lations between contaminants and stable isotopes in eggs may
be problematic because egg isotopes likely reflect dietary input
during egg formation and relatively little endogenous input
[43], although contaminant concentrations often represent ac-
cumulation of body burdens over a longer time frame [18].
Finally, we have to assume relatively constant levels of �15N
in phytoplankton that form the base of near-shore food webs
across the Aleutians Islands in order to implicate point or
distant sources outweighed trophic effects on contaminant up-
take. The significant eastward enrichment in �15N in our study
suggests that either bald eagles in the eastern Aleutians foraged
at a higher trophic level or baseline 15N varied among nearshore
food webs. Information on diets of bald eagles in the Aleutians
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Fig. 8. Spatially explicit concentrations of Hg, �PCBs, and p,p�-dichlorodiphenyldichloroethylene (DDE) in fresh bald eagle eggs collected from
Amchitka Island, Alaska, USA, during 2000–2002. Note concentration scale differs among contaminants.

suggests the former is not true [5], but we have little data on
diets of bald eagles in the eastern Aleutians. Isotopic baselines
of food webs may be lower in the western Aleutians due to
slower growth rates of phytoplankton and/or excess nutrients
in surface waters, so values of nitrogen isotopes across large
geographic areas should be interpreted with caution. Although
trophic effects may have been masked by elevated �15N in the
eastern Aleutian and Shumagin Islands, our statistical analyses
of contaminant concentrations versus �15N and �13C controlled
for variation among island groups. This provides stronger sup-
port for point or distant sources of contaminant input than
trophic level of foraging by bald eagles (see above).

We also predicted a decrease in �13C in eagle eggs from
east to west similar to that reported for zooplankton [22] and
pelagic cormorants [7]. This eastward enrichment of �13C in
cormorants [7] tracked trends in plankton [22] and suggested
that cormorants feed in localized food webs with minimal input
from migratory prey in their diet. In contrast, the lack of a
significant relation between �13C and longitude and the weak
relation between �13C and contaminant concentrations in our
study suggests that bald eagles were acquiring their food from
more distant sources, notably migratory seabirds. Also, higher
proportions of piscivorous seabirds have been observed in the
diets of bald eagles nesting in the western Aleutian Islands
where concentrations of contaminants were highest (this study
and [5]). Our carbon and nitrogen isotope data provided evi-

dence that geography of egg collections, due to either local
point or distant sources, explained more variation in contam-
inants than trophic status of eagles.
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