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WINTER ECOLOGY OF SPECTACLED EIDERS: ENVIRONMENTAL

CHARACTERISTICS AND POPULATION CHANGE

MARGARET R. PETERSEN! AND DAVID C. DOUGLAS?
U.S Geological Survey, Alaska Science Center, 1011 East Tudor Road, Anchorage, AK 99503

Abstract. We described characteristics of the wintering area used by Spectacled Eiders
(Somateria fischeri) in the Bering Sea, Alaska, and evaluated these characteristicsin relation
to long-term population trends. Remoteness, limited daylight, and extreme weather condi-
tions precluded direct observations, so we derived the location of the wintering area from
satellite telemetry, ice conditions from remotely sensed data, weather conditions from ar-
chived data sets, and benthic communities from the literature. Based on analyses of two
indices spanning 19572002 and 1988-2002, we identified no single environmental param-
eter that explained the precipitous decline in nesting populations in western Alaska. In
general, we found that the number of days with extreme sea ice in winter, extreme winds,
and winds in spring explained the greatest variability in annual indices. These analyses
support the conclusion that annual population estimates on the breeding grounds can be
negatively impacted by extended periods of dense sea-ice concentration and weather during
the previous winter. Examination of population indices did not support the hypothesis that
changes in benthic community on the wintering grounds have contributed to the decline or
inhibited the recovery of the Spectacled Eider breeding population in western Alaska.

Key words: Bering Sea, ice concentration, population variability, remote sensing, Spec-
tacled Eider, weather, winter.

Ecologia Invernal de Somateria fischeri: Caracteristicas Ambientales y Cambio Poblacional

Resumen. Describimos las caracteristicas del area de invernada utilizada por Somateria
fischeri en el Mar de Bering, Alaska, y evaluamos estas caracteristicas con relacion a ten-
dencias poblacionales a largo plazo. La |gjania, la limitacion en las horas de luz y las
condiciones climéticas extremas imposibilitaron realizar observaciones directas, por lo que
calculamos la localizacion de los sitios de invernada basandonos en telemetria satelital, las
condiciones del hielo a partir de informacion remota, las condiciones del tiempo basandonos
en archivos de datos y las comunidades bénticas a partir de |a literatura. El andlisis de dos
indices que se extendieron entre 1957-2002 y 1988-2002 no permitio identificar un paréa-
metro ambiental Gnico que explicara la declinacion precipitada en las poblaciones nidifican-
tes en el oeste de Alaska. En general, encontramos que el nimero de dias del invierno con
mucho hielo en el mar, los vientos extremos y los vientos en la primavera explicaron la
mayor variabilidad en los indices anuales. Estos andlisis apoyan la conclusion de que las
estimaciones poblacionales anuales en las areas de cria pueden estar af ectadas negativamente
por largos periodos de concentraciones densas de hielo marino y de tiempo durante el
invierno previo. El examen de los indices poblacionales no apoy6 la hipbtesis de que los
cambios en las comunidades bénticas en las &reas de invernada hayan contribuido a la
declinacion o hayan inhibido la recuperacion de las poblaciones reproductivas de S. fischeri
en el oeste de Alaska.

INTRODUCTION

Loss of body condition by sea ducks in winter
can result in death by starvation (Barry 1967,
Fournier and Hines 1994) or dispersal to more
favorable areas (Nilsson 1970, 1972, Systad et
al. 2000). To meet daily energy costs when con-
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ditions in winter restrict prey availability, sea
ducks may use stored nutrient reserves, increase
feeding time during the day (Beauchamp et a.
1992, Systad et a. 2000), forage at night, or for-
age in areas with high prey densities (Paulus
1988, Guillemette et al. 1993, Guillemette
1998).

For sea ducks, unless they winter in areas ac-
cessible to observers, the variables in winter that
affect food availability and feeding behavior are
unknown. Many sea ducks winter in northern
coastal and marine environments, and face harsh
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weather conditions that influence their survival
(Barry 1967, Fournier and Hines 1994) and re-
productive output (Coulson 1984, 1999). An un-
derstanding of conditions that constrain recovery
of populations should improve management of
these populations.

The numbers of Spectacled Eiders (Somateria
fischeri) on the Yukon-Kuskokwim (Y—K) Delta
in western Alaska have declined precipitously
since the 1970s (Stehn et al. 1993, Ely et al.
1994, USFWS 1996). The Spectacled Eider was
listed as threatened under the Endangered Spe-
cies Act (Federal Register 1993); however, too
little information, especially away from their
breeding grounds, existed to determine causes of
the decline (Stehn et a. 1993, USFWS 1996).
More recent data suggests that the Y-K Delta
breeding population is stable (T. D. Bowman,
unpubl. data). Recent (1993-2002) aerial survey
results from northern Alaska suggest this breed-
ing population is also stable; W. W. Larned (un-
publ. data) detected no significant difference
from a growth rate of 1.0. Additionally, surveys
conducted from 1993-1995 on the eastern arctic
coast of Russia resulted in an estimate of
146 245 Spectacled Eiders (Hodges and Eldrid-
ge 2001), which is probably not different from
the provisional estimate of 47 000 to 58 000
pairs (Dau and Kistchinski 1977).

The Spectacled Eider spends 9-12 months of
the year at sea (Dau and Kistchinski 1977, Pe-
tersen et al. 1999) and winters only in the Bering
Sea (Petersen et al. 1999). Recent studies of an-
nual survival of birds breeding in western Alas-
ka (Flint and Grand 1997, Grand et a. 1998)
suggest that amost half of the mortality of adult
females occurs during their nine or more months
away from the breeding grounds (Flint et al.
2000). However, little is known about factors
within the wintering area that may influence sur-
vival.

Here we focus on aspects of the marine en-
vironment in winter that likely have the most
immediate, direct effects on variation in annual
population indices of breeding Spectacled Ei-
ders. Our objectives are to describe the location
and selected environmental characteristics of the
wintering area of Spectacled Eiders in the Be-
ring Sea, and evaluate variability of weather and
sea ice in relation to annual variability in pop-
ulations. To evaluate the hypothesis that changes
in food resources in the wintering area contrib-
uted to the decline in Spectacled Eiders (Stehn

et al. 1993, USFWS 1996), we discuss changes
in invertebrate species composition at the win-
tering area and their relationship to recent and
expanded population indices.

METHODS
STUDY AREA

The Bering Sea consists of a shallow, gradually
sloping (0.24 m km-1) shelf with a steep drop
into deeper waters; about half of it consists of
waters <200 m deep. It extends from the Bering
Strait between the Chukchi Peninsula and the
Seward Peninsula south to the Aleutian Islands,
and from western coastal Alaska to eastern
coastal Russia On 21 December, St. Lawrence
Island (63.78°N, 171.74°W) has about four hours
of daylight.

Westher in the northeastern Bering Sea during
winter is harsh (Karpova 1963, Brower et al.
1977). The locations and strength of the Aleu-
tian Low and the Arctic High atmospheric pres-
sure systems are primary factors influencing
weather (Sharma 1976, Niebauer 1983). Novem-
ber through April is a period of frequent storms
with high winds and rough seas; rain, fog, and
snow are common (Karpova 1968, Brower et al.
1977). Sea ice moves into the area during late
December, and the mean extent of ice cover with
>63% (5/8) concentration occurs south of 60°N
from January through April (Brower et al.
1977). The concentration of sea ice is the pro-
portion of ice, regardless of its thickness, within
an area. This measure incorporates open areas
within the ice (polynyas, open leads, and holes)
as well as the extent of ice cover (edge of the
pack ice).

Community structure in the Bering Seais dy-
namic and varies in response to decadal (1525
or 50—70 year) regime shifts (Hare and Mantua
2000). The National Research Council (1996)
summarizes long-term climate information from
the North Pacific and shows an increasingly cool
period in the 1950s and 1960s. Based on a de-
tailed analysis of over 100 physical and biolog-
ical time series collected during 1965-1997
from the Bering Sea and Pacific Ocean, Hare
and Mantua (2000) provided evidence of a re-
gime shift beginning about 1977 to a warmer
period with higher values of productivity or bio-
mass, and another shift in 1989 to a cooler pe-
riod that resulted in decreased productivity or
biomass. Recent analyses of benthic communi-
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ties in the Bering Sea also show decreased
trends in productivity and biomass as well as
high annual variability during the cooler period
beginning in 1989 (Grebmeier and Dunton
2000).

Benthic communities and biomass are hetero-
geneous and variable throughout the Bering Sea
shelf (Neiman 1963, Stoker 1981, Grebmeier et
al. 1988, Kolesnikova et al. 1990, Grebmeier
and Cooper 1995). In general, benthic commu-
nities in the area south of St. Lawrence Island
include combinations of amphipods, bivalves,
and polychaetes in high densities, and these
communities and their biomass have varied over
several decades (Sirenko and Koltun 1992,
Grebmeier 1993, Grebmeier and Cooper 1995).
This variation may ultimately be the result of
cyclic changes in intensity and position of the
Aleutian Low pressure system (Niebauer 1983,
Niebauer and Day 1989, National Research
Council 1996, Grebmeier and Dunton 2000).

Although data on food habits of Spectacled
Eiders are limited, when in the Bering Sea they
eat bivalves, mollusks, and crustacea (Cottam
1939, Petersen et al. 1998). Twelve Spectacled
Eiders collected in the Bering Sea wintering area
(March 2001) had eaten bivalves, primarily Nu-
culana radiata (Lovvorn et al. 2003).

IDENTIFICATION OF WINTERING AREA

The wintering area used by Spectacled Eiders
was determined by satellite telemetry from lo-
cations of adult male and female eiders from 21
November to 31 January 1993-1997 (Petersen
et a. 1999). Thirteen individuals (37 locations)
provided data during winter. Fixed kernel anal-
ysis (Seaman et al. 1998) was used to delineate
the area of utilization. More efficient transmit-
ters provided more locations, which would dis-
proportionately weight a kernel analysis. Thus,
no more than three randomly selected locations
per individual were used for this anaysis. The
99% utilization distribution was considered an
estimate of total distribution, and the contour en-
compassing greater than average observed den-
sity was considered the core area. The eiders
persistent use of the core area during late winter
and spring (1 February—31 March and Apiril, re-
spectively) was verified from aerial surveys (Pe-
tersen et al. 1999).

ENVIRONMENTAL DATA

Bathymetric characteristics of the core wintering
area were investigated using a global model de-

veloped by Smith and Sandwell (1997). We re-
sampled their raster map with 2-minute resolu-
tion in Mercator projection to an Alber's Equal
Area projection with 1.8-km resolution and then
derived 10-m isobaths.

Historic sea-ice conditions were quantified us-
ing 25-km-resolution sea-ice concentration maps
derived from passive microwave satellite data
(Comiso 2002). The data set had advantages for
long-term, interannual comparisons because the
tie points used by the bootstrap ice-concentra-
tion algorithm had been standardized to com-
pensate for significant differences between the
Scanning Multichannel Microwave Radiometer
(SMMR) and Specia Sensor Microwave/l mager
(SSM/I) sensors (Comiso et al. 1997, Cavalieri
et al. 1999). To match the 2-day temporal reso-
lution of the SMMR maps (1978-1987), we
used every other day from the daily SSM/I ice
concentration maps (1987-2002), and consid-
ered each map representative of 2 days. For
analyses of searice conditions, we considered
only the four 25 X 25 km pixels that spatially
overlapped the Spectacled Eider’s core wintering
area. We used the arcsine transformation of min-
imum ice concentration in the four pixels as our
daily estimate of ice concentration in al analy-
Ses.

High-resolution European Remote Sensing
Satellite (1993-1996) and Japanese Earth Re-
sources Satellite synthetic aperture radar (SAR)
images were acquired from the Alaska SAR Fa-
cility (ASF), Fairbanks, Alaska, to qualitatively
characterize fine-scale sea-ice features during
periods of extensive ice concentration. All im-
ages were received from ASF in standard format
with 12.5-m pixel resolution. Each image was
radiometrically calibrated to Sigma-0 dB units
and georeferenced to polar stereographic projec-
tion (ASF 2000).

Speed and direction of searice movements
were from 24-hr ice-drift forecasts (1993-2002)
distributed by NOAA (2001a) that were calcu-
lated using the ice-drift model by Grumbine
(1998). This model is based on geostrophic wind
speed and direction. We analyzed the daily pre-
dictions from the forecast point at 61.24°N,
170.00°W.

Daily weather records for the St. Paul Island
airport (57.17°N, 170.22°W) and Gambell
(63.78°N, 171.74°W) were obtained from the
National Climate Data Center (2002). Gambell
was the nearest weather station to the eider win-
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TABLE 1. Parameters considered in models accounting for variation of Spectacled Eider population indices.
Ice data sets were derived from daily ice maps from Comiso (1999); weather data sets were derived from NCDC
(2002) and NOAA (2001b). Parameters were used to analyze popul ation estimates from two indices: the Breeding
Pair Survey Index (1957—2002; Hodges et a. 1996, B. Conant, unpubl. data) and the Nest Plot Index (1988—

2002; T. D. Bowman, unpubl. data).

Parameter Description Anaysis

Extreme ice Number of days with =95% sea-ice concentra- Nest Plot Index
tion in Year

Spring ice Number of days with =95% sea-ice concentra- Nest Plot Index
tion in April (spring) of Year

Winter ice Number of days with =95% sea-ice concentra- Nest Plot Index
tion in Dec—Mar of Year

Extreme temp Number of days at St. Paul Island with =5% Both analyses
minimum temperatures in Year

Spring temp Average minimum daily temperature in April at Both analyses
St. Paul Island

Winter temp Average minimum daily temperature in Dec— Both analyses
Mar at St. Paul Island

Extreme winds Number of days with =95% maximum wind Both analyses
speed at St. Paul Island in Year

Spring winds Average wind speed at St. Paul Island in April Nest Plot Index

Winter winds Average wind speed at St. Paul Island in Dec— Nest Plot Index

Mar

Breeding Pair Survey Index

Year Year of observation (Dec-April). Year for De-
cember calculated as year + 1
Year? Year squared

Breeding Pair Survey Index

tering area; however, data were discontinuous
(1982-1988, 1994-1998). St. Paul Island was
the nearest Bering Sea weather station to the ei-
der wintering area that had a continuous archive
of data. To examine long-term annual variation
of winter weather in the greater Bering Sea re-
gion, daily temperatures (1949-2002) and wind
speeds (1984-2002) from St. Paul Island were
analyzed. To extend the NCDC data set for St.
Paul Island, daily wind speed data (1946-1982)
was used from a moored meteorology station lo-
cated at 62°N, 171°W (NOAA 2001b). Decem-
ber data were pooled with January—April, and
the January calendar year was used for reporting
results.

POPULATION INDICES

We examined the relationship of abundance in-
dices of the population of Spectacled Eiders
breeding on the Y-K Delta to ice and weather
variables (Table 1). Two measures of population
abundance were used: (1) the Breeding Pair Sur-
vey Index for Stratum 9 (Hodges et al. 1996; B.
Conant, unpubl. data; 1957-2002), and (2) the
Nest Plot Index (T. D. Bowman, unpubl. data;
1988-2002). Stratum 9 is a specific geographical
delineation of tundra habitat in western Alaska
(Hodges et al. 1996) between and including the

Yukon and Kuskokwim River drainages. The
Breeding Pair Survey Index includes both Spec-
tacled and Common (S. mollissima) Eiders
(Hodges et al. 1996), but is considered the best
indication of the long-term trend of Spectacled
Eiders breeding in western Alaska (Stehn et a.
1993, USFWS 1996). No similar, long-term data
exist for birds nesting in northern Alaska or arc-
tic Russia

As the population on the Y-K Delta declined
(Fig. 1), fewer birds were recorded each year
and the resulting annual variability in the Breed-
ing Pair Survey Index (an aerial survey) sug-
gested that it became biologically unrealistic.
Beginning in 1988, a combination of ground sur-
veys for nests and aerial surveys for pairs was
used to derive an annual index (Nest Plot Index)
of the number of nesting females on the Y-K
Delta (T. D. Bowman, unpubl. data); this index
is currently being used by the Spectacled Eider
Recovery Team to assess current trends in this
breeding population. We used this more precise
estimate to evaluate recent indices of the breed-
ing population in relation to weather and ice.

STATISTICAL ANALYSIS

Akaike's Information Criterion modified for
small sample size (AIC,) was used to identify
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FIGURE 1. Evidence for the population decline of
Spectacled Eiders breeding on the Yukon-Kuskokwim
Delta, Alaska. Data points are the natural logarithm of
estimates from the Breeding Pair Survey Index (black
squares and solid regression line; Hodges et al. 1996,
B. Conant, unpubl. data) and the Nest Plot Index (clear
squares and dashed regression line; T. D. Bowman,
unpubl. data). The Breeding Pair Survey Index indi-
cated a significant decline (r> = 0.74, P < 0.001, y =
—0.06x + 126.45, n = 46 years); but the Nest Plot
Index did not (r2 = 042, P = 046, y = —0.01x +
32.24, n = 15 years).

the best models (Anderson and Burnham 2002,
Burnham and Anderson 2002) of population in-
dices. The natural log of the population index
was used in al regression models. Model selec-
tion using SAS software (SAS Institute 1990)
was done separately for each data set: (1) vari-
ation in the Breeding Pair Survey Index (1957—
2002) included the effects of year and weather;
and (2) variation in the Nest Plot Index (1988—
2002) included the effects of ice and weather.
Candidate models were ranked based on AIC,
differences (AAIC,; Anderson et a. 2000, Burn-
ham and Anderson 2002), and the evidence re-
garding model selection was examined follow-
ing Burnham and Anderson (2002). For each
model, we report AIC,, AAIC,, model weight
(W), number of parameters (k) (Anderson et al.
2001, Burnham and Anderson 2002), and coef-
ficient of determination (r?) values. The number
of parameters includes a parameter for the in-
tercept and a parameter for the variance of the
regression model. The relative importance of pa-
rameters was evaluated by ranking the summed
Akaike weights (w;) of models that included
each variable (Burnham and Anderson 2002). In
each AIC, analysis, we examined models con-
taining each parameter (Table 1) and all possible
combinations of these parameters, plus the null
model. We discuss only the models with sub-

stantia levels of empirical support (AAIC, 0-2;
Burnham and Anderson 2002) and present all
models with AAIC, < 4.

We examined measurements of winds and
temperatures from St. Paul Island and Gambell
and excluded highly correlated variables in our
analysis. Different types of wind measurements
were highly correlated within and among weath-
er stations (r = 0.88-0.96), as were temperature
measurements (r = 0.79-0.96). The variables
average daily wind speed and minimum temper-
ature from St. Paul Island were included in the
models since these represented extremes in
weather and had the fewest missing data points.
Ice variables were used only in the analysis of
the Nest Plot Index since ice data were not avail-
able from 1957-1979. Other environmental
measurements were not included in either model
analysis because they were not measured each
year (i.e., benthic fauna), or they were insuffi-
ciently variable within and among years (i.e.,
water depths).

Since inclement weather or reduced food
availability in spring has been reported to reduce
survival (Barry 1967, Fournier and Hines 1994)
and breeding propensity (Coulson 1984) in other
sea ducks, two sets of weather variables were
created representing the months December to
March and the month of April using these same
dailly weather variables. The weather variables
representing extreme conditions during 1950—
2002 were defined as the total number of days
within a year and period with mean daily tem-
peratures —13°C and lower (lowest 5% of all
years combined) and mean daily wind speed
=15.0 m sec! (highest 5% of all years com-
bined). The index of extreme ice conditions was
defined as the number of days within the year
and period with =95% minimum ice concentra-
tion. Data are presented as means = SE unless
otherwise stated.

RESULTS
EXTENT OF WINTERING AREA

Spectacled Eiders from Alaskan and Russian
breeding areas repeatedly used the same area
south of St. Lawrence Island during winter and
consistently arrived during late November and
December (Petersen et al. 1999) to a very spe-
cific area about 100 km west-southwest of St.
Lawrence Island (Fig. 2). The total extent of this
area was about 2900 km?, with the core area
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FIGURE 2. Bathymetric features of Spectacled Eider wintering area and surrounding regions in the Bering
Sea. Depths shown in shades of blue with 10-m contours. White circles are locations of individuals (Petersen
et a. 1999). Fixed kernel analysis was used to delineate the area of utilization: red polygon (84% contour)
encompasses the core area (greater than average observed density); yellow polygons are the 99% contours.
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FIGURE 3. Relative occurrence by month of sea-ice
concentrations on the Spectacled Eider core wintering
area (Fig. 2) during winters of 1979-1999. Data were
derived from remote sensing information obtained
from the National Snow and Ice Data Center (Comiso
1999) for the four 25 X 25 km pixels that overlapped
the core area.

(84% distribution) encompassing approximately
570 km?. Within the total area, the telemetry lo-
cations of eiders corresponded to water depths
of 60.9 = 0.5 m (n = 39, range 49—68 m).

WINTER ENVIRONMENT

The core winter area contained waters 40-90 m
in depth within a large, undulating basin (Fig.
2). This basin was relatively broad, with gentle
slopes, and heterogeneous compared to nearby
basins which tended to be steeper sided and
deeper. Furthermore, the basin had distinct open-
ings at its southwest and northern peripheries,
whereas adjacent basins had a more closed, pit-
like character.

Sea ice extended south of St. Lawrence Island
beginning in mid- to late December and was a
dominant feature of the environment. On aver-
age, the core winter area was =90% covered by
sea ice for >50% of the winter, mostly during
the months of January through April (Fig. 3).
Sea ice was typicaly either absent (<5%) or
dense (=85%).
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a) Direction of sea ice drift

1994-1995 0
1997-1999

b) Wind direction
1994-1995
1997-1998
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FIGURE 4. Directiona histograms of the 24-hr ice-
drift forecasts from the point at 61.24°N, 170.00°W for
December—April 1993-1999: (a) daily direction of ice
drift; (b) average originating wind direction at St. Paul
Island. Pooled years were not statistically different.
Axes represent compass bearings, circles represent
sample sizes (days), and thinner lines extending be-
yond the outer circle represent the mean compass bear-
ing =95% ClI.

Mean directions (azimuths) of seaice drift
during the winters of 1994-1999 were statisti-
cally similar among all years except 1996, which
was significantly different than all other years
(Watson's F-test for two circular means, P =
0.01). Mean sea-ice drift was toward the north-
west during 1996 (. = 292°) and more south-
westerly in other years (. = 257°; Fig. 4a).
Wind direction at St. Paul Island (1994—-1999)
was aso significantly different in 1996 (n =
65°) compared to al other years (. = 32°, P =
0.03) except 1999 (.. = 47°, P = 0.25). Winds
were typically from the north-northeast at St.
Paul 1sland, but were more easterly in 1996 (Fig.
4b). The average estimated distance of daily sea-
ice drift varied annually, with dlightly faster
drifts during 1994-1996 compared to 1997—
1999 (Table 2). In general, average movement
of sea ice in the eider's wintering region was
westerly and ranged from 7.9-10.4 km day?,
with daily distances =15 km occurring about
10% of the time during an average winter.

High-resolution satellite images illustrated the
diversity and dynamics of sea-ice conditions at
the eider wintering area during periods of rela-

TABLE 2. Annual variation in daily sea-ice drift es-
timated in the north-central Bering Sea grid location
61.2°N, 170.0°W (derived from daily forecasts; NOAA
2001a). The number of forecasts includes those from
December of the previous year plus the number from
January through April. Years followed by the same
letter were not significantly different (one-way ANO-
VA, Fgi212 = 5.2, P = 0.05; Duncan’s multiple range
test, P = 0.05).

Daily ice movement

No. of (km day-1) Range
Year  forecasts mean = SE (km day 1)
1994 ab 145 10.0 = 04 1.7-22.8
1995 b 88 104 = 05 2.8-22.4
1996 ab,c 145 95+ 03 0.9-21.5
1997 d 149 79+ 03 0.4-19.3
1998 c,d 131 86 £ 04 1.6-23.5
1999 d 121 82+ 04 0.9-18.7
2000 a,c,d 140 89 £ 03 1.1-18.7
2001 ab,c 151 98 £ 04 1.3-21.5
2002 d 151 82 04 0.7-21.3

tively dense ice concentration. Figure 5a depicts
a mixture of ice formations, where older leads
and fractures had refrozen (darker intermediate
gray areas) and newer leads of open water had
recently formed by movement and shearing
(black linear features). In Figure 5b, relatively
uniform consolidated sea ice had undergone
some shearing, resulting in several long, narrow
leads of open water. Figure 5¢ shows open-water
patches that were possibly beginning to freeze
(slight gray texturing within the dark areas of
open water) as well as recent shearing and for-
mation of new leads. Figure 5d depicts less con-
solidated sea ice with increased water fractions
toward the west that were showing signs of ei-
ther freezing or being roughened by surface
winds. Manual interpretation of additional SAR
images corroborated a highly dynamic seaice
environment and a scarcity of open water during
periods of heavy ice cover.

Satellite-derived estimates of ice concentra-
tion throughout the winter at the eiders core
wintering area showed considerable annual var-
iation (Fig. 6). Average ice concentration and
the number of days with extreme ice conditions
were highly correlated (r = 0.79). During 1990—
2002, 9 and 8 of 13 winters were above the me-
dian number of days with extreme ice conditions
(39.5, n = 24) and median average ice concen-
tration (76%, n = 24), respectively. In compar-
ison during 1979-1989, only 3 and 5 of 11 win-
ters were above these respective medians.
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FIGURE 5. Synthetic aperture radar images (ASF 2000) of the Spectacled Eider wintering area in the Bering

Sea showing configurations of open water (dark areas) and ice (light areas). Solid line indicates eider core
wintering area. Dashed lines indicate the 25 X 25 km pixels used to calculate sea-ice concentrations (mean =
SD): (@) 27 January 1993, 96 + 1%; (b) 3 March 1993, 98 = 2%; (c) 18 February 1995, 95 + 7%,; and (d) 15

March 1996, 92 = 1%.

The annual time-sequences of the winter days
when ice concentration was =95% at the core
wintering area (Fig. 7) suggests that, although
1980, 1990-1992, 1995, and 2000 had the great-
est number of days with extreme ice conditions,
the timing of occurrence of consecutive days
with extreme ice varied among these years. Most
other years had fewer days with extreme ice
conditions (Fig. 6), and they also were charac-
terized by a variety of temporal distributions
(Fig. 7). For example, consecutive days of ex-

treme ice began in December of 1982, 1989, and
1993, but not until February of 1984-1985, and
1987.

Climate data from St. Paul Island indicated
that winters in the Bering Sea during the 1970s
were more severe than others during the 50-year
record. The consecutive winters of 1971-1972
and 1975-1976 had significantly colder mean
temperatures (Fig. 8a) than all other years, ex-
cept 1954 and 1956 (ANOVA, F,,, = 16.1, P
< 0.001; Duncan's multiple-range test, P <
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FIGURE 6. Annual variation in ice concentration at
the Spectacled Eider core wintering area (red polygon,
Fig. 2) for the winters of 1979-2002. Bars indicate the
number of days with extreme (=95%) ice concentra-
tion; points indicate the yearly mean = SE percentage
of ice concentration. No days with extreme ice con-
centration occurred in 1979.

0.05). In addition to having the lowest mean
temperatures, the winters of 1975 and 1976 had
the highest number of extremely cold (lowest
5%) days. The 1970s also recorded the windiest
conditions of the 50-year climate history (Fig.
8b), especialy during 1975-1977 when the
number of extremely windy days (upper 5%) ex-
ceeded al other years.

EIDER POPULATION CHANGES

There was no evidence for a single best model
that described the trend in the long-term Breed-
ing Pair Survey Index (1957—2002; Table 3), al-
though there was substantial empirical support
for two models including (1) the parameters
year, year squared, and number of days with ex-
treme winds, and (2) year and year squared. The
three parameters included in these two models
had the greatest relative weight among all vari-
ables (sum of AIC, weights: year = 1.00, year
squared = 1.00, number of days with extreme
winds = 0.72). Despite the high coefficient of
determination values of these two models, the
minimal difference between these values implies
that much of the variation in the data is not ex-
plained by the number of days with extreme
winds.

No single best model could be selected to de-
scribe the more recent (1988-2002) Nest Plot
Index, although there was substantial empirical
support for two (Table 4). The ice parameter
number of days in winter with =95% ice con-
centration and the weather parameters temper-
ature and average wind speed in spring were
more important relative to other variables (sum

20004
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December January ' February' March April '

Days with extreme ice
FIGURE 7. Tempora distribution of extreme
(=95%) ice concentration at the Spectacled Eider core
wintering area (red polygon, Fig. 2) for the winters
1979-2002. No days with extreme ice concentration
occurred in 1979.

of AIC, weights: number of days in winter with
=95% ice concentration = 0.16, average wind
speed in spring = 0.77, average minimum tem-
perature in spring = 0.68). The temperature and
wind variables in spring were negatively corre-
lated with the index. Ice variables and drift
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FIGURE 8. Annual variation in mean (a) tempera-
ture and (b) wind speed at St. Paul Island during De-
cember—April. Bars indicate the number of days of ex-
treme weather (mean daily temperature within the low-
est 5% of al years combined [—13°C]; mean daily
wind speed within the highest 5% [15 m sec™]). Points
indicate the yearly mean = SE.
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TABLE 3. Models fitted to determine the sources of variation in numbers of Spectacled Eiders breeding on
the Yukon-Kuskokwim Delta, based on the Breeding Pair Survey Index (1957-2002; n = 46 years), using four
weather variables and year and year? as parameters. Models were evaluated using Akaike's Information Criterion
adjusted for small sample size (AIC.), number of estimated parameters (k), difference in AIC. (AAIC,), model
weight (w;), and coefficient of determination (r2). Only models with AAIC, values <4.0 are presented. Models
with AAIC. = 2 are considered to have substantial levels of empirical support (Burnham and Anderson 2002).

See Table 1 for parameter definitions.

Model k AlIC, AAIC, W, r2
Year, Year?, Extreme winds 5 —70.35 0.0 0.33 0.79
Year, Year? 4 —68.48 19 0.13 0.76
Year, Year?, Extreme winds, Extreme temp 6 —68.12 2.2 0.11 0.79
Year, Year?, Extreme winds, Spring temp 6 —67.78 26 0.09 0.79
Year, Year?, Extreme winds, Winter temp 6 —67.77 2.6 0.09 0.79
Year, Year?, Extreme winds, Extreme temp, Winter temp 7 —67.51 2.8 0.08 0.80
Year 3 —66.92 34 0.06 0.74
Year? 3 —66.78 3.6 0.06 0.74
Year, Year2, Winter temp 5 —66.36 39 0.05 0.77
Null model of no factors 2 -7.35 63.0 0.00 0.00

speed were negatively correlated with the index,
as were al other ice parameters in relation to
longer-term (1979-2002) population indices.

DISCUSSION

The location and depth of the Aleutian Low, the
Arctic oscillation, terrestrial river flow, sea sur-
face temperatures, ice cover and thickness, up-
welling, and currents either directly or indirectly
affect benthic communities in the Bering Sea
(Niebauer 1983, Niebauer and Day 1989, Ko-
lesnikova et al. 1990, Sirenko and Koltun 1992,
National Research Council 1996, Grebmeier and
Dunton 2000, Cooper et a. 2002). However,
these indices reflect conditions throughout the
Bering Sea that determine weather and ice con-
ditions and do not necessarily reflect the condi-
tions experienced by Spectacled Eiders on their
core wintering area. Thus, we focused our anal-
yses on ice extent and weather parameters that

we believe best reflected the conditions experi-
enced by eiders, and examined how these pa-
rameters may influence the number of Specta-
cled Eiders that survive the winter or return to
the nesting area (as reflected by annual breeding
population indices) the following summer. We
will aso compare long-term population indices
to changes in benthic communities within the
core wintering area (see below).

Implicit in our analysis is the assumption that
the current wintering area has remained the
same from 1950—2001. There is no evidence to
support or reject the assumption of no change in
distribution of eiders. It is possible that the win-
tering area of Spectacled Eiders was in an en-
tirely different location during the cold period
prior to 1977. They may have changed distri-
bution during the warm period of 1977-1988,
and then moved to yet another area with the shift
to acooler climate that began in 1989. However,

TABLE 4. Models fitted to determine the sources of variation in numbers of Spectacled Eiders breeding on
the Yukon-Kuskokwim Delta, based on the Nest Plot Index (1988-2002; n = 15 years), in relationship to six
weather and two ice variables. k, AIC,, AAIC,, w;, and r2 are defined in Table 3. Only models with AAIC,
values <4.0 are presented. Models with AAIC, =2 are considered to have substantial levels of empirical support
(Burnham and Anderson 2002). See Table 1 for parameter definitions.

Model k AIC, AAIC, Wi r2
Spring temp, Spring winds 4 -38.75 0.0 0.09 0.49
Winter ice, Spring winds, Spring temp 5 -36.98 18 0.08 0.57
Spring winds 3 —36.65 2.1 0.08 0.24
Winter temp, Spring winds 4 —36.49 2.3 0.08 0.40
Winter ice, Spring winds 4 —-35.32 3.4 0.08 0.36
Spring winds, Winter temp, Spring temp 5 —35.08 3.7 0.08 0.52
Null model of no factors 2 -34.71 3.7 0.07 0.00
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since 1993, Spectacled Eiders have wintered in
the same area (this study, Petersen et a. 2000).

The extent and thickness of sea ice in the
Northern Hemisphere has decreased since about
1952 (Vinnikov et al. 1999). However, satellite
data from the Bering Sea during 1979-1996
showed wide interannual variability with the ex-
tent and amount of sea ice and no trend of re-
duction in ice cover (Parkinson 2000). Similarly,
we could not document a trend based on the re-
motely sensed sea-ice data of the core winter
area from 1978-2002. Thus, we assumed that
the distribution of Spectacled Eiders during the
52-year period we examined did not change in
response to long-term trends in ice. Anecdotal
information from walrus (Odobenus rosmarus)
and other marine mammal surveys since the
1970s (Petersen et al. 1999) also suggests that
Spectacled Eiders were in or near the generd
wintering area we identified.

Although ice data corresponding with the
Spectacled Eider wintering area are not available
before 1979, it is reasonable to infer that ice
conditions on the wintering area during 1972—
1976 were severe. Macklin and Stabeno (2000)
analyzed ice maps for 1972—1998 and reported
that during the cold 19721976 period, ice in the
Bering Sea persisted 2—4 weeks longer than dur-
ing the warmer 1977-1988 period. After 1989,
a weaker cold period returned during which ice
was more extensive, but not as extensive as the
early 1970s (Macklin and Stabeno 2000).
Wyllie-Echeverria and Wooster (1998) investi-
gated the same maps and found that the south-
ernmost latitude of seasonal sea-ice extent along
the 169°W meridian was over two standard de-
viations (+ 0.37°) farther south than average
(57.25°N) during the winters of 1972, 1974—
1976, and 1995.

BATHYMETRIC IMPACT

The southward currents south of St. Lawrence
Island may influence benthic communities with-
in this region by transporting nutrients and sed-
iments (Grebmeier and Cooper 1995, Grebmeier
and Dunton 2000). The bathymetric character of
the core wintering area is unique compared to
surrounding regions south of St. Lawrence Is-
land. The underwater openings at the southern
and northern peripheries of this core wintering
area (Fig. 2) could funnel water from the gen-
erally south-southwestern ocean current (illus-
trated in Macklin and Stabeno 2000) and thus

promote nutrient exchange within that area
Also, the undulating benthic surface would pro-
vide a greater diversity of habitats, and thus var-
iability in the density and species composition
of invertebrates (McDonald et al. 1981, Stoker
1981).

EFFECTS OF ICE

The presence and dynamic nature of ice in the
core wintering area may decrease total energy
costs of Spectacled Eiders that would otherwise
occur during winter. The energetic cost of com-
plete contact with water (diving) is much greater
than having no contact (roosting; de Vries and
van Eerden 1995). By wintering in open areas
within the ice, eiders may lower daily mainte-
nance costs by roosting on the ice. In addition,
the ice pack may dampen the effects of winter
storms. Wave height in the ice pack is lower
than in open waters (Divoky 1981), allowing
birds to feed in conditions that otherwise might
be considered severe.

As the amount of ice cover increases in win-
ter, the amount of foraging area may become
restricted. Spectacled Eiders form dense flocks
in open holes and leads in the ice (hundreds to
10000s birds, Petersen et a. 1999). Dense
flocks of birds feeding in such small areas under
most conditions would quickly deplete available
prey (Doleman and Southerland 1997). Howev-
er, the constant movement of the ice may ame-
liorate this restriction. The ice moves about 9
km day~* providing access to resources through-
out the wintering area. Thus, the daily travel
costs associated with finding new patches of
prey (Bernstein et a. 1991) approaches zero.
However, given the small size of the core win-
tering area, because of sea-ice drift, eiders
would have to relocate to their core wintering
area every few days.

We found that both population indices were
negatively correlated with extreme ice concen-
tration. Ice conditions may affect distribution
and survival of sea ducks by constricting the
availability of foraging areas (Pehrsson 1975).
Several species of sea ducks leave wintering ar-
eas in conjunction with ice formation or cold
temperatures (Nilsson 1970, 1972). In most
years, Spectacled Eiders were not exposed to
more than 60% ice cover until January (Fig. 3),
two months into their five-month winter. In ad-
dition, we found no evidence that eiders moved
as ice began to cover the core winter area. As
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with Common Eiders (Somateria mollissima)
(Guillemette et a. 1993), our data suggest that
ice rarely completely covered the core wintering
area and, if so, only for short periods (Fig. 7).
In the extreme weather associated with severe
ice conditions, Spectacled Eiders probably cease
feeding and use reserves until conditions im-
prove, as has been shown with other ducks
(Goudie and Ankney 1986, Suter and van Eer-
den 1992, Lovvorn 1994). It is unlikely that
birds move to distant areas during these short,
extremely cold periods (Suter and van Eerden
1992). However, in spring (April) 1995 a portion
of the Spectacled Eider population was found in
open holes and leads in the ice about 100 km
southeast of the core area (Petersen et al. 1999),
suggesting that some birds may move in some
particularly harsh periods.

If Spectacled Eiders feed diurndly, as do oth-
er species of sea ducks (Nilsson 1972, Stott and
Olson 1973, Goudie and Ankney 1986, Guille-
mette 1998), their daily foraging time in winter
would be only about four hours in late Decem-
ber and early January. However, the most severe
weather occurred in February to March when
daylight periods were increasing rapidly; thus
the additional time available to forage may off-
set restrictions related to severe conditions
(Systad et al. 2000).

CHANGES IN POPULATIONS

We found that, in general, indices of the number
of Spectacled Eiders returning to the Y-K Delta
were negatively correlated with parameters of
extreme ice concentrations during winter, and
cold temperatures in winter and spring. This
suggests that annual survival and breeding pro-
pensity of adult Spectacled Eiders may have
been affected by the severity of ice conditions
and temperatures, and that more birds returned
to nest in years when weather patterns may have
resulted in broken and dispersed ice in spring.
Annual survival of subadult Spectacled Eiders
at sea is difficult to determine since they do not
return to the breeding grounds until their third
or fourth summer (Petersen et a. 2000). Thus,
low subadult survival could only be detected by
differences in annual recruitment in subsequent
years. Hatching and brood success of Spectacled
Eiders can be highly variable within the breed-
ing grounds and among years and are influenced
by predators, weather, and time of nest initiation
(Dau 1976, Flint and Grand 1997, Grand and

Flint 1997). Thus, it does not always follow that
amild winter corresponds to a large recruitment
two or three years later.

Since Spectacled Eiders are well adapted to
harsh winter environments, we would not expect
significant mortality unless conditions exceed
some unknown threshold. Nesting eider abun-
dance on the Y-K Delta was negatively corre-
lated with extreme ice concentration on the core
wintering area, and our results show that the
prevalence of extreme ice concentration was as-
sociated with conditions that directly or indi-
rectly affected survival. This relationship sug-
gests the possibility of a single-variable thresh-
old. More conservatively, our data indicate that
the largest annual decreases in eider nest abun-
dance on the Y-K Delta followed winters that
had the highest frequency of days with extreme
ice concentration. Premised on a threshold prin-
ciple, rather than a continuous effect, our results
support the general conclusion that eider surviv-
al can be influenced by extended periods of ex-
treme sea ice on the wintering area.

The impact of weather on subsequent repro-
ductive effort of Spectacled Eiders and other sea
ducks is difficult to determine. It is assumed that
weather or other disturbances at locations where
sea ducks put on reserves for breeding can in-
fluence clutch size, timing of nesting, and the
proportion of pairs attempting to nest (Coulson
1984, 1999, Fox 1996). This is especidly true
for many birds in the Arctic that must arrive to
the breeding grounds with most or all of their
reserves necessary for successful nesting (Rav-
eling 1979, Ankney 1982, Owen and Black
1990, Fox 1996).

Based on our models, we conclude that the
long-term decline of Spectacled Eiders breeding
on the Y-K Delta during 1957-2002 was not
strongly related to annual variation of weather
in the Bering Sea. Unknown causes associated
with year accounted for a large fraction of the
variation in the data. However, extreme wind
conditions explained some of the variation of
this 46-year index. Very cold temperatures dur-
ing the 1970s and persistent winds in winter sug-
gest that environmental conditions in the Bering
Sea during this period were the worst of the past
50 years (Trenberth and Hurrell 1994) and could
have significantly affected annua changes in
population indices. However, the Y-K Delta pop-
ulation began to decline at least by 1957, con-
tinued during the colder regime ending in 1976
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and during the warmer regime of 1977-1988,
and stabilized during the cooler regime begin-
ning in 1989.

It has been hypothesized that changes in ben-
thic fauna in the Bering Sea influenced popula-
tion changes of Spectacled Eiders (Stehn et al.
1993, USFWS 1996). Such a change could, in
part, account for the low explanatory power of
weather in our models of the Breeding Pair Sur-
vey Index. Although benthic sampling was not
conducted annually, and thus cannot be incor-
porated into our models, maps published as fig-
ures and data from fixed locations can be used
to describe benthic species assemblages in the
wintering area. A species assemblage dominated
by the bivalve Macoma calcarea covered the
Spectacled Eider core wintering area during
1950-1984 (Neiman 1963, Stoker 1981, Sirenko
and Koltun 1992); the bivalve Nuculana rediata
dominated on a portion of the area by 1988 (Si-
renko and Koltun 1992); and Nuculidae, Nucu-
lanidae, Tellinidae, and polychaetes dominated
in the entire wintering area from 1990-2001
(Grebmeier and Cooper 1995, Grebmeier and
Dunton 2000, Lovvorn et a. 2003). A decline
in benthic fauna biomass was recorded from
1988-1999 (Grebmeier and Dunton 2000).

The breeding population of Spectacled Eiders
on the Y-K Delta began to decline by 1957
(Hodges et al. 1996) and stabilized in 1989 (T.
D. Bowman, unpubl. datd). The number of
breeding birds on the Y-K Delta declined while
Macoma calcarea dominated on the core win-
tering area in the 1950s to 1984 and through
periods of relatively high and low productivity
or biomass; continued to decline during the
change to Nuculana rediata (1988); and stabi-
lized during its domination (1990-2001) and the
period of declining biomass (1988-1999). This
lack of concordance suggests that the change in
benthic populations of bivalves in the wintering
area may have had only a minor influence on
the decline of the Y-K Delta breeding popula-
tion. If changes in benthic faunain the wintering
area were a major factor influencing the decline
of the Y-K Delta breeding population (Stehn et
a. 1993, USFWS 1996), we would have ex-
pected similar mgjor declines in the Russian
breeding population. However, there is no evi-
dence (Dau and Kistchinski 1977, Hodges and
Eldridge 2001) that any such decline occurred
in arctic Russia.

We show that extreme winter weather condi-
tions contributed to annual variation in popula-
tion indices. This variation, in part, was a re-
flection of reduced annual survival and repro-
ductive effort of adult female Spectacled Eiders
during those extreme winters. The decline of the
Y-K Delta breeding population, however, was
probably influenced most by reduced survival of
adult females (USFWS 1996), including preda-
tion during the breeding season (Flint and Grand
1997, Flint et a. 2000). In addition, lead poi-
soning reduced survival of adult females an ad-
ditiona 35% each year (Grand et a. 1998).
Thus, slow recovery of this breeding population
would be expected in response to efforts to in-
crease survival and reproductive success on the
breeding grounds. As human-induced effects on
survival continue to be reduced, variation in ice
and weather on the wintering area may have a
greater relative impact on annual population var-
iability.

Except for the occasiona extremely harsh
winter, ice cover and weather on the wintering
area during the past 25 years was relatively in-
consequential to changes in population trends of
Spectacled Eiders. However, managers should
keep in mind that eiders could experience harsh
conditions in some years, which may adversely
affect the number of birds surviving or returning
to nest. Increased winter temperatures associated
with globa warming could ameliorate the over-
al intensity of the latest cold regime, but the
frequency of winters with very dense ice cover
may still be higher than that observed during the
warmer period of 1977-1989.
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