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ABSTRACT. Reproductive rate (productivity) of bald eagles (Haliaeetus leucocephalus) nesting on the
shores ofLake Superior was significantly less than that ofneighboring eagles nesting in inland Wisconsin
(1.0 vs. 1.3 young per breeding attempt, 1989-1993), and at other inland lake/riverine habitats in the
Great Lakes Basin. It is possible that the current causes of low productivity on Lake Superior might
include exposure to organochlorine contaminants and/or low food availability. Levels of dichloro
diphenyl-dichloroethylene (DDE) and total polychlorinated biphenyls (PCBs) in addled eggs and eaglet
blood from Lake Superior and inland Wisconsin reference sites were measured. Food delivery rates
by parent eagles to nestlings, a possible index to food availability, were quantified at both locations.
Concentrations of both DDE and total PCBs in addled eggs declined significantly from 1969 to 1993
(p < 0.001, p = 0.006 respectively), and current concentrations of DDE are at or below the no observ
able adverse effect level (NOAEL) for reproductive impairment. Concentrations of DDE and total PCBs
in plasma were greater in individual nestlings from the shores of Lake Superior than in nestlings at
inland locations (18.9 pg/kg vs. 3.0 pg/kg DDE, P < 0.001, and 109.1 pg/kg vs. 42.6 pg/kg, P = 0.002),
but were not correlated to the 5-year average history of productivity for the territory (p > 0.05). Food
delivery rates by parent eagles to nestlings at Lake Superior were 56% lower than those to inland
nestlings (2.16 vs. 4.87 prey items per day, p = 0.002). Food delivery rates were significantly correlated
to average 5-year productivity for inland Wisconsin reference sites (p < 0.001, r2 = 0.90), although not
for Lake Superior sites (p = 0.593). It is concluded that it is likely that the current low productivity of
Lake Superior eagles is at least partly attributable to low food availability, but some other factor, possi
bly PCBs, may also contribute to low productivity.
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INTRODUCTION

Between 1940 and 1970, populations of bald ea
gles nesting in the continental United States de
clined due to reproductive failure caused mainly by
DDE, a metabolite of the organochlorine insecticide
DDT (Wiemeyer et al. 1972, Grier 1982, Colborn
1991). After the use of DDT and other organochlo
rines was banned, the North American eagle popu
lation rebounded quickly throughout most of its
range. However, bald eagle populations in a few re
gions, including the Great Lakes shorelines (Col
born 1991, Best et at. 1994), have not increased as
rapidly. The mean productivity of eagles near the
shores of the Great Lakes (excluding Lake Ontario)
from 1989-1993 was 0.79 young/occupied territory,
compared to 1.0 young per occupied territory in in
land Michigan and Minnesota (data in Bowerman
1993).

On Lake Superior, the proportion of reproductive
efforts that failed had reached 100% by 1970
(Postupalsky 1971). The reproductive rate did not
improve until 1977, when six young were fledged
(Postupalsky 1978). Three addled eggs collected in
1970 contained 34, 65, and 71 flg/g wet weight
DDE (Postupalsky 1971), averaging more than
three times the amount associated with near-total
reproductive failure of eagles (Wiemeyer et at.
1984, 1993), suggesting that organochlorine conta
minants, particularly DDE, caused the historic re
productive failure on Lake Superior. Since the
1970s, the concentrations of DDE and total PCBs
in the biota of Lake Superior have decreased sig
nificantly (DeVault et at. 1986, Weseloh et at.
1994). Despite this decrease, bald eagle reproduc
tion on Lake Superior was still significantly less
than that of neighboring eagles nesting in inland
Wisconsin (1.0 vs. 1.3 young per breeding attempt,
1989-1993). Thus, in the mid-1980s, some re
searchers still considered that organochlorine cont
aminants were depressing productivity of eagles in
the Apostle Islands National Lakeshore, in south
ern Lake Superior (Kozie 1986, Kozie and Ander
son 1991).

However, contaminants may no longer be the
primary cause of low productivity in bald eagles
nesting in some regions of the Great Lakes, includ
ing Lake Superior. It is possible that the reproduc
tive rate of Lake Superior eagles has now stabilized
at a naturally-low level, perhaps because Lake Su
perior is simply marginal habitat for nesting bald
eagles.

In the absence of direct anthropogenic effects,

the most important determinants of raptor reproduc
tive rates are food availability and weather (Newton
1979). On the shores of Lake Superior, bald eagles
may suffer from low food abundance and availabil
ity. Lake Superior is a deep, cold, oligotrophic lake
with few shoals where fish can spawn and where
eagles can effectively forage. In 1984-1985, there
was evidence that nestlings found dead in Lake Su
perior nests may have been food-stressed, as muscle
fat content was very low compared to that of inland
nestlings found dead (Kozie and Anderson 1991).
Foraging and productivity of other avian species are
also impaired by the oligotrophic nature of Lake
Superior; it has recently been concluded that the
low productivity of herring gulls (Larus argentatus)
on Lake Superior is likely caused by low food
availability (Weseloh et at. 1994).

The bald eagles of the Great Lakes shores (and
specifically their reproductive rate) have been rec
ommended as a biosentinel species for ecosystem
health and water quality of the Great Lakes (Inter
national Joint Commission 1990). However, it
would be incorrect to use the bald eagle as a
biosentinel without a complete understanding of
how reproductive rates are influenced by both eco
logical and anthropogenic factors in the Great
Lakes ecosystem.

To this end, contaminant loads and ecological
variables were studied that might affect eagle repro
duction. Described here is bald eagle productivity
for the Wisconsin shore of Lake Superior, and ref
erence sites in inland northern Wisconsin. DDE and
total PCB concentrations are reported in addled
eggs and eaglet blood, and food delivery rates by
adult eagles to nestlings, which may represent an
index to food availability in the environment.
Because of the bald eagle's classification as a
threatened species, the study was limited to obser
vational, rather than experimental, data. Hence, a
behavioral protocol was designed which allowed
correlative comparisons between reproduction and
potential limiting factors.

METHODS

Reproductive Rate

Bald eagle reproductive rates at a portion of the
nests in Wisconsin were assessed by the Wisconsin
Department of Natural Resources by inspecting
nests using fixed-wing aircraft twice during the
breeding season, once during incubation and again
when chicks were 4 to 7 weeks old. In the first aer
ial survey, the eagle pairs that were attempting re-
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production (i.e., incubating eggs) were counted,
and in the second flight, the number of nestlings
was counted. A regional estimate of productivity,
the "number of young per breeding attempt,"
was determined by dividing the total number of
young produced by the total number of territories
where birds attempted breeding. As in Steenhof
(1987), a breeding attempt was defined as occur
ring only if eggs have been laid; this classification
is also termed "active territory" by the State of
Wisconsin.

Contaminant Concentrations in Nestling Blood

Between 1989 and 1994, blood samples were col
lected from 89 bald eagle nestlings at 53 nesting
territories in Wisconsin (Fig. 1). Fifteen nests were
located within 8 km of the Wisconsin Lake Superior
shore. Thirty-eight nests ("inland Wisconsin" nests)
were located more than 8 km from any Great Lakes
shore, on the industrialized portions of the Wiscon
sin River (n = 7), the Menominee River (n = 2), the
Peshtigo River (n = 1), the lower Fox River (n = 1),
and in the rest of interior northern Wisconsin, but
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FIG. I. Locations of Wisconsin eagle nests at which observations were
conducted and nestling blood samples were collected. Nests where addled
eggs were collected are shown for Lake Superior sites only. One inland
nest which was observed but lacked sufficient productivity data for inclu
sion in analyses is not shown.
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not associated with one of the above rivers (n = 27).
Most of the last category were located on lakes in
the northeast and north-central parts of the state.

Nestlings were sexed by footpad length, and aged
by the length of the eighth primary (Bortolotti
1984). Nestlings were aged 5 to 10 weeks at the
time of the blood collection. Syringes used were
sterile plastic or glass previously washed with hexa
nes and acetone. Approximately 10 mL of blood
was drawn from the brachial vein. Blood was trans
ferred to heparinized vacutainers, stored on wet ice
until the end of the day, and separated by centrifug
ing in the evening, or stored in a refrigerator for 1
day and then centrifuged less than 48 hours after
collection. Plasma was drawn off, transferred to an
other vacutainer, and frozen upright at approxi
mately -20°C. At the end of the field season, all
frozen plasma samples were shipped on dry ice to
Michigan State University.

Organochlorine pesticides and total PCB concen
trations in the nestling plasma were determined by
gas chromatography, with electron capture detec
tion, and were confirmed by mass spectrometry by
the Michigan State University Aquatic Toxicology
Laboratory. Methods have already been described
(Bowerman 1993, Mora et al. 1993). Detection lim
its were 2.5 Ilg/kg for DOE and 5.0 Ilg/kg for total
PCBs. Contaminant values falling below the detec
tion limits were assigned a value of one-half the de
tection limit for statistical analyses. Residue levels
measured in the plasma of sibling nestlings in the
same year were averaged (geometric mean) to pro
duce one value, and residue levels measured at the
same nesting territory in different years were aver
aged (geometric mean) to produce one value.

Contaminant Concentrations in Addled Eggs

Between 1986 and 1993, addled bald eagle eggs
were collected from 20 inland Wisconsin and three
Lake Superior nests at the time of banding. Inland
Wisconsin samples were mostly from northern lakes
and did not include eggs from any of the major
rivers. These eggs were wrapped in aluminum foil,
and refrigerated until processing in late summer.
Prior to opening, the eggs were weighed, and their
lengths and widths were measured with calipers.
After opening, the egg contents were frozen in chem
ically-clean jars until analysis. The Wisconsin State
Lab of Hygiene analyzed the eggs for organochlorine
pesticides and total PCBs using gas chromatography,
with confirmation by mass spectrometry (Wisconsin
State Laboratory of Hygiene 1996). Residue concen-

trations were corrected for moisture loss as in Stickel
et al. (1973). For seven eggs which were too dam
aged to permit measurement of length and width, the
average correction factor (0.69, determined from 18
eggs) was used to estimate the corrected residue con
centration. Values were measured as Ilg/g wet
weight, but reported as Ilg/kg wet weight for compa
rability with plasma residues. Data from two pairs of
sibling eggs were averaged. Complete methodology
has been described (Wisconsin State Laboratory of
Hygiene 1996).

Food Delivery Rates

Food delivery rates at eight Lake Superior nests
and eight reference inland nests were measured in
1992 and 1993 (Fig. 1). Seven reference nests were
located near inland lakes in Iron, Vilas, and Oneida
counties in north-central Wisconsin; one reference
nest was located along the northern portion of the
Wisconsin River in Oneida county. Food delivery
rates were measured by two techniques. Remote
time-lapse video cameras were mounted at nests at
ten locations, and at nine nests, dawn-to-dusk ob
servations were made using 20-60X spotting
scopes. (Three nests had combinations of cameras
and observations.) Observation blinds were placed
110 to 300 m from the nests. Observers recorded
prey deliveries and documented other behaviors
such as brooding, feeding, and resting. Observer fa
tigue was prevented by switching observers every 4
hours without disturbing the nesting eagles. Simul
taneous observations (validations) with video cam
eras indicated that the two techniques were not
significantly different for number of prey deliveries
(n = 18 validation sessions, paired t-test, t = 0.81,
df = 17, p = 0.43, Warnke, unpub. data). For more
details of both techniques, see Warnke (1996).

Sixteen individual nests were observed from
dawn-to-dusk for ~ 6 full days throughout the nest
ing season. Fourteen nests were observed from
hatching to fledging and two nests were observed
only from week 5 or 6 to fledging; however, prey
delivery rates in this population do not vary as
nestlings age (O.K. Warnke, pers. comm.), so the
different observation schedules likely did not bias
prey delivery data.

Statistical Analyses

All analyses were performed with SYSTAT
(Wilkinson 1988). Productivities of Lake Superior
and inland Wisconsin were compared with at-test.
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Concentrations of DDE and total PCBs were log
transformed before calculation of any statistics.
Log-transformed values were used to calculate the
geometric mean and 95% c.1. for residue concen
trations in Lake Superior and inland Wisconsin
nestling plasma (Frenzel 1985, Frenzel and An
thony 1989) and eggs. Plasma and egg concentra
tions from the two regions were compared by t-test.
Egg residue concentrations from three Lake Supe
rior nests in Michigan were included to increase
sample size (data in Bowerman et al. 1994). Log
transformed residue concentrations in eggs were an
alyzed by linear regression to determine trends in
concentrations.

To assess possible relationships between contam
inants, food delivery rates, and productivity, conta
minant concentrations and food delivery rates were
correlated to 5-year average productivities for Lake
Superior and inland Wisconsin eagle territories.
Blood residue data were log-transformed for use in
linear regressions with productivity data.

Because most successful pairs produce one or
two chicks per year, a single year's productivity
values do not provide enough variance for statisti
cal analyses. Thus, for correlations with productiv
ity, average territory productivity over 5 years was
used, because it is a better measure of the produc
tivity at the territory than a single year (as in
Wiemeyer et al. 1984; Table 1). Since breeding
adult eagles return to the same territory each year, it
is likely that the territorial productivity over 5 years
represents the productivity record for one pair of
adults; however, there is no way of assuring that
adults were not replaced or that the adult-replace
ment rates for inland and Lake Superior were simi
lar. For each territory, the mean 5-year productivity
value (PrS_yr ) was calculated as:

(number of young produced in 5 yr)Prs = -'-------=-----'----=------------'--'--

- yr (number of years breeding attempts (1)
occurred in those 5 yr)

The 5 years included in the calculation were the
year in which the blood sample was taken, the 3
previous years, and the year after the sample was
taken (as in Wiemeyer et al. 1984, 1993). Nests at
which a breeding attempt occurred (i.e., eggs were
laid) in fewer than 2 years of the 5 were excluded
from the data set (n = 2 for contaminant analyses, n
= 1 for food delivery analyses; after Wiemeyer et
at. 1984). For nests with more than one blood sam-
Ple, a different Prs was associated with each-yr

blood sample; each PrS_yr included productivity data
from different years, centered around the year the
blood sample was collected. Because samples from
successive years at a nesting territory were not in
dependent, each nesting territory was represented
by only one pair of values in the correlation analy
ses between contaminants and productivity. The
PrS_yr used in the analyses was that associated with
the most recent blood sample (and hence included
productivity data from the year of the blood sample,
the previous 3 years, and the following year). The
residue concentration used in the analyses was the
geometric mean of residue levels measured at the
same nesting territory in different years. [For nest
ing territories where the earliest sample and the
most recent sample were collected 5 or more years
apart, the earliest sample was excluded from the
mean (n =4 samples).]

RESULTS

Productivity of Lake Superior and
Inland Wisconsin Eagles

Productivity of Lake Superior bald eagles from
1983 to 1994 was significantly less than that of in
land Wisconsin eagles (young per breeding attempt,
paired t-test, t =5.14, df =11, P < 0.001). In recent
years (1989-1993), overall productivity on the
Lake Superior shoreline was 0.99 young per breed
ing attempt (72 young in 73 breeding-attempts),
compared to 1.26 young per breeding attempt in the
reference region in inland Wisconsin (660 young in
523 breeding-attempts). During 1989-1993, the
Wisconsin population on Lake Superior was fairly
stable, varying from 15 to 17 occupied territories
per year; the statewide population, however, in
creased from approximately 320 active pairs in
1989 to 460 active pairs in 1993 (Wisconsin De
partment of Natural Resources, unpub. data). Vari
ability in productivity at the two sites did not differ
[Levene's test of variability (Snedecor and Coch
ran 1980), X2 = 19.01,0.75 > P > 0.50, df = 22,
1983-1993].

Total PCBs and p,p'-DDE Concentrations
in Eggs and Plasma

Published and unpublished data for residue con
centrations in eggs from the Lake Superior shore
were combined in an analysis of historical trends.
Log-transformed DDE concentrations in addled
eggs decreased between 1969 to 1993 (linear re
gression, r2 = 0.85, P < 0.001, n = 16; Fig. 2). Simi-
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FIG. 2. Total PCB and p,p'-DDE concentrations
in addled bald eagle eggs collected on Lake Supe
rior, 1969-1993, and in inland Wisconsin
1986-1993. Circles indicate eggs collected in the
state of Wisconsin in this study; dark circles are
Lake Superior data, light circles are inland data.
Sibling eggs were averaged. Some 1987 inland
Wisconsin data points were slightly displaced
for clarity. Line for p,p'-DDE is the regression
y =-0.058 x + 8.68 where y =10g(DDE in Jig/kg)
and x =year. Line for PCBs is the regression y =
-0.030 x + 6.64 where y = 10g(PCBs in Jig/kg) and
x = year. All residue concentrations were cor
rected for moisture loss by the method of Stickel et
al (1973) except those reported in Postupalsky
(1971), where a correction factor derived from
water volume measurements was used. Analytical
techniques (especially for total PCBs) may vary.
Unpublished data used with the investigators'
permissions. Complete literature citations in
References.
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Prey Delivery Rates at Lake Superior and
Inland Nests

Lake Superior adults delivered fewer prey items
per day than did inland Wisconsin adults (n =8 and
n = 7, t = 3.91, df = 13, P = 0.002). Lake Superior
parents averaged only 2.16 ± 0.22 (s.e.m.) prey
items delivered to the nest per day, compared to
4.87 ± 0.70 prey items per day at inland nests. Even
when prey delivery rates were adjusted to account
for brood size, Lake Superior parents brought sig
nificantly fewer prey items per chick per day (n =8
and n = 7, t = 2.63, df = 13, p = 0.021; means 1.67
± 0.33 vs. 3.21 ± 0.50).

Correlations of Plasma Residues and Food
Delivery Rates with Productivity

The log-transformed concentrations of p,p'-DDE
in nestling plasma were not correlated to average 5
year productivity when adjusted for region (AN
CaVA with region as the categorical covariate,

lady, the concentration of total PCBs in eggs from
the Lake Superior shoreline has declined signifi
cantly since 1969 (r2 = 0.43, P = 0.006, n = 16;
Fig. 2) .

For p,p'-DDE, log-transformed residues in Lake
Superior eggs were significantly greater than those
from inland Wisconsin eggs (n = 6 and n = 20,
t = 3.37, df = 24, P = 0.003, Fig. 2). Concentrations
of p,p' -DDE in Lake Superior eggs averaged 2,540
f.lg/kg (95% C.I: 1,265-5,100), compared to 1,066
f.lg/kg (95% c.I.: 835-1,361) in eggs from inland
Wisconsin. Total PCB concentrations in Lake Supe
rior eggs were also significantly greater than those
in inland eggs (n = 6 and n = 20, t = 5.32, df = 24, P
< 0.001). Lake Superior eggs averaged 9,111 f.lg/kg
(95% c.I.: 5,322-15,597), compared to 2,420 f.lg/kg
(95% c.I.: 1,881-3,114) in inland eggs.

For p,p'-DDE, log-transformed residues in
plasma samples from Lake Superior nestlings were
significantly greater than those from inland Wis
consin (n = 15 and n = 38, t = 5.52, df = 51, P <
0.001, Table 1). Concentrations of p,p'-DDE in
Lake Superior nestlings averaged 18.9 f.lg/kg, com
pared to 3.0 f.lg/kg in plasma of inland Wisconsin
nestlings. Total PCB concentrations in Lake Supe
rior nestlings were also greater than those in inland
nestlings (n = 15 and n = 38, t = 3.21, df = 51, P =
0.002, Table 1). Lake Superior nestlings averaged
109.1 f.lg/kg, compared to 42.6 f.lg/kg in inland
nestlings.
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TABLE 1. Concentrations of p,p'-DDE and total PCBs in plasma of nestling bald eagles in Wisconsin,
1989-1994. Contaminants reported as Ilg/kg in plasma, wet weight. Productivity is the (number of young
produced in 5 years)/(number of times a breeding attempt occurred in 5 years). Samples with contaminant
concentrations below the detection limits were assigned a value of one- half the detection limit for calcula
tion ofmeans (n =16 individual DDE samples, n =0 PCB samples). SEM and 95% c.l. not calculated for
n s2.

Oeo. mean p-p , DDE Oeo. mean Total PCBs 5-year mean
# territories (95% c.l.) (95% c.l.) productivy

Location Years (# samples) (~g/kg) (~g/kg) (mean ± sem)

LAKE SUPERIOR 1989-93 15 (36) 18.9 (12.1-29.1) 109.1 (69.7-170.1) 0.99±0.13

INLAND WISCONSIN
Northern lakes & rivers 1990-93 27 (31) 3.3 (2.2-4.9) 28.3 (20.1- 38.3) 1.22 ± 0.11
Wisconsin River 1990-91 7 (9) 2.6 ( 1.2-5.5) 122.0 (64.6-231.1) l.76±0.15
Menominee River 1990-91 2 (3) 5.0 86.6 1.42
Fox River 1991-94 1 (4) 3.2 262.8 2.60
Peshtigo River 1991 I (1) n.d. 24.0 1.25

n.d. = not detected

F I 48 = 1.21, P = 0.276 for p,p'-DDE concentrations,
and F I 48 = 1.41, P = 0.241 for regions, r2 = 0.12, n
= 51, Fig. 3). There was no significant interaction
between contaminant concentration and region (p =
0.350). When tested separately by region, plasma
p,p' -DDE concentrations were not correlated to
productivity for inland Wisconsin (linear regres
sion, n = 36, r2 =0.02, P =0.369), or Lake Superior
(n = 15, r2 =0.03, p =0.558).

Similarly, the log-transformed concentrations of
total PCBs in nestling plasma were not correlated to
average 5-year productivity when adjusted for re
gion, although the two regions did vary signifi
cantly (ANCOVA with region as the categorical
covariate, F I48 = 2.59, P = 0.114 for PCB concen
trations, and 'p1.48 =7.43, P =0.009 for regions, r2 =
0.14, n = 51, Fig. 3). There was no significant inter
action between contaminant concentration and re
gion (p = 0.418). When tested separately by region,
plasma concentrations of total PCBs were not cor
related to productivity for inland Wisconsin (n =
36, r2 = 0.08, p = 0.086), or Lake Superior (n = 15,
r2 =0.00, p =0.95).

For the correlation of prey delivery rates and
productivity, 5-year mean productivity was calcu
lated as above, except that for two nests at which
prey delivery rate was measured in both 1992 and
1993, the productivity was averaged for 6 years
(1989 to 1994), and prey delivery rates from the 2
years were averaged. Prey delivery rates at inland
nests alone were highly correlated with productivity

(r2 = 0.90, p = 0.001, n = 7, Fig. 4). Lake Superior
nests had both low productivity and low prey deliv
ery rates, but these were not significantly correlated
(r2 =0.05, p =0.593, n =8, Fig. 4).

DISCUSSION

Determinants of Reproductive Rate in
Inland Wisconsin

Reproductive rates of inland eagles were highly
correlated to food delivery rate of adult eagles, but
not to either DDE or total PCB concentrations in
nestling plasma. In addition, both DDE and total
PCB concentrations in addled eggs were uniformly
low, below the no-effect concentrations associated
with normal reproduction (Wiemeyer et al. 1984,
1993; Giesy et al. 1995). Thus, it appears that food
delivery rates by parents is a more likely determi
nant of reproductive rate in inland Wisconsin eagles
than contaminant levels.

Determinants of Reproductive Rate
at Lake Superior

These results for Lake Superior eagles were more
ambiguous than those for inland Wisconsin birds.
Lake Superior reproductive rates were not corre
lated to concentrations of either contaminant, or to
food delivery rates, although Lake Superior eagles
had significantly higher concentrations of both
DDE and total PCBs as well as significantly lower
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FIG. 3. Mean 5-year productivity (young per
breeding attempt) at individual nest sites as a
function of log-transformed p,p'-DDE and total
PCB concentration in nestling plasma,
1989-1994. Sibling samples from the same year
were averaged. Samples from the same territory in
different years were averaged. Samples in which a
contaminant was not detected were assigned a
value of one-half the detection limit. Some DDE
data points were slightly displaced for clarity.
Lake Superior subpopulation includes nests < 8
km from the shore. Inland Wisconsin includes
nests> 8 km from any Great Lakes shore.

prey delivery rates than inland eagles. Nevertheless,
as described below, the Lake Superior data, in con
junction with the inland Wisconsin data, suggested
that low productivity on Lake Superior was at least
partly attributable to low food delivery rates by
adult eagles. Additional contribution to low produc
tivity by some other factor could not be ruled out.

Food Delivery Rates

The strong correlation between food delivery
rates and productivity in inland Wisconsin eagles
permits assessment of the adequacy of the food de
livery rates of the Lake Superior eagles. From the
correlation between productivity and prey delivery
rates, inland eagles with prey delivery rates of 2.2
prey items per day (the mean Lake Superior prey
delivery rate) might be expected to have average
productivity (Pr5_ r) of only 1.2 (compared to the
inland Wisconsin inean of 1.7). If it is assumed that
the correlation is truly indicative of an ecological
cause-and-effect relationship, and that Lake Supe
rior and inland Wisconsin eagles are subject to sim
ilar ecological constraints, then it would be
expected that Lake Superior eagles would have
similarly low productivity, based solely on their
food delivery rates (average 2.2 ± 0.2 prey items
per day). Indeed, it was found that the Lake Supe
rior eagles studied did have low productivity (Pr5- r

averaged 0.8). Having no ecological information fo
invalidate the above assumptions, it can be con-
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cluded from this evaluation that low prey delivery
rates by Lake Superior eagles determined a cap or
upper limit on productivity. Thus, low productivity
of Lake Superior eagles is likely attributable, at
least in part, to low prey delivery rates. As a caveat,
it can be emphasized that this evaluation is subject
to the limitations inherent in correlations; a more
robust conclusion would require a food-provision
ing experiment to conclusively demonstrate the ef
fects of food abundance on productivity of Lake
Superior eagles.

The relationship between Lake Superior prey de
livery rates and productivity was more variable that
than for inland bald eagles. Two Lake Superior
nests had productivities higher than expected, based
on predictions from the inland Wisconsin regres
sion, while five nests had lower than expected pro
ductivity. Thus, the mean productivity of Lake
Superior eagles (PrS_yr = 0.8) was substantially
lower than that predicted from the inland Wisconsin
regression (i.e., PrS_y = 1.2). There are several pos
sible interpretations for this increased variation on
Lake Superior, as compared to inland Wisconsin.
One possibility is that food availability on Lake Su
perior is more variable than at inland sites, which
may result in differences in prey delivery rates be
tween years. Similarly, the prey availability on
Lake Superior may vary between seasons; low prey
availability during the courtship or incubation but
not the nestling stage could decrease eagle produc
tivity, but would not be recorded using observations
of prey delivery rate during the nestling stage. We
have no information on food availability during
courtship or incubation. Another interpretation of
the lack of correlation between Lake Superior pro
ductivity and prey delivery rates is that some other
factor may also be depressing Lake Superior pro
ductivity, in conjunction with low prey delivery
rates.

Other observations at Lake Superior nests also
suggest that low food delivery rate may be partly
responsible for lower productivity. Much of the de
pression in reproduction for Lake Superior eagles is
due to (1) lower nestling survival than at inland
sites, and (2) a lower percentage of occupying pairs
that actually lay eggs, relative to inland-nesting ea
gles (Dykstra 1995), although the latter does not in
fluence productivity values as presented in this
study (i.e., the number of young per active pair).
More than half of the depression in Lake Superior
productivity is attributable to lower nestling sur
vival at Lake Superior than in inland Wisconsin,
based on a subset of nests observed throughout the

breeding season (Dykstra 1995). Nestling mortality
was greater in nests on Lake Superior than in inland
Wisconsin in 1991-1994 (27.3% vs. 8.6%, Dykstra
1995), and greater than that usually found in the
continental U.S. (11% or 15%; Fraser 1981, Stal
master 1987). Most (;:: 78%) of the Lake Superior
nestling mortality occurred in broods of two
nestlings. Nestlings in Lake Superior broods of two
received significantly fewer prey deliveries per
nestling than Lake Superior nestlings in broods of
one (Warnke 1996); in contrast, inland nestlings in
broods of one and two did not differ in number of
items received per nestling (Warnke 1996). Such a
difference would not be significant had lakeshore
parents of broods of two compensated by delivering
larger prey items or items with higher energy den
sity. However, the biomass and energy content of
prey items delivered were calculated based on esti
mated prey sizes and published energy contents of
various prey species, and no evidence was found of
such compensation (Dykstra 1995). In fact, the
amount of energy received by Lake Superior
nestlings in broods of two was less than that typi
cally expended for normal growth and development
(energy received 1,393 kJ/d per nestling on Lake
Superior vs. 2,556 kJ/d for normal growth and de
velopment, age 5 to 9 weeks, p < 0.001; Dykstra
1995).

In 1992 and 1993, lesser food delivery rates
themselves may not have caused increased mortal
ity, as few nestling deaths were directly attributable
to starvation. However, in 1992-1993, parents of
Lake Superior broods of two were absent from the
nest significantly more of the time (36.3%) than
Lake Superior parents of broods of one (14.3%) or
inland parents of any size brood (8.3%, inland not
significantly different from Lake Superior parents
of one, ages 2 to 4 weeks; Warnke 1996). Possibly
Lake Superior parents needed to make a larger ef
fort to find food than did inland parents or Lake Su
perior parents of one chick. This behavior left the
nestlings more exposed to predation by fishers
(Martes pennanti), raccoons (Procyon Zotor), or
bears (Ursus americanus). Increased nestling mor
tality was observed mainly in broods of two on
Lake Superior compared to inland nests, and Lake
Superior mortality in 1991-1994 was mostly due to
predation or unknown causes (unpubl. data). Thus,
increased parental absence from the nest may have
indirectly resulted in increased nestling mortality.

Currently, there is only anecdotal evidence link
ing food availability to the lowered percentage of
occupying birds laying eggs for Lake Superior. In
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early spring on Lake Superior, food availability
may be influenced by ice conditions, which vary
between years and between locations along the
lakeshore. Late ice-out or local ice might make it
difficult for eagles to forage along Lake Superior
until mid-April. Productivity might be expected to
fluctuate yearly with ice conditions, if the probabil
ity of laying or clutch size is correlated with female
condition or available food. In 1994, when Lake
Superior was completely frozen over, eagle produc
tivity on the shoreline declined to 0.5 young per oc
cupied territory, then rebounded to 1.0 young per
occupied territory in 1995 (pers. obs.). Ice-out date
was thought to be related to bald eagle productivity
in Voyageurs National Park, in northern Minnesota
(Grimm and Kallemeyn 1995).

In the above analysis, it was asserted that low
food delivery rates to nestlings cause the depressed
Lake Superior productivity, at least in part. It was
assumed that low food delivery rate reflects low
food availability in the environment, as suggested
by Bortolotti (1986). However, there are two other
potential causes for lesser prey delivery rates. Lake
Superior eagles may be younger, and hence less ex
perienced breeders, than inland eagles. Younger
breeders may be inexperienced at foraging, and
tend to have lesser reproductive rates than older
birds, even with abundant food available (Newton
1979). If Lake Superior parents are younger than
breeding adults inland, the low productivity may be
explained by this alone. It has been suggested that
Great Lakes shoreline subpopulations may experi
ence greater adult mortality than inland subpopula
tions, which allows young birds to enter the
breeding population (Bowerman 1991, Bowerman
et af. 1995). Unfortunately, there are currently no
data to support or refute this hypothesis, as causes
and rates of adult mortality remain unknown. Anec
dotal information suggests young birds bred at Lake
Superior in 1983 (Sindelar 1983) and 1985, when
two visibly-young breeding females (brown
streaked heads) were observed in the Apostle Is
lands (n = 3 nests; Kozie and Anderson 1991).
Conversely, no visibly-young birds were observed
in the Lake Superior breeding population in 1992 to
1994 (n = 14 nests).

Another potential reason for lesser prey delivery
rates is that adult birds may be impaired by contami
nants that affect their ability to forage and/or to par
ent effectively. Contaminated birds sometimes
demonstrate reduced nest attentiveness during incu
bation (Fox et af. 1978, Kubiak et af. 1989), or
spend less time feeding their young (McArthur et al.

1983). At the site observed in this study, Lake Supe
rior parents of broods of two chicks were absent
from their nests significantly more time than both
lakeshore parents of single chicks and inland parents
of any size brood (see above; Warnke 1996). In con
trast, Lake Superior parents of one chick were not
absent from the nest more than inland parents of any
size brood (p > 0.05, Warnke 1996). If organochlo
rine contaminants caused reduced nest attentiveness
in Lake Superior eagles, it is unlikely that they
would affect only parents of two chicks, and not
parents of one chick. Hence, the inattentiveness al
most certainly resulted from increased nestling en
ergy requirements, and the accompanying increase
in the amount of time needed for foraging.

Contaminants

The concentrations of p,p'-DOE and total PCBs
in eaglet blood were not correlated with adult pro
ductivity at either site, and the lack of a strong cor
relation for inland Wisconsin sites made it
impossible to assess Lake Superior levels based on
inland Wisconsin regressions, as was done for prey
delivery rates. The lack of correlation may indicate
that all the eaglets contained concentrations of p,p'
DOE and total PCBs that were less than the thresh
old level associated with impaired adult
productivity. It is also possible that nestling blood
concentrations are not as meaningful a predictor of
adult productivity as are egg contaminant concen
trations. However, the data suggest that bald eagle
eggs and nestling blood samples both reflect a simi
lar contaminant source, that is, the environmental
contamination in the nesting territory. Both nestling
blood concentrations and egg concentrations are
uniformly low at inland Wisconsin sites (Figs. 2, 3),
mid-range at Lake Superior sites (Figs. 2, 3), and
highest at Lake Michigan sites (Bowerman 1993,
Dykstra and Meyer unpubl. data). A robust individ
ualistic test of the relationship between egg and
nestling blood contaminant concentrations requires
sibling egg and nestling blood samples.

The available evidence indicates that DOE is no
longer responsible for depressed bald eagle produc
tivity observed on the Lake Superior shoreline, de
spite significantly greater concentrations of
p,p'-DDE in eaglet plasma and egg samples from
Lake Superior than in those from inland Wisconsin.
First, concentrations of DOE in addled eggs have
declined significantly since 1969, and concentra
tions of DOE in the three contemporary eggs (mean
2,100 !1g/kg) were at or below the no-effect concen-
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tration associated wi th normal reproduction (re
3,000 to 3,600 flg/kg DDE; Wiemeyer et af. 1984,
1993), and well below the concentration associated
with near-total reproductive failure (>15,000 flg/kg
DDE; Wiemeyer et af. 1984). Unfortunately, there
are no similar comparators for the relationship be
tween nestling blood contaminant concentrations
and productivity.

Second, the timing of reproductive failure indi
cates a mainly non-contaminant cause. More than
half of the depression in Lake Superior productivity
is attributable to loss of nestlings. Neither p,p'-DDE
nor PCBs are likely to cause an increase in nestling
mortality at the middle stage of the nestling period,
when most mortality occurred; rather, the presence
of these compounds would most likely cause a de
crease in hatchability of eggs, due to embryotoxicity
or shell-thinning (Colborn 1991). Conversely, nutri
tional stress due to reduced food abundance during
the nestling period is likely to cause nestling mortal
ity, especially during the mid-nestling period when
energy demands are greatest due to rapid growth.

The available evidence does not support the hy
pothesis that total PCBs may contribute to the de
pressed bald eagle productivity observed at Lake
Superior; however, neither does it allow us to reject
that hypothesis. As indicated above for DDE, the
plasma concentrations of total PCBs were not cor
related to adult productivity, the concentrations of
total PCBs in addled eggs declined significantly
since 1969, and the general timing of reproductive
failure seemed to indicate a non-contaminant
causative agent.

However, the current concentrations of total
PCBs in addled eggs were more difficult to inter
pret than those of DDE, primarily because of a lack
of information on the critical concentrations associ
ated with reproductive depression and failure. The
critical concentrations for total PCBs are less evi
dent than those for DDE, because of the ubiquitous
co-occurrence of PCBs and DDE (Nisbet 1989,
Wiemeyer et aZ. 1993), but near-total reproductive
failure was associated with concentrations of
> 33,000 flg/kg in addled eggs (Wiemeyer et aZ.
1984), which greatly exceeds contemporary con
centrations in eggs from the Lake Superior shore
(mean 10,000 flg/kg). A no observable adverse ef
fect concentration (NOAEC) of 4,000 flg/kg has
been suggested (Giesy et af. 1995), but the underly
ing data set was confounded by the presence of
DDE in eggs, as in Wiemeyer et aZ. (1984, 1993).
However, the suggested NOAEC was also partially
supported by controlled laboratory data. Data from

other regions of Wisconsin may also be used to ad
dress the question of critical PCB concentrations.
Bald eagles nesting on the Wisconsin River have
total PCB exposures nearly identical to those nest
ing on Lake Superior, as indexed by nestling blood
PCB levels (Table 1) and also egg concentrations
(unpubl. data), yet have high productivity (Table 1).
This observation suggests that the total PCB con
centrations measured in Lake Superior eagles do
not depress reproduction.

A second factor confounding the interpretation of
egg concentrations of PCBs is that the specific PCB
congeners in Lake Superior eggs are unknown. The
Lake Superior mixtures may be more or less toxic
than those in inland Wisconsin or in Wiemeyer's
data set, and thus are not necessarily comparable to
either.

CONCLUSIONS

The current low productivity of Lake Superior ea
gles is at least partly attributable to low food avail
ability, but some other factor, possibly PCBs, may
also contribute to low productivity. The results sug
gest a need to perform a food-provisioning experi
ment to conclusively demonstrate the effects of food
abundance on productivity of Lake Superior eagles,
and also a need to identify specific PCB congeners
in Lake Superior eagles. Finally, the study also indi
cated that ecological information is critical for ap
propriate utilization of bald eagles (and other
species) as biomonitors of environmental pollution.
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