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Abstract
Spotted seals are most dependent on the seasonal sea ice in the Bering Sea during the
spring pupping and mating season. Changes in sea ice characteristics, as related to recent
documented changes in climate, may have an effect on spotted seal reproduction. This
study investigates the relation between changes in the spatial and temporal patterns of the
spring sea ice concentration in the Bering Sea from 1972-2000 to changes in the
pregnancy rates of the spotted seal (Phoca largha). Multinomial time-series regressions
were used to determine the influence of different climatic variables on the sea ice
concentration. Different statistical methods were used to compare the ice conditions of
defined regions in the Bering Sea and spotted seal pregnancy rates among 20 years from
1964-2003. The results showed no definitive patterns relating the monthly climatic
variables and sea ice concentration averages; however, noticeable trends in sea ice were
found. The variability of the seal pregnancy rates coincided with changes in the Bering
Sea ecosystem and ice concentration. This study demonstrated that seal pregnancy rates
and sea ice concentration varied temporally and spatially, the direct causality of these
variations was uncertain.
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1.0 Introduction
The timing and extent of the seasonal advance and retreat of sea ice can influence the
annual physical and biological cycles in the Bering Sea. Some long-term changes in these
ice-associated marine systems can be assessed by monitoring species at the top of the
food web (Stirling 1997; Tynan and DeMaster 1997; Trites 2003). The objective of this
study is to determine how recent changes in climate have affected the spatial and
temporal patterns of the sea ice concentration in the Bering Sea and to establish if these
patterns are associated with the level of environmental stress affecting spotted seals
( Phocalargha). The spotted seal is an upper-trophic level, ice-associated marine
mammal that relies on the ice as a seasonal substrate. A change in spotted seal pregnancy
rates may reflect how concurrent changes in climate and sea ice have affected the Bering
Sea ecosystem.

Globally, surface air temperatures have increased by 0.6 °C, with the 1990s being the
warmest decade in the Northern Hemisphere since 1861 (Polyakov et al. 2003). In the
Southeast Bering Sea, little sea ice, warm bottom water temperatures, and warm air
temperature anomalies in late winter to spring were recorded from 2000-2003 (Overland
and Stabeno 2004). Recently, there have been decreases in the Arctic sea ice extent larger
than previously recorded (Parkinson et al. 1999) and sea ice thickness in the central pack
has been decreasing (Rothrock et al. 1999).

The presence of seasonal sea ice cover is one of the primary characteristics of the Bering
Sea and creates a unique physical and biological environment. Changes in sea ice are
influenced by several processes including atmospheric forcing, from interannual and
decadal events, to regional, short-term events such as storm track passage and associated
wind forcing (Bond and Adams, 2002; Overland et al. 1999; Stabeno et al. 2001). Sea ice
also responds to oceanographic forcing from sea surface temperature and oceanic
currents (Schumacher and Alexander 1999). Due to its response to both atmospheric and
oceanographic forcing, sea ice can serve as an integrator between the atmosphere and
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ocean (Overland et al. 2000). Sea ice also integrates the effects of physical forcing into
the ecosystem of the Bering Sea. Warmer conditions in the Bering Sea may result in
changes to the sea ice that could alter its suitability as a habitat for many ice-associated
species (Schumacher and Alexander 1999; BEST 2004).

Documented climate shifts and subsequent changes in sea ice have influenced many
processes in the Bering Sea including: physical properties of the water column (Niebauer
1998; Napp and Hunt 2001; Hare and Mantua 2000; Bond and Adams 2002; Bond et al.
2003; Stabeno et al. 2001); timing and location of the spring phytoplankton bloom
(Niebauer et al. 1990; Stabeno et al. 2001; Hunt et al. 2002); dominant zooplankton and
fish species (Coyle and Pinchuk 2002; Hunt et al. 2002), and available prey for uppertrophic level species (Hunt et al. 2002) and subsistence hunters from Arctic and Bering
Sea communities (Krupnik and Jolly 2002).

Annual and decadal changes to the sea ice cover are often measured using sea ice extent.
In this study the location of the ice edge and sea ice concentration in spring were used to
determine how the distribution and compactness of the ice pack in the Bering Sea
changed from 1972-2000. Measuring sea ice concentration together with ice edge
location is beneficial for studying ice-associated mammals, such as the spotted seal.
Spotted seals are unable to maintain their own breathing holes (Fay 1974), some haul out
on the southern edge of the marginal ice zone (Lowry et al. 2000), and they may be
particularly dependent on sea ice during the spring pupping season. During spring in the
Bering Sea spotted seals haul out on the pack ice to give birth and nurse their pups for
approximately three to four weeks (Fay 1974), coincident with maximum ice extent
(Tikhomirov 1966). This may make them vulnerable early ice retreat, anomalously light
or heavy ice conditions, or a lack of suitable ice for pupping. Changes in pinniped
populations can be measured using a variety of methods but pregnancy rate was used in
this case, as reproductive condition was the most comprehensive data set available.
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The following chapters document the changes that occurred in sea ice in the Bering Sea
from 1972-2000, and how they related to pregnancy rates of an ice-associated pinniped,
the spotted seal.
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Chapter 2: Changes in Sea Ice Concentration in the Bering Sea from 1972-2000
Abstract
Sea ice concentration and the location of the ice edge for the Bering Sea from 1972-2000
were studied both spatially and temporally in relation to physical forcing and climatic
regime shifts. Ice concentration values and anomalies were calculated for the entire
Bering Sea and for eight distinct regions, and then compared to climatic variables for the
spring season (March-June). Multinomial time-series regressions determined the
relationship between monthly sea ice concentration values and the following climatic
variables acquired from the National Center for Environmental Modeling (NCEP)
Reanalysis: sea level pressure, sea surface temperature, zonal wind stress, surface air
temperature, and precipitable water. The results showed no definitive patterns relating
monthly and regional climatic variables and sea ice concentration averages. Notable
results did derive from a study of the spring sea ice concentration in the Bering Sea and
the location of the ice edge. These indicated: a decrease in sea ice concentration on
average since 1986-1987; evidence of an earlier spring meltback, and a more rapid
response of sea ice to regime shift scale climatology.
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2.1 Physical and Biological Factors in the Bering Sea
2.1.1 Introduction
The Bering Sea is a seasonally ice covered, semi-enclosed, high-latitude basin that
provides the only connection between the Pacific and the Arctic Oceans (Stabeno and
Schumacher 1999) (Figure 2.1). The water column structure over the shelf is
characterized by three hydrographic and current domains the inner, middle, and outer
shelf regions extending from Russia to Alaska (Springer et al. 1996). These domains are
defined by the 50, 100, and 200 m isobaths respectively (Stabeno and Schumacher 1999).
Variability in winter and spring sea ice is generally high over areas where the bathymetry
changes from the northeastern shelf to the southwestern deep basin (Minobe 2002).

The circulation of the Bering Sea is essentially a continuation of the North Pacific gyre
via the Alaskan Stream which enters the Bering Sea through the 14 main passes in the
Aleutian Arc (Stabeno et al. 1999). The circulation within the Bering Sea is dominated by
a cyclonic gyre, with the southward flowing Kamchatka Current forming the western
boundary current, and the northward flowing Bering Slope Current forming the eastern
boundary current (Stabeno et al. 1999, Figure 2.1). The Bering Slope Current follows the
edge of the continental shelf from east to west, influencing the characteristics of the ice
edge from year-to-year. As the Bering Slope Current approaches the coast it bifurcates,
heading southward and forming the Kamchatka Current, and flowing northward along the
west Siberian coast forming the Anadyr Current. Both the Anadyr Current in the west and
the West Alaska Current in the east enter the Chukchi Sea through the Bering Strait
(Stabeno et al. 1999).

9

Alaskan Stream
BSW. Bering Sea W a te r
IFA: Ice forming area
A S :Alaskan Stream
C A :Convective area

CW: Coastal W a te r
A 6 : Anadyr Gulf W a te r
N S :Norton Sound W ater

amap

Figure 2.1 The currents and water bodies in the Bering Sea (source: Arctic Monitoring
and Assessment Program, http://www.amap.no/).
The Bering Sea’s seasonal sea ice cover generally forms from north to south during the
fall and winter months (Overland and Pease 1982). At maximum ice extent, the sea ice
can cover most of the Bering Sea continental shelf, while in summer the Bering Sea is
ice-free for approximately five months.

Sea ice plays a significant role in integrating regional and large-scale climate effects in
the North Pacific and Arctic Oceans (Overland et al. 2000). These interactions can be
short-term, annual, or interannual. Spatially they range from local, to regional, to
hemispheric, as is evident in long-term teleconnection patterns (Overland et al. 1999).
For example, the presence or absence of sea ice in the Bering Sea affects heat exchange
between the ocean and the atmosphere thereby influencing the seawater temperature, an
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especially important physical parameter in high latitude ecosystems. During warm years
with minimal ice extent and concentration, solar radiation is absorbed by the open water
and this heat is stored in the system rather than being reflected back to the atmosphere by
sea ice. The heat stored in the water column then slows freeze-up the following winter,
thereby influencing the next advance and retreat of sea ice (Overland and Stabeno 2004).

In the Bering Sea changes in the ice extent, concentration, thickness, location, and
residence time on the shelf (freeze-up and ice retreat), all play an ecological role. For
example, the timing of ice retreat needs to coincide with the onset of solar insolation to
create optimal conditions for the spring phytoplankton bloom near the ice edge
(Alexander and Niebauer 1981; Niebauer et al. 1990; Hunt et al. 2002).

Sea ice also plays a critical role in the creation of a “cold pool” on the shelf during heavy
ice seasons (Wyllie-Echeverria and Wooster 1998). This cold pool serves as a nutrient
reservoir (Stockwell et al. 2001; Coyle and Pinchuk 2002) for summer phytoplankton
blooms, and also affects recruitment of fish species such as Arctic cod (Boreogadus
saida) (Wyllie-Echeverria and Wooster 1998). Sea ice in the Bering Sea provides habitat
for marine mammals such as walruses and seals and affects the migratory routes of
whales entering the western Arctic (Moore 2000).

Recent research indicates that the Bering Sea has undergone significant changes over the
last 35 years. Before 1976, the Bering Sea was cold, with a sub-Arctic climate (Overland
et al. 2004). In 1976-1977 changes in large-scale atmospheric conditions created a regime
shift making the Bering Sea climate warmer and less predictable, and profoundly
changing the sea ice cover in the Bering Sea (Niebauer 1998; Hare and Mantua 2000;
Overland and Stabeno 2004). This change had cascading effects throughout the
ecosystem (Francis et al. 1998), and provided feedback to climate patterns through
increased heat flux on the shelf (Stabeno and Overland 2004).
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2.1.2 Interannual Variability
The interannual variability in sea ice includes variations in ice location, extent, area,
volume, and concentration. These relate to short-term variability in climate as the Bering
Sea has been shown to respond on very short-time scales to atmospheric anomalies (Napp
and Hunt 2001). Interannual variability is affected by seasonal, annual, and interannual
effects. Much of the intraseasonal and interannual variability in sea surface temperature
warming can be attributed to variations in the downwelling shortwave radiation (Bond
and Adams 2002). Changes in ice conditions and the southern limit of the ice extent in
the Bering Sea are also usually dominated by thermal oceanic processes (Pritchard et al.
1990).

A decrease in sea ice concentration may increase the potential for ice motion by leaving
larger areas of thin ice or open water between floes, thereby creating mobility within the
pack ice. Increased ice movement results in greater variability and less stability in the ice
pack (Kimura and Wakatsuchi 2000). Thus, the advance and retreat of the ice edge may
be accelerated when there is a lower sea ice concentration in the Bering Sea and may
possibly increase ice motion within the pack ice over the shelf. Since the location of the
ice edge and the condition of the sea ice over the shelf both play critical roles in defining
biogeographic regions for the Bering Sea, changes to the sea ice concentration could have
a major biological effect in the region.

2.1.3 Climate Influences on the Bering Sea
Climate influence in the Bering Sea occurs on a variety of time-scales. Interannual
variability may occur on multiyear to decadal scales in response to shifts in climate.
Annual influences often result from changes to the larger-scale, longer duration
interannual patterns. Seasonal effects occur within the annual signal and are often a
result of larger-scale atmospheric forcing patterns. There are four main large-scale
interannual patterns in the North Pacific Ocean that affect the Bering Sea: Pacific
Decadal Oscillation (PDO), the North Pacific Index (NP), the Aleutian Low (AL)
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Pressure System, and the Arctic Oscillation (AO) (Figure 2.2) (BEST 2004). The Bering
Sea is also influenced by the El Nino-La Nina pattern occurring in the oceanic circulation
of the Pacific Ocean.

The Pacific Decadal Oscillation (PDO) is defined as the leading mode of sea surface
temperature variability for the North Pacific north of 20° N, and occurs on timescales of
50-60 years (Chavez et al. 2002; Ladd and Thompson 2002). The PDO is a major mode
of variability primarily affecting the central North Pacific, with some influence on the
Bering Sea via its influence on the Northern Gulf of Alaska (Wallace et al. 1992).

The North Pacific (NP) Index pattern is the leading mode of the 700 mb height in spring,
with predominance in March through July (Barnstron and Livezey 1987; Ladd and
Thompson 2002.) The NP consists of a pressure dipole from north to south over the
North Pacific Ocean, and its variation in spring relates to storminess in the Bering Sea
(Overland et al. 2002).

The Arctic Oscillation (AO) has its greatest influence on Sea Level Pressure (SLP) in the
North Pacific (Thompson and Wallace 1998). The AO has a strong mode of interannual
variability, but also varies at decadal scales having changed its sign in 1976 and 1989
(Thompson and Wallace 1998; Overland et al. 1999). The AO affects the Bering Sea
through its effect on the Aleutian Low (AL) Pressure System, defined as the monthly or
seasonal mean location of the center of low SLP over the North Pacific Ocean (Overland
et al. 1999). The value and position of the AL influences the strength and distribution of
storm tracks in the southern Bering Sea, thereby affecting the sea ice in winter and spring
(Overland and Pease 1982).

The El Nino/Southern Oscillation (ENSO) influences the North Pacific on shorter time
scales of two to seven years (BEST 2004). Atmospheric teleconnections from the tropics
to the North Pacific allow ENSO to have a small but significant influence on the marine
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climate of the Bering Sea through changes to the AL (Niebauer 1998; Overland et al.
2001). ENSO patterns in the AL relate to warming in the Bering Sea through advection of
warmer air from the North Pacific. Since 1976-1977, ENSO-induced warming patterns
have occurred three times as often as La Nina events (Niebauer 1998).

Stabeno et al. (2001) describe four distinct sea ice climate regimes covering 1972-2000.
These regimes are identified as 1972-1976 (cold period), 1977-1988 (warm period),
1989-1997 (cool period), and 1998-present (warm period) (extended to 2003 in Overland
and Stabeno 2004). In 1976-1977 there was an abrupt regime shift from cold to warm
conditions as the PDO and AO both changed (Bond and Adams 2002; Stabeno et al.
2001; BEST 2004). These shifts were followed by subsequent modifications of sea ice
extent, air and ocean temperatures, sea level pressure, and surface winds (Overland et al.
1999). After 1977, sea ice concentrations changed from >10% above normal from 1975
1977, to >10% below normal from 1977-1980 (Niebauer 1998). Warmer conditions
persisted until 1988 when another, less intense regime shift occurred changing to cool
conditions in the Bering Sea, associated with a shift in the AO (Hare and Mantua 2000).

Cool conditions persisted until 2000 (Stabeno et al. 2001) with climatic and biological
anomalies now suggesting that a third regime shift may have occurred in 1997-1998
(Stabeno et al. 2001). Usually, spring sea ice melt provides an influx of fresh cold water
in the Bering Sea that helps to counteract heating of the water column from the previous
summer but since 1998, the ocean has retained more heat throughout the water column
(Overland and Stabeno 2004).
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Figure 2.2 Timeline of climate and oceanographic patterns influencing the Bering Sea,
1972-2000. (source: NOAA/PMEL, http://www.beringclimate.noaa.gov/data/index.php)
2.1.4 Traditional Ecological Knowledge (TEK) and Climate Change
Traditional Ecological Knowledge (TEK) provides evidence of observed changes to sea
ice conditions in the Bering Sea. These reports include indications of less predictable
weather patterns, which then change sea ice by affecting predictability and stability of the
pack (Krupnik and Jolly 2002). Changes in sea ice have also made travel more difficult
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and dangerous for coastal residents in the Bering Sea, and local people are less confident
relying on traditional methods of navigation, and weather prediction and observation
(Krupnik and Jolly 2002). Increasingly, unpredictable weather has caused a number of
accidents as people get lost or caught in unexpected storms (Krupnik and Jolly 2002). In
the past few years, winter sea ice has been described as thinner and as having numerous
leads, ice cracks, and open water, as opposed to the consistently more solid ice of the
past. In the winter of 2000-2001 on St. Lawrence Island, Alaska the sea ice did not
freeze-up until mid to late December and then broke up in late January and February
whereas in the past, freeze-up occurred in October and break-up occurred in March and
April (Krupnik and Jolly 2002).

2.1.5 Detailed Analysis of the Bering Sea Ice Records from 1972 through 2000
Analysis of satellite-derived sea ice concentration data for March-June provided evidence
of spatial and temporal trends in the Bering Sea ice from 1972-2000. Ice concentration is
defined here as “the percentage of ice-covered surfaces within the satellite footprint or
grid while the ice extent is the sum of the area of all data elements which has at least 15%
sea ice concentration” (Thomas and Dieckmann 2003). Ice concentration data, which
include sea ice extent information, should provide new insight into ice conditions in the
Bering Sea, and can be used to demonstrate the effects of physical forcing on the sea ice
from seasonal to decadal timescales.

Sea ice concentration data from March-June, 1972-2000 provided the basis for the
analysis of:
1) Spatial differences in regional ice concentration to assess spring meltback patterns
and spring ice concentration in relation to climatic variables, and;
2) Temporal differences in sea ice concentration and spring meltback in relation to
climatic variables among years and the periods 1972-1976 (cold), 1977-1988
(warm), 1989-1997 (cool), and 1998-2000 (warm).
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Sea ice concentration is particularly important in understanding changes in the Bering
Sea. Maximum sea ice extent may reach the same southern location in successive years,
with a coincident decrease in ice concentration over the same period (Stabeno et al.
1999). Reduced sea ice concentration infers that there is more open water within the
limit defined as the maximum ice extent, and less sea ice available to melt at the ice edge.
Decreased sea ice concentration also influences the ocean-atmosphere heat flux, and may
alter physical forcing events such as wind stress and currents (Kimura and Wakatsuchi
2000). An examination of sea ice characteristics compared to physical forcing
parameters gives evidence of the effects of climate forcing on the Bering Sea ice cover.
This in turn, may offer insight into observed and postulated changes to the ecosystem in
the Bering Sea.
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2.2 Data Set
Satellite-derived data from 1972-2000 were analyzed for the entire Bering Sea and for
eight geographical regions in spring (March-June). Use of these data facilitated a
comparison between sea ice concentration and spring meltback characteristics of the
eastern, central, western, northern, and southern Bering Sea (Figure 2.3). Statistical
analysis was used to assess the relationship between climate forcing variables and sea ice
concentration spatially and regionally in the Bering Sea. Spatial differences were
analyzed for each year, and grouped into years respectively based on accepted climatic
periods: regime 1: 1972-1976 (cold); regime 2: 1977-1988 (warm); regime 3: 1989-1997
(cool); and regime 4:1998-2000 (warm) (Stabeno et al. 2001).

2.2.1 Bering Sea Ice Concentration Data Set
Ice concentration data for the Bering Sea (69° to 53° N and -180° to -153° W) were
analyzed for March, April, May, and June from 1972-2000. Ice concentrations from
1972-1994 derive from a CD-ROM, Arctic and Antarctic Sea Ice Data 1972-1994,
distributed by the National Ice Center, the Fleet Numerical Meteorology and
Oceanography Detachment and the National Climatic Data Center. Concentrations from
1995-2000 were digitized from the charts displayed on the website for the National
Weather Service (the Anchorage Forecast Office, http://pafc.arh.noaa.gov/), and then
processed to be consistent with the 1972-1994 dataset. This latter dataset was processed
and provided by Sigrid Salo at the National Oceanic and Atmospheric Administration
(NOAA), Pacific Marine Environmental Laboratory (PMEL). Although data are available
for the period from 2001-2005, they are not yet processed in a manner consistent with the
dataset used in this analysis, and have been excluded from this analysis.

Eight regions were used in this study, defined to be consistent with the ice concentration
pixel resolution of 0.25° by 0.25° (latitude by longitude). The regions were selected
considering the limitations of the satellite derived dataset. The data are gridded into equal
bins of 0.25° by 0.25°, and this caused some exigencies with the selection of the eight
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regions selected for study. Regions all contain a similar number of data points related to
sea ice concentration, and sub-pixel divisions and diagonal boundaries were avoided. No
more than eight regions were used because the satellite data were coarse and smaller
areas would have increased the statistical error. Sea ice concentrations and anomalies
were calculated for all spatial and temporal categories.
The following is a description of each of the regions used in this study based on Stabeno
et al. (1999):
•

Region 0: southeastern Bering Sea extending into Bristol Bay; generally,
relatively weak cross-shelf transport and strong tides.

•

Region 1: the northwestern Bering Sea; relatively shallow, situated on the upper
shelf; hydrographic conditions are influenced by the Anadyr Current.

•

Region 2: the centralwestern Bering Sea; includes a large change in depth
encompassing the edge of the continental shelf.

•

Region 3: the southwestern Bering Sea; a deep basin with maximum depths of
about 4000 m.

•

Region 4: the northcentral Bering Sea, including St. Lawrence Island and the
Chirikov Basin.

•

Region 5: the central shelf of the Bering Sea including the St. Lawrence Island
Polynya (SLIP), and St. Matthew Island and its polynya.

•

Region 6: the southcentral Bering Sea; a transition area where cross-shelf
transport may be important, but little is known about the currents.

•

Region 7: the northeastern Bering Sea; the widest continental shelf outside of the
Arctic Ocean: ~ 500 km wide, with depths typically less than 100 m; dominated
by cross-shelf processes and relatively weak tides.

Analysis covered the spring season, March-June, 1972-2000. Spring sea ice in the Bering
Sea shows the most significant interannual variability (Pritchard et al. 1990; Stabeno and
Overland 2004). Previous studies report that spring sea ice reached its maximum extent in
March or April (Walsh and Johnson 1979) and melted back completely by June or July
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(La Belle et al. 1983). Early ice retreat in more recent years may provide evidence of
warmer spring conditions, and reduced maximum ice concentrations should be most
evident during the spring season (Stabeno and Overland 2001). Thus, spring was selected
as the most appropriate time period to assess the effect of climate change on the sea ice
concentration and timing of maximum ice extent.
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Figure 2.3 Regions used in this analysis. Latitude on y-axis (66.5° to 55.5° N) and
longitude on x-axis (-180° to -155° W). Region 1 (northwestern), region 2
(centralwestern), region 3 (southwestern), region 4 (northcentral), region 5 (central),
region 6 (southcentral), region 7 (northeastern), and region 0 (southeastern).
2.2.2 Data Limitations
This data record of monthly averaged sea ice concentrations covers a short timescale,
thus giving us a view into specific time-periods. Atmospheric regimes that affect the
Bering Sea can last up to 50-60 years (Chavez et al. 2002) and their effects may not be
seen in data sets with shorter time-series. Data sets covering hundreds of years may
provide a clearer picture of the long-term trends in sea ice and its relationship with the
atmospheric and biological variables involved (Overland et al. 2002), but we do not have
longer records on detailed sea ice concentrations for the Bering Sea.
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Sea ice response to atmospheric forcing is complicated, and can occur on time-scales of
days, weeks, months, or years, dependent on the variable. The sea ice concentration
dataset used in this study provided weekly averaged conditions for the Bering Sea. Daily
observations are not available. The weekly charts were then were combined and averaged
into monthly datasets for this record. The monthly data were also averaged into seasonal
values for the months March-June. The resolution of the gridded data is 0.25° x 0.25°
latitude/longitude.

2.2.3 Climatic Variables
The growth and retreat of sea ice is a complex process influenced by the interaction of
many parameters (Makshtas et al. 2003; Polyakov et al. 2003; Pritchard et al. 1990;
Kimura and Wakatsuchi 2000; Liu et al. 1994; Bond and Harrison 2000). The following
parameters have been shown to influence sea ice: precipitable water, Sea Level Pressure
(SLP), Sea Surface Temperature (SST), zonal winds, and Surface Air Temperature
(SAT). Data for these physical parameters for 1972-2000 are from the National Center
for Environmental Modeling (NCEP) Reanalysis, provided by the NOAA-CIRES
Climate Diagnostics Center, Boulder, Colorado, USA, from their Web site at
http://www.cdc.noaa.gov/. Statistical analysis of the models tested the relationship of
these parameters and the average ice concentration for each month (March-June), year,
and regime for each region in the Bering Sea.
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2.3 Analysis and Methods

2.3.1 Time Series Analysis
A time-series linear regression model was applied to all of the data to determine which
physical parameters influenced the sea ice concentration in the Bering Sea. Analysis
involved separating the climate variables, and the sea ice concentrations, into the eight
regions and the entire Bering Sea (Figure 2.3) for each year and regime and comparing
sea ice concentration among these spatial categories. Temporal trends were analyzed for
each region and the Bering Sea for each year, month, and spring season (March-June),
and were also separated into the climatic regimes: 1) 1972-1976 (cold), 2) 1977-1988
(warm), 3) 1989-1997 (cool), and 4) 1998-2000 (warm).

The best multinomial linear regression model for each region and time period was
determined by comparing the Akaike Information Criterion (AIC) values. The AIC uses
the maximum likelihood estimates and number of parameters to determine the fit of the
model. The smallest AIC value indicates the best fit. Statistical analysis was performed
using the procedure AUTOREG in SAS® version 8.0. Procedure AUTOREG uses
Ordinary Least Squares (OLS) to determine the significance of variables in a model when
there is no autocorrelation and uses Maximum Likelihood (ML) estimates when
autocorrelation is present. The Chi-squared test (x2) was used to determine the
significance of the different levels within each variable, for example March-June for the
variable month.

2.3.2 Anomalies
Ice concentration anomalies were calculated by subtracting the ice concentration value
from the average for each temporal and spatial category. Spatial and temporal categories
consisted of each month March-June for each region separately and together, and all
months averaged together (March-June) for each region separately and together. The rate
of change of the ice anomalies for each year, month, and season over the eight regions
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and the entire Bering Sea was assessed using the slope of the linear regression line, y =
mx + b, where m (ice concentration (l/10)/year) is the slope. Rates of change were
compared among months for each region and the Bering Sea and among regions for each
month to determine if there were regional and temporal differences in how the ice
changed from 1972-2000.

In this study, over the entire spring season the highest regional anomaly was in region 6
(southcentral) in 1976 at 2.54 above average. The lowest regional anomaly was in region
2 (centralwestern) in 1989 with a value of -3.11 below average. For the entire Bering Sea
over the entire spring season (March-June), 1989 had the lowest anomaly o f -1.5,
coincident with the regime shift in 1988-1989 and the second lowest anomaly was in
1996 with a value of -1.3, occurring the year before the regime shift in 1997-1998. The
highest seasonal anomaly for the Bering Sea was in 1976 with a value o f +1.4 and the
second highest was in 1972 at +0.98, both occurred during the cold regime from 1972
1976 (Table 2.1).
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Table 2.1 Years with the highest and lowest ice concentration anomalies for each month,
the spring season, and region and regression slope values (ice concentration (l/10)/year).
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2.4 Discussion of Results
This study of the Bering Sea ice concentrations during the spring months (March-June)
for 1972-2000 provides evidence of changes in sea ice cover both within the eight study
regions and for the Bering Sea as a whole.
Four major findings of this study include:
1) Evidence of an earlier spring in the Bering Sea.
2) Overall decrease in sea ice since the mid 1980s as calculated between 1972-2000.
3) Regional differences in decreased sea ice concentration east to west and north to
south.
4) More rapid sea ice response to regime shifts since 1976-1977.

2.4.1 Evidence of an Earlier Spring
Early meltback provides evidence for an earlier arrival of spring conditions, suggested to
have occurred since 1996 (Overland and Stabeno 2004). Repercussions of early spring
meltback are evident in the timing and location of the spring phytoplankton bloom,
influenced by the stratification in the water column due to the spring ice melt (Hunt et al.
2002; Alexander and Niebauer 1981). If primary production, the first link in the food
web, is altered, then higher trophic level species may be affected as well.

Since 1996, the monthly average maximum southern extent of the ice edge has
consistently occurred in March (Figure 2.4). Prior to 1995, the maximum ice extent
occurred in April and sometimes May. From 1972-1995 the ice edge reached its most
southern position in March 43% of the time, 40% in April, and 17% in May (Figure 2.4).
From 1996-2000 the ice edge reached its most southern position in March 100% of the
time. Maximum ice extent also occurred in March 100% of the time from 1978-1981
following the regime shift in 1976-1977 (Figure 2.4). This earlier occurrence of
maximum ice extent in 1996-2000 could indicate that spring ice retreat has happened
earlier since 1996, Maximum ice extent in March 1978-1981 may indicate that warmer
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temperatures affected the sea ice concentration and extent following the regime shift of
1976-1977.
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Figure 2.4 The maximum extent of the southern ice edge from 1972-2000 by month.
Calculated at the most southern latitude where spring sea ice of 1/10 or greater was
present.
2.4.2 Decrease in Mean Ice Concentration
Sea ice extent in the Bering Sea is reported to have increased by 11.9 km2 +/- 2.6% per
decade, between 1979 and 2000 (Comiso 2003). Ice extent alone can be a misleading
index for change, especially if the ice edge, at maximum extent, contains lower sea ice
concentration. Table 2.1 shows sea ice concentration anomalies for the Bering Sea for
1972-2000. Anomalies were calculated as a value above or below the mean sea ice
concentration for the data record. Mean sea ice concentration decreased for the entire
Bering Sea and for all regions from 1972-2000 (Table 2.2) and on average since 1986
1987 (Table 2.1). This decrease was influenced by high sea ice concentration anomalies
that occurred in many regions before 1987 and low sea ice concentration anomalies after
1987. The upper and lower 95% confidence intervals, for the Bering Sea spring sea ice
anomalies, crossed the average line in the mid-1990s and in the mid-1970s (p=0.0149)
respectively (Figure 2.5). This gap between the upper and lower confidence intervals
was most likely due to the large interannual and decadal variability. Although monthly
averaged climate variables were not adequate to model the change in ice concentration
from 1972-2000, the continual decrease in ice concentration over the years may be
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influenced by the recent warming pattern reported by Overland et al. 2004. If a warming
pattern continues with no further shifts to colder regimes, the effects on the physical
environment could magnify throughout the ecosystem.

Figure 2.5 Sea ice concentration anomalies, linear regression line, and 95% confidence
intervals for the spring season in the Bering Sea from 1972-2000 (t-test; p=0.0149). The
regression line crosses zero in 1986-1987 and the confidence intervals approximately
cross ten years before and after.

2.4.3 Regional Differences in Sea Ice Concentration
Regional differences in the sea ice concentration may influence species distribution in the
Bering Sea. This study used eight regions (Figure 2.3) selected to represent physical
homogeneity and to investigate differences in spatial and temporal trends from north to
south and east to west across the Bering Sea shelf. If changes occur in the regions at

27
different times or with different spatial patterns, one cannot assume that changes in
climate will influence the Bering Sea in a consistent manner.

Figure 2.6 shows sea ice concentration values and trend lines for all the regions for the
spring season in the Bering Sea. Regions 7 and 0 represent the eastern Bering Sea from
north to south. Regions 1, 2, and 3 represent the western Bering Sea and regions 4, 5, and
6 represent the central Bering Sea. Table 2.1 shows that sea ice concentration in region 1
(northwestern) in spring decreased (x2; p= 0.0019; m=-0.0265) whereas region 7
(northeastern) decreased more rapidly (%2; p<0.0001; m= -0.0505). Sea ice concentration
in region 4 (northcentral) (%2; p - 0.0109; m=-0.0389) decreased faster than in region 1
(northwestern) but slower than in region 7 (northeastern) (Table 2.2). Region 7
(northeastern) extends south to region 0 (southeastern), and so the rate of decrease from
regions 0 to region 7 show a change in ice concentration from south to north in the
eastern Bering Sea. In the southern regions of the eastern Bering Sea ice concentration
was decreasing the fastest,in region 0 (southeastern) with a slope of (x ; p=0.0168; m= 0.0567 ) followed by the region 6 (southcentral) (x2; p<0.0001; m=-0.0.5074), and region
3 (southwestern) (x2; p<0.0001; m= -0.0240) (Table 2.2 and Figure 2.6).

When the regions were combined, the results indicated that sea ice concentration
decreased faster in the central and eastern Bering Sea regions than in western regions
(Figure 2.6). Sea ice in region 0 (southeastern) had the fastest rate of decrease followed
by region 7 (northeastern). Regions 5 (central) and 6 (southcentral) decreased at
comparable rates (Table 2.1) and the western regions 1 (northwestern), 2
(centralwestern), and 3 (southwestern) had the slowest rates of decrease.

The difference in the rates of sea ice concentration decrease between the east and the
west could be due to the larger area of shallow continental shelf in the eastern Bering
Sea. The continental shelf reaches latitudes of almost 54° in the east and 60° in the west
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and the sea ice does not typically extend farther than the shelf (Overland and Pease
1982). The farther south the ice edge extends, as in the east, the more susceptible it will
be to the warmer inflow of water from the North Pacific Ocean, potentially causing a
faster rate of decline in sea ice concentration over time as warmer conditions continue to
affect the Bering Sea from the south Recent regional differences in ice concentration
reduction are consistent with the occurrence of an early ice retreat since 1996, resulting in
less total ice area, lower concentrations and shorter residence time in southern regions
and particularly in regions 6 (southcentral) and 0 (southeastern) in the Bering Sea.
Species in these regions, such as walleye pollock, could be experiencing larger changes
in their environment than species in the western and northern regions.
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Figure 2.6 Sea ice concentration values and trend lines for all the regions for the spring
season in the Bering Sea from 1972-2000: region 1 (northwestern), region 2
(centralwestern), region 3 (southwestern), region 4 (northcentral), region 5 (central),
region 6 (southcentral), region 7 (northeastern), and region 0 (southeastern) (ML;
p<0.0001).
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Table 2.2 Chi-squared estimates and p-values for a model of ice concentration changes
Parameter
Region 1
Region 2
Region 3
Region 4
Region 5
Region 6
Region 0

....................... T"'"""""
Estimate ( x )
0.8057
-1.3758
-5.0959
0.4063
-0.7482
-3.9511
-0.3816

Standard
Error
0.1517
0.1551
0.1269
0.1308
0.1426
0.1565
0.1359

P-value
<0.0001
<0.0001
<0.0001
0.0019
<0.0001
<0.0001
0.0050

2.4.4 Ice Response to Regime Shifts
It is generally accepted that a regime shift occurred in 1976-1977. Less intense shifts
occurred in 1988-1989 (Hare and Mantua 2000) and in 1997-1998 (Stabeno et al. 2001).
In this study, a change in ice concentration associated with the abrupt shift in climatic
conditions in 1976-1977 did not occur in the following winter ice season, but lagged the
regime shift by two ice seasons, when sea ice concentrations in spring were the third
lowest in the study period (Figures A 5-7). The decades of cold, stable ice years, cold sea
surface and bottom temperatures leading up to 1976 (Francis et al. 1998; Polyakov et al.
2003) could have buffered the response of the sea ice to the regime shift in the 1970s.
Overland et al. (2004) hypothesize that the Bering Sea, up until the shift in 1976-1977,
was in an Arctic climate regime, with a long-term memory of cold winter temperatures.
The abrupt change in 1976-1977 would have occurred after a long period of colder
temperatures, and thus the sea ice response was possibly delayed due to the memory in
the climate and oceanographic systems.

Unlike the regime shift of the 1970s, the sea ice concentration of the late 1980s and
1990s decreased the following ice season in response to their respective regime shifts.
The sea ice records support the fact that an event occurred in 1988-1989. In 1989-1990,
the following ice season, sea ice concentrations in regions 1 (northwestern), 2
(centralwestern), and 5 (central) were the lowest of all years in the data record (Figures A
18 and 19). There may also be evidence of a change in 1997-1998, but with a slightly
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different sea ice concentration response. In spring of 1997, the seasonal sea ice
concentration in the Bering Sea was the second lowest in the 29 year study period, and
the following summer saw a rapid sea ice retreat accompanied by a large coccolithophore
bloom (Napp and Hunt 2001). The next year’s sea ice season showed diminished
concentrations in March, earlier than in previous seasons (Figure A 26 and 27). The
decreased concentrations continued throughout the spring, with a return of the
coccolithophore bloom the following summer. In this case, the warm spring and summer
conditions first reported for 1996 (Stabeno and Overland, 2001) and continuing into 1997
may have contributed to the diminished ice concentrations observed in the following
spring of 1998. Overland and Stabeno (2004) report that the record from 1999-2003 for
the southeastern Bering Sea indicates continued changes to the region including: a lack of
year-to-year sea ice cover, warm bottom temperatures in the ocean, and warm air
temperature anomalies in late winter through to early summer. This is despite the fact that
the AO and PDO have shown large interannual variability during the same period. With
this continued warming trend and decrease in ice concentration, the Bering Sea may not
return to its pre-1976 conditions.

2.4.5 Time-Series Regressions
Of the four regimes, the cold regime from 1972-1976 had the highest average ice
concentration. Concentration values for the warm (1977-1988) and cool (1989-1997)
regimes had similar values, and the warm regime (1998-2000) had the lowest average ice
concentration (Figure 2.7). The average for the warm regime 1998-2000 may not indicate
a trend since there are only 2 years of data, but recent publications have indicated that on
average 2000-2004 were low ice years as well (Clement et al. 2004; Overland and
Stabeno 2004). In this case, the data from 1972-2000 indicated that, despite overall
declines in sea ice concentrations over the Bering Sea, especially since 1986-1987, sea
ice concentration values for the sea ice climate regimes only varied between the cold and
warm periods of the early 1970s (cold) and the late 1990s (warm), respectively (Figure
2.7).

31
Regression models for determining the monthly and regional influence of climate on sea
ice concentration from 1972-2000 showed no definitive patterns. This was most likely
due to the different spatial and temporal scales involved in the relationship among the
climate variables and spring sea ice concentration. The regression model regarding the
influence of the climate of all spring months combined over the entire Bering Sea on sea
ice concentration with the best fit included the variables year, precipitable water, and
zonal winds (Table 2.3). Wind (p=0.0124) and year (p=0.0060) both significantly
influenced the seasonal average of spring ice concentration values (Table 2.3). Wind may
have a more immediate impact on the ice concentration that is more detectable by
monthly averages whereas the other climate variables may have an associated lag time or
may influence the ice on different time-scales. Statistical significance found for the
variable year indicated that interannual variability influenced sea ice concentrations
although it was not determined which variables, related to interannual variability,
affected the sea ice most and to what extent.

Table 2.3 Results from the regression model testing the affect of year, precwater, and
zonewind on ice concentration.
Variable
Estimate (tError
P-value
test)
Year
-0.329
0.0110
0.0060
Precwater
0.2614
0.2269
0.261
Zonewind
0.3332
0.0124
0.1237
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Figure 2.7 Average ice concentrations for each regime. Ice concentration values on the yaxis and regime.
2.4.6 Conclusions
Analysis of sea ice concentration values showed evidence of regional, interannual, and
annual responses to climate change for the years 1972-2000. However, analyzing sea ice
concentration gives no indication of changes in ice thickness, volume, or area all of
which are important factors to consider. Overall, sea ice concentration has been
declining across all regions of the Bering Sea, especially since the 1986-1987 sea ice
season. The maximum sea ice extent occurs earlier in the season now, in March instead
of April or May. In terms of spatial variability, the eight regions studied all showed
decreasing sea ice concentrations for the spring period, with regional variations in the
decreased values. These differences in sea ice concentration declines may have a regional
affect on the ecosystem in the Bering Sea. The eastern Bering Sea ice is decreasing faster
than in the central and western Bering Sea. This decrease is most noticeable in the
southeastern Bering Sea, but the effects continue north along the eastern Bering Sea. Ice
concentration all along the southern edge of the Bering has decreased significantly with
the timing of maximum ice extent occurring earlier in the data record. In recent times,
sea ice cover in all regions now contains lower ice concentration values and the ice cover
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has a shorter residence time on the shelf. This lends support to the argument that there is
no longer enough sea ice on the shelf in spring to cool the water column. This can lead to
a cumulative warming of the water that consequently retards ice development from year
to year. This could set up a feedback mechanism where lack of ice cover from year to
year is amplified due to feedback to the atmosphere and ocean. If this were to occur, then
the spring phytoplankton bloom could become further decoupled from the retreating ice
edge. Because the ecosystem is so closely tied to sea ice in the Bering Sea, these regional
changes may offer credibility to the idea that species may need to move farther north in
the eastern Bering Sea to find suitable habitat.
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Appendix A
Regional and Monthly Ice Concentration Anomalies from 1972-2000
Figures A 1-29. Graphs of ice concentration anomalies for each month and region for
years 1972-2000, graphs A 1-29 respectively. Each color represents a different region
(eg. March anomaly 1 means the value is an anomaly for region 1 in March).
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Appendix B
Results from Time-Series Regressions
Table B 1-7. Statistical results for time-series regression models for all months and
regions from 1972-2000 (ML=Maximum Likelihood test, OLS= Ordinary Least
Squares). 1) Full model, 2) Model with the variable regime, Models for; 3) March, 4)
April, 5) May, 6) June, 7) Regions 1-7. Air temp = Air Temperature, Prec water (PW) =
Precipitable Water, SLP = Sea Level Pressure, Zone wind (ZW) = Zonal Winds, and SST
= Sea Surface Temperature.
1)

Full
odel______________________________________________________
M
Parameter
Test
t-value
p-value (R w ithout AIC
(Bering Sea,
AC, R 2
season)
with AC
Full model
OLS
0.4201
48.97727
Regime
Air temp
Prec water
SLP
Zone wind
SST

2) Regimes
Parameter

Ice
concentration=Regime
Regime=Ice
concentration

-3.00
-0.06
0.91
0.56
2.38
-0.49

0.0066
0.9509
0.3749
0.5841
0.0264
0.6316

Test

t-value

p-value

OLS

-2.73

0.0111

ML

-19.08

<.0001

(R5
without
AC, R 2
with AC
0.2156

AIC

(0.2159,
0.7429)

43.665

47.7228651
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3) March Bering Sea
Parameter

Test
OLS

Year
SST
Zone wind
Air temp
SLP
Precwater

t-value

p-value

-3.62
-2.63
1.23
2.12
-0.50
-0.81

0.0015
0.0154
0.2333
0.0458
0.6224
0.4274

R1
AIC
0.4409 60.892

4) April Bering Sea
Parameter

Test

t-value

p-value

(R without (Lag, AutoAIC
AC, R 2
correlation)
with AC
for whole
___________________________________________
model________________
ML
(0.3420,
(4,-0.6612)
64.493
Year
-2.38
0.0270
0.6154)
Prec water
1.53
0.1398
Air temp
-1.33
0.1977
Zone wind
2.09
0.0494
SST
-0.90
0.3804
SLP
0.85
0.4052

5) May Bering Sea
Parameter
Zone wind
Year
Prec water
Air temp
SLP
SST

Test
OLS
1.67
-3.05
-0.06
0.64
0.45
-1.03

t-value
0.1090
0.0059
0.9546
0.5306
0.6559
0.3154

p-value

R5
AIC
0.3466 82.7516995
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6) JuneBering Sea
Parameter

Test

t-value

p-value

(R5without
AC, R 2
with AC

AIC

OLS
SST
SLP
Zone wind
Prec water
Air temp
Year

1.97
-0.11
-1.96
-1.72
6.97
-2.92

7) Regions 1-7
Month

Region

Parameter

t-value

p-value

March

1

PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP

2.15
0.35
-0.06
-1.15
-0.62
-0.44
2.74
0.36
-0.88
-1.56
-0.17
0.09
0.71
0.08
-2.26
-0.10
0.99
-0.10
-0.33
0.31
-1.14
-0.97
-0.73

0.0430
0.7265
0.9604
0.5418
0.6662
0.0119
0.7249
0.3860
0.1333
0.8665
0.9285
0.4828
0.9338
0.0342
0.9245
0.3348
0.9212
0.7412
0.7611
0.2650
0.3450
0.4751

(]R} without
AC, R 2
with AC
0.2118

AIC

0.3484

105.716

0.3322

85.036

0.1525

59.753

93.196

58

5

6

7

0

April

1

2

3

4

AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW

0.84
0.55
0.48
-2.52
-2.07
0.83
0.19
-0.43
0.18
-1.81
-1.29
0.28
1.20
-1.80
0.82
-2.71
-2.30
-1.56
2.30
-1.72
2.17
-1.63
-2.38
-0.64
1.83
0.95
0.14
-2.72
-0.80
-0.74
-1.39
0.92
0.56
-0.09
-0.43
-1.27
-1.12
0.25
-0.39
-0.43
0.34
-0.01
-0.34
0.09

0.4091
0.5872
0.6328
0.0196
0.0508
0.4128
0.8541
0.6702
0.8554
0.0832
0.2100
0.7850
0.2425
0.0860
0.4232
0.0111
0.0310
0.1325
0.0312
0.0998
0.0414
0.1165
0.0262
0.5316
0.0811
0.3529
0.8930
0.0124
0.4339
0.4688
0.1795
0.3664
0.5843
0.9272
0.6746
0.2176
0.2765
0.8039
0.6988
0.6722
0.7408
0.9900
0.7393
0.9324

0.3244

105.905

0.2374

133.109

0.3822

94.270

0.4623

86.285

0.3892

87.237

0.1186

122.299

0.0396

103.890

0.4687

79.651
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May

1

zw
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT

0.12
-3.37
-1.93
-1.11
-0.92
1.90
2.78
0.02
-0.13
-1.51
-1.86
0.35
1.24
-0.93
-1.30
0.20
0.68
1.15
-0.27
-2.13
-0.25
-1.17
-0.79
1.42
0.29
-3.78
0.79
-1.32
-2.08

0.9024
0.0028
0.0660
0.2773
0.3653
0.0747
0.0117
0.9867
0.8981
0.1467
0.083
0.4079
0.0368
0.7158
0.3110
0.4423
0.07786
0.2639
0.7924
0.044
0.8030
0.2555
0.4406
0.1700
0.7756
0.0010
0.4392
0.1993
0.0497

PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW

1.17
1.32
-2.28
-1.08
0.30
-1.07
-0.64
-0.60
-0.84
0.24
-1.76
-0.29
-0.05
0.05

0.2550
0.1992
0.0327
0.2908
0.7665
0.2975
0.5295
0.5547
0.4106
0.8129
0.0929
0.7738
0.9586
0.9605

0.2157,
0.5305

121.615

0.2141,
0.5192

124.808

0.2470

112.977

0.4641

92.979

0.2506

110.107

0.2360

117.655

0.1808

67.615
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June

Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST

0.62
0.51
-1.54
-0.82
1.14
0.92
-2.56
-0.47
0.66
0.19
-0.45
0.15
-1.47
1.02
-0.46
0.30
0.06
-0.15
-1.34
1.29
0.04
-0.95
-0.77
2.09
-2.67
-1.77
-0.44
1.56
2.38
1.22
1.98
-2.74
-1.10
-0.11
-0.82
-0.16
-0.20
-0.79
-0.03
-1.60
0.50
-0.76
-3.03
0.90

0.5393
0.6130
01369
0.42217
0.2651
0.3676
0.0179
0.6396
0.5141
08508
0.6598
0.8794
0.1556
0.3173
0.6502
0.7684
0.9553
0.8834
0.1936
0.2109
0.9682
0.537
0.4486
0.0480
0.0137
0.0907
0.6618
0.1332
0.2363
0.0611
0.0121
0.2848
0.9164
0.2758
0.4232
0.8760
0.8442
0.4371
0.9774
0.1229
0.6206
0.4245
0.0062
0.3754

0.3598

93.048

0.2252

129.537

0.1776

96.892

0.3176

104.140

0.3871,
0.5616

93.987

0.2092

90.066

0.3281

77.473
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SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT
PW
ZW
Y
SST
SLP
AT

0.42
-0.39

0.6789
0.6982

No Ice

-0.51
1.33
-2.68
-0.21
1.80
1.60
-1.29
-0.47
-5.50
-0.32
0.61
1.31
1.06
1.02
-0.76
-0.12
-1.06
0.61
1.15
-0.27
-2.13
-0.25
-1.17
-0.79
-0.68
-0.17
-0.85
-0.47
1.02
-0.62

0.6183
0.1984
0.0137
0.8334
0.0854
0.1239
0.2187
0.6452
<0.0001
0.7584
0.5460
0.2083
0.3003
0.3208
0.4571
0.9022
0.3008
0.5511
0.2639
0.7924
0.0442
0.8030
0.2555
0.4406
0.5012
0.8652
0.4020
0.6399
0.3192
0.5439

0.2667,
0.6833

57.776

0.2839

■12.053

0.2470

112.977

0.2343

98.285
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Chapter 3: Sea Ice Ecosystems
3.1 Ice as a Habitat
A variety of species have evolved to live in, under, and on top of the sea ice. Sea ice
provides habitat for many species of cryopelagic fauna that live for some, or all of their
life cycle in brine pockets of the sea ice bottom-layer. Species at higher trophic levels,
such as ice-associated pinnipeds, use the ice as a platform for feeding, molting, giving
birth, and nursing their young (Fay 1974). Many pelagic species, such as fish and
zooplankton, are indirectly affected by changes in sea ice characteristics due to the
relationship between sea ice and the physical properties of the water column. A
dominance shift at lower-trophic levels continues throughout the ecosystem by altering
the availability and diversity of prey species for higher-trophic level species, and the
amount of carbon reaching the benthos (Hunt et al. 2002).

The effects of changes in climate can alter the timing and strength of the spring
phytoplankton bloom, the first link in the Bering Sea food web. Early ice retreat can
cause a decoupling between the timing and position of the phytoplankton bloom and the
retreat of the ice edge (Niebauer et al. 1990; Alexander and Neibauer 1981). Hunt et al.
(2002) hypothesized that a late ice melt season, warm water, phytoplankton bloom can
occur in response to early ice retreat, creating an ideal environment for herbivorous
zooplankton. An abundant zooplankton population will support a strong recruitment of
forage fish, leading to an increase in predatory fish. Predatory fish compete with
piscivorous marine birds and marine mammals, thus periods of warm temperature
regimes and early ice retreat could be detrimental to the birds and mammals in the Bering
Sea (Hunt et al. 2002).

Sea ice provides habitat for various marine mammals such as seals and walruses (Tynan
and DeMaster 1997). As sea ice concentration decreases, species that depend on the ice,
experience changes in the total area, stability and predictability of their platform. The
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location and concentration of sea ice also influences the migration routes for many
whales into the Chukchi and Beaufort Seas (Moore 2000).

3.2 Pelagic Species in Relation to Water Temperature
The Bering Sea supports some of the world’s most productive fisheries, contributing
about 50% of all fish landings in the United States in 1998
('http://www.pmel.noaa.gov/foci/overview.html). Groundfish such as walleye pollock
( Theragra

chalcogram
m
a), Pacific cod (

(pleuronectids) as well as Pacific herring (

adusmacrocephalus), and flounders
G
Clupe), and salmon (Oncorhynchus

spp.) are the dominant commercially important fish out of the 300 fish species that live in
the Bering Sea (Livingston and Tjelmeland 2000). These fish species are also prey for
many piscivorous fish, birds, and marine mammals in the Bering Sea.

The predatory, adult walleye pollock are more productive in warm conditions even
though pollock require 112% more energy to live in 6°C water than in 2°C water, making
their impact on the ecosystem is much greater during warm conditions. (Ciannelli et al.
2002). There was a strong pollock year class in the warm waters of 1978 (Wespestad et
al. 2000) and by 1982-1989, pollock biomass had increased by 400% (Conners et al.
2002). During cold regimes, a reduction in the forage fish population, including juvenile
pollock, may negatively influence pollock biomass through prey competition from
jellyfish (Brodeur et al. 2002). Cold water species such as Arctic cod

saida)

are found in water temperatures of less than 3°C (Stabeno et al. 1999). In the Bering Sea,
Arctic cod are only present within the subsurface cold pool, a feature which is
significantly correlated with sea ice extent (Wyllie-Echeverria and Wooster 1998). The
subsurface cold pool is better developed and more extensive in summers that follow deep
southward penetration of winter sea ice (Wyllie-Echeverria and Wooster 1998). In
warmer years, with a less expansive ice cover and late freeze-up, the cold pool will be
less developed or may not develop at all. The cold pool is also a nutrient reservoir
(Stockwell et al. 2001) accounting for up to half of the annual primary production on the
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outer and middle shelf due to periodic summer phytoplankton blooms fueled by the
nutrient rich cold pool (Coyle and Pinchuk 2002).

3.3 Shifts in Ice Ecosystems
As warmer conditions and sea ice shift northward, so must the cold region and pagophilic
species that depend on sea ice directly as a habitat, refuge, or nursery, or indirectly for
foraging. Arctic cod use sea ice as a refuge from predators (Gradinger and Bluhm 2004).
Numerous studies have documented the biological changes that have occurred throughout
the ecosystem in response the recent warming trend and subsequent decrease in sea ice
(Figure 3.1). Several species from south of the Bering Sea have been documented north
of their established range, and several northern species are being found farther northward
(Overland and Stabeno 2004). Bowhead whales select shallow inner-shelf waters during
moderate and light ice conditions and deeper slope habitat in heavy ice conditions
(Moore 2000). As the sea ice becomes lighter, bowhead whales may migrate northward
earlier or travel farther north, thereby affecting the Arctic communities that depend on the
whale harvest for subsistence.

Decadal changes, such as shifts in climatic regimes, can affect many levels of the
ecosystem. Since the regime shift in the mid-1970s, the ability of the southeastern Bering
Sea shelf to support apex predators may have declined (Napp and Hunt 2001).
A shift in the ecosystem was particularly evident in the biological records surrounding
the 1997 regime shift (Figure 3.1). In 1997, there was a massive shearwater die off
(Baduini et al. 2001), an unprecedented coccolithophore bloom (Stockwell et al. 2001),
and diminished salmon returns (Kruse 1998).

3.4 Spotted Seals as an Indicator Species
Spotted seals (

Phoca

)largh were examined as a potential integrator species between t

ecosystem and sea ice. Spotted seals use the ice as a platform periodically but are most
dependent on the ice during the maximum ice extent in the spring when females spend
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approximately three weeks on an ice floe to give birth, nurse, wean their pup, and mate
(Fay 1974).

Spotted seals have evolved to exploit the sea ice as a habitat with many of them living in
the dynamic Marginal Ice Zone (MIZ). Changes in climate in the Bering Sea could affect
the spotted seal population through changes in prey dynamics and/or a reduction in ice
habitat. Spotted seal pregnancy rates were used as a potential indicator of spotted seal
environmental stress in relation to changes in sea ice and major climatic regimes over the
past few decades.

Figure 3.1 Some of the changes in the Bering Sea ecosystem, climate, sea ice
concentration, sea surface temperature, and sea level pressure from 1972-2000.
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Chapter 4: A Comparative Study of the Spatial and Temporal Differences in
Spotted Seal (Pltoca largha) Pregnancy Rates and Sea Ice Concentration
in the Bering Sea
Abstract
Changes in spotted seal pregnancy rates were assessed in relation to regional Bering Sea
ice concentrations. Seal reproductive tracts used to determine spotted seal pregnancy
rates were provided by Alaskan subsistence hunters and shipboard research cruises and
acquired through, and processed at the Alaska Department of Fish and Game. Sea ice
concentration data from 1972-2000 were acquired from the National Oceanic and
Atmospheric Administration and were averaged for the central and eastern regions in the
Bering Sea. Generalized Estimating Equations and Generalized Linear Models were used
to compare seal reproductive condition, for 20 years from 1964-2003, with different ice
conditions, regions, climate regimes, and years. Pregnant spotted seals were found to
occur less often in medium and heavy ice conditions and in eastern regions of the Bering
Sea. Pregnancy rates were lower from 1976-1979 and 2000-2003, coincident with shifts
to warm climatic regimes and subsequent decreases in sea ice concentration. Pregnancy
rates were high for years with data in the 1980s and 1990s, coincident with a large
increase in groundfish biomass. These results may demonstrate that the pregnancy rate
and/or location of pregnant spotted seals are influenced by both changes in prey
dynamics and changes in sea ice characteristics.
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4.1 Introduction
Changes in climate and sea ice conditions may affect marine mammals directly by
altering ice habitat and indirectly through regional or seasonal shifts in prey availability
both potentially affecting the nutritional status, reproductive success, and geographic
range of pagophilic species (Tynan and DeMaster 1997). Spotted seals (

)

use the sea ice as a platform to molt, give birth, nurse their young, and mate (Fay 1974).
Association with sea ice may give seals better access to pelagic prey species that are not
as accessible from the coast. Although sea ice is unpredictable in the short-term and on a
small scale, in the long-term and on a large scale, it has a seasonality that is sufficiently
patterned to have affected the evolution of spotted seals and other pagophilic marine
mammals (Burns et al. 1981; Rugh et al.1997).

4.1.1

Spotted Seal Habitat

Spotted seals haul out on land during ice free months and on ice during the rest of the
year (Lowry et al. 2000). There are several advantages to sea ice as a seal haul out site.
Sea ice allows seals to rest close to food resources, provides refuge from shore-based
predators, can provide shelter from the wind, and is readily available (Fay 1974). Spotted
seals are not equipped with claws of sufficient strength to maintain their own breathing
holes through ice (Quakenbush 1988) so they are dependent on naturally occurring open
water such as the outer 25 km of the Marginal Ice Zone (MIZ) (Burns 1970), polynyas,
and persistent flaw zones, or leads (Burns et al. 1980). Spotted seals also use the eastern
Bering Sea remnant ice formed along the Alaskan coast as ice habitat. This ice occurs
along the herring (

Clupea

harengus) spring migration route and is less thick and

pervasive than the floes that may be formed in the Arctic Ocean and transported into the
Bering Sea via Bering Strait (Burns et al. 1981). Spotted seals in Alaska use the ice edge
during January and February and move deeper into the pack ice during the pupping
season in March and April (Lowry et al. 2000). In March of 2002, spotted seals used
small floes of less than 20 m diameter near open water to haul out on (Simpkins et al.
2003).
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Sea ice concentrations in the Bering Sea decreased faster in the east than in the west from
year-to-year between 1972-2000 (Luchin et al. 2002; Chapter 2, this thesis) and the
northeastern and southcentral Bering Sea ice decreased at slightly higher rates than other
regions (Chapter 2, this thesis). Regional and temporal differences in ice characteristics
may result in spotted seals in the southern and eastern portions of their range becoming
more susceptible to the consequences of decreasing ice and the subsequent ecosystem
shifts (Francis et al. 1998) than those in the northern and western portions of their range.
Collectively, spotted seals are genetically variable (O’Corry-Crowe 1994) and are known
to breed in the following eight major breeding concentrations across their range: 1)
southeastern Bering Sea, 2) northwestern Bering Sea (Anadyr Gulf), 3) southwestern
Bering Sea, 4) northern Sea of Okhotsk, 5) southern Sea of Okhotsk, 6) Tartar Strait, 7)
Peter the Great Bay, and 8) Po Hai Sea (Shaughnessy and Fay 1977). Breeding
concentrations in the Bering Sea occur in ice-covered areas with persistent open water. In
the southeastern and southwestern Bering Sea, seals have access to the ice edge. In the
northwestern Bering Sea, seals are close to the polynya that forms in Anadyr Gulf where
ice conditions are heavier but are not as variable as southern ice conditions due to the
instability of the ice edge (Chapter 2, this thesis). If sea ice becomes less predictable,
continues to decrease, and is only available farther north, ice seal populations could be
affected (Burns et al. 1981). It is currently not known if spotted seals have a minimum
threshold floe thickness and diameter on which they will pup, or if earlier ice retreat
affects them.

4.1.2 Spotted Seal Prey
Spotted seal prey availability and prey use vary regionally (Bukhtiyarov et al. 1984).
During spring, fish comprise 95% of the spotted seal diet by volume but decapods and
cephalopods are also eaten. Immature spotted seals in the Bering Sea feed primarily on
small shrimps, crabs, and Euphausiidae in summer and fall. Adult seals sampled in spring
from 1976-1978 in the Bering Strait in the northeastern Bering Sea were found to have
Arctic cod (

Boreogadussaida) in their stomachs more frequently than capelin (Mallotus
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villosus) and saffron cod (Eleginus

gracilus)(Bukhtiyarov et al. 19

Seals in the southwestern Bering Sea fed primarily on capelin followed by herring and
walleye pollock (

Theragra

)chalogrm(Lowry et al. 1979; Lowry and Frost 1981).

Changes in climate may influence spotted seals indirectly through changes in their prey
and atmospheric patterns appear to be a suitable indicator of regional changes in the
productivity of commercial fish species (McFarlane et al. 2000). In a retrospective
analysis of the Bering Sea bottom trawl surveys, Conners et al. (2002) found much higher
groundfish biomass during a warmer period (1980-2000) as compared with a cooler
period (1960-1980) (Figure 4.1). Adult walleye pollock produced a strong year class in
the warm waters of 1978 (Wespestad et al. 2000), increasing their biomass by 400%
between 1982 and 1989 (Conners et al. 2002). This increase in groundfish biomass is
correlated with decreasing ice concentration in the Bering Sea from (1972-2000)
(Chapter 2, this thesis).

Walleye pollock populations are sensitive to sustained environmental changes, such as
regime shifts, but are not as sensitive to interannual fluctuations in their environment
(Honkalehto and Williamson 1995, 1996). Long-term changes in the pollock population
due to sustained environmental changes could influence predatory species, such as the
spotted seal, that depend on pollock as prey in some parts of the Bering Sea, at certain
times of the year. Pollock biomass reached a peak in the late 1980s (Yanagimoto et al.
2002) and declined in the early 1990s (Honkalehto and Williamson 1995, 1996)
following a regime shift in 1989 which brought cooler conditions (Stabeno et al. 2001).
This decline in pollock biomass also coincided with a peak pollock catch of 1.4 million
tonnes in the Bering Sea which occurred in 1989 in the international waters known as
“the donut hole” (Wespestad 1993).

Strong and weak year classes in the Bering Sea shelf flatfish stocks also coincide with
known changes in dominant climate patterns in the southeastern Bering Sea environment.
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Strong flatfish year classes corresponded with the warm period 1978-1988, when cross
shelf advection was predominantly to the east or northeast in the direction of the nursery
areas surrounding Bristol Bay (Wilderbuer et al. 2002).
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Figure 4.1 Bering Sea groundfish biomass in metric tonnes (mt) from 1964-2004 (source:
the Alaska Fisheries Science Center Stock Assessment,
http://www.afsc.noaa.gov/refm/stocks/specs/Data%1ables.htm).
4.1.3 Pregnancy Rate as an Indicator of Environmental Stress
Disappearing sea ice and the ecosystem reorganization occurring in the Bering Sea could
affect spotted seals. An accurate population count for spotted seals is not available due to
the difficulty involved in accessing their remote habitat and estimating the proportion of
seals in the water (Rugh et al. 1995); therefore, trends in abundance are not a useful
indicator of how changes in habitat and prey affect spotted seals. Changes in the
population status of large mammals can be estimated using a variety of methods, such as;
changes in diet, rate of reproduction, pup mortality, timing of first pregnancy, and body
condition (Hammill and Gosselin 1995; Gazo et al. 1999; Boyd 2000; Dickie and
Dawson 2003). For the purpose of this study, pregnancy rate was used as an indicator of
the response of spotted seals to environmental stress because reproductive condition had
the most comprehensive data set with the best time-series available for spotted seals.
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Extreme ice conditions, both heavy and light, could influence reproduction of iceassociated seals. Smith and Harwood (2001) hypothesized that a reduced amount of
suitable ice available for ringed seals could delay pupping and the normal growth or molt
of pups could be retarded by shortened lactation or reduced resources related to the
unfavorable ice conditions. The winter of 1997/1998 in Prince Albert Sound, Northwest
Territories, Canada was characterized by an early ice retreat, lighter than average ice
conditions, and high marine biological productivity (Kingsley and Byers 1998; Smith and
Harwood 2001); however, many ringed seal pups retained their lanugo late in the season
and were undernourished possibly a consequence of later birth dates or shortened nursing
period and, consequently, slower growth (Smith and Harwood 2001). Heavy sea ice
cover in the Arctic in the mid-1970s and mid-1980s also caused significant declines in
ringed seal reproductive rates, both periods lasting about three years, after which
reproductive success and pup survival increased again (Stirling 2002).

Shifts in prey dynamics may affect seal reproduction as shown when reduced krill
biomass occurs during the breeding season of the Antarctic fur seal in South Georgia
(Heywood et al. 1985; Priddle et al. 1988). This reduction in prey may decrease
reproductive success defined here as the the successful fertilization and birth of seal pups,
(Costa et al. 1989; Lunn et al. 1994) but does not necessarily cause decreases in adult
female survival rates or pregnancy rates, defined here as the number females that are
successfully fertilized each year not taking into account the number that give birth (Boyd
et al. 1995).

How changes in ice conditions or prey dynamics affect spotted seal reproduction is
unknown. If spotted seals are vulnerable to changes in sea ice, it may be most evident
during spring when spotted seals pup, nurse, and mate on the ice. If ice conditions cause a
decrease in prey availability or are not stable long enough for suckling and mating to
occur, then pregnancy rates and pup survival could be affected. Spotted seals mate within
weeks after giving birth and delay embryonic implantation for up to three months
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followed by a seven month gestation period (Bigg 1981). In March in the Sea of Okhotsk,
spotted seals with pups preferred more stable ice and chose larger floes more often than
seals without pups (Mizuno et al. 2002). Since the mid-1980s, sea ice in the Bering Sea
has retreated earlier and ice concentration has decreased on average (Chapter 2, this
thesis). In response, seals may be required to move farther north to find the appropriate
ice conditions during the pupping season. Whether or not moving farther north would
have a negative effect on the seals, or whether they are adapted to changes in ice
conditions of this magnitude is unknown.

In this study, we used data from spotted seals harvested for subsistence, and from those
collected during shipboard research cruises in Alaska. Spotted seal reproductive
condition, regional location, year, climate regime, and sea ice conditions were
statistically analyzed to identify potential relationships and possible effects on pregnancy
rates. We compared recent seal pregnancy rates (2000, 2002, and 2003) to data from the
1960s, 1970s, and a few years in the 1980s and 1998 to determine how seal pregnancy
rates may have changed over decades of climate change and subsequent changes in sea
ice.
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4.2 Methods

4.2.1 Sea Ice
Ice concentration data, the percentage of ice-covered surface within the satellite footprint
or grid (Thomas and Dieckmann 2003), for the Bering Sea (69° to 53° North and -180° to
-153° West) were combined from different data sources for March, April, May, and June
from 1972-2000. The ice concentrations from 1972-1994 were from a CD-ROM called
“Arctic and Antarctic Sea Ice Data 1972-1994”, provided by the National Ice Center, the
Fleet Numerical Meteorology and Oceanography Detachment and the National Climatic
Data Center. Concentrations from 1995-2000 were digitized from the charts displayed on
the website for the National Weather Service (the Anchorage Forecast Office,
http://pafc.arh.noaa.gov/index.php). The sea ice concentration data were processed and
provided by Sigrid Salo at the National Oceanic and Atmospheric Administration
(NOAA). Data from 2001-2005 were not yet available for this analysis.

Ice concentrations for the spring season (March-June) of all years were analyzed. An ice
concentration value of 0/10-10/10s was calculated for every 0.25° by 0.25° (lat/long)
pixel and averaged over eight regions and the whole Bering Sea (Figure 4.2) for each
month and the entire spring season in this study. Regions were chosen to distinguish
patterns in ice concentration from north to south and east to west over time. Seal
reproductive tracts were available for five of the eight regions; 4, 5, 6, 7, and 0 (Figure
4.2). Ice anomalies were calculated for the spatial and temporal categories, regions,
months, and years, by calculating average ice concentration from 1972-2000 for each
category and subtracting it from the observed value for each year.

Spring sea ice concentration in the Bering Sea shows more extreme interannual
variability than fall and winter sea ice (Pritchard et al. 1990). During the spring period,
the ice reaches its maximum extent in March or April (Walsh and Johnson 1979) and is
absent by June or July (La Belle et al. 1983). Changes in spring conditions in the Bering
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Sea such as: early ice retreat, warmer climatic conditions, and lower maximum sea ice
concentrations coincide with spotted seal pupping. This makes spring the best season to
study the influence of changes in sea ice concentration on spotted seal pregnancy rates
over time.

Figure 4.2 Bering Sea regions. Regions in the Bering Sea chosen for ice concentration
analysis.
4.2.2 Data Summary
Seal reproductive tracts were collected by the Alaska Department of Fish and Game
(ADF&G) during research cruises and from Alaska Native hunters. Seal reproductive
tracts were available for the years 1964, 1966-1972, 1974-1979, 1981, 1985, 1998, 2000,
2002, and 2003. Reproductive condition was categorized as pregnant (implanted and
unimplanted) or not pregnant (Table 4.1). Temperature regimes were categorized as cold
(1964-1976) and warm (1977-1981, 1985, 1998, and 2000-2003), ice condition categories
were defined using spring sea ice concentration anomalies categorized as light (ice
anomalies<-1.5/10), medium (ice anomalies -1.5/10 < > 1.5/10), and heavy (ice
anomalies >1.5/10). Spring sea ice concentration data were available from 1972-2000
thus reproductive condition (n=89) for this time period was categorized dependent on the
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ice conditions in the region and for the year each seal was collected in. Regions 7
included seals caught from Nome, Shishmaref, Wales, and Golovnin; Region 4 included
seals from Diomede, Savoonga, and Gambell (Figure 4.3). Seal reproductive tracts were
also acquired from research cruises on the R/V Alpha Helix, the R/V Surveyor, the R/V
Glacier, the R/V Discoverer, the R/V Zakharovo, and the R/V Oceanographer. Research
cruises collected seals in the southeastern, southcentral, northeastern, northcentral, and
central Bering Sea, regions 0, 6, 7, 4, and 5, respectively (Figure 4.2).
Table 4.1 Reproductive data with number of seals (n) of each reproductive category for
each region and year with sea ice conditions for the years 1972-2000 (—= no ice data
_________________________________________________
available).
Region Reproductive Year
n Ice Conditions
0

Pregnant

1971

1

—

0

Not pregnant

1976

2

Medium

0

Pregnant

1976

1

Medium

4

Pregnant

1966

6

—

4

Pregnant

1967

5

—

4

Pregnant

1969

7

—

4

Pregnant

1974

1

Medium

4

Pregnant

1975

1

Medium

4

Pregnant

1978

4

Medium

4

Pregnant

1979

2

Medium

4

Pregnant

1998

1

Medium

4

Not pregnant

2003

1

—

4

Pregnant

2003

2

—

5

Pregnant

1968

1

—

5

Pregnant

1977

2

Medium

5

Pregnant

1985

5

Medium

6

Pregnant

1971

1

—

6

Pregnant

1972

2

Heavy

7

Pregnant

1964

3

—
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Table 4.1 Reproductive data continued.
7

Pregnant

1966

3

—

7

Not pregnant

1967

2

—

7

Pregnant

1968

1

—

7

Not pregnant

1969

3

—

7

Pregnant

1969

2

—

7

Not pregnant

1970

2

—

7

Pregnant

1971

5

—

7

Not pregnant

1972

7

Heavy

7

Pregnant

1972

9

Heavy

7

Pregnant

1975

1

Heavy

7

Pregnant

1976

4

Heavy

7

Not pregnant

1977

4

Medium

7

Pregnant

1977

10

Medium

7

Not pregnant

1978

7

Medium

7

Pregnant

1978

11

Medium

7

Pregnant

1979

1

Medium

7

Pregnant

1981

3

Light

7

Pregnant

1998

6

Light

7

Not pregnant

2000

4

Medium

7

Pregnant

2000

1

Medium

7

Not pregnant

2002

1

—

7

Pregnant

2002

2

—

The reproductive tracts (ovaries, uterine horns, and uterus) were removed from each seal
and placed in a sealed plastic bag and frozen. Reproductive tracts were thawed, ovaries
were removed, weighed to the nearest 0.01 gram, and measured to the nearest 1 mm.
Lengths of the uterine horns were measured to the nearest 1 mm. Ovaries were partially
sliced through in thin 2 mm longitudinal sections and the corpora albicantia were
counted. Corpora lutea were measured to the nearest 1 mm. Uterine horns were opened
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and inspected for evidence of previous pregnancies. Uterine horns that have never held a
fetus tend to be narrow and smooth with no scars. Horns that have held a fetus are larger
with longitudinal folding from contracting after birth (Laws and Sinha 1993).
Reproductive tracts collected before 2000 were analyzed by the ADF&G personnel;
Kathy Frost, Lloyd Lowry, and John Burns, after 2000 reproductive tracts were analyzed
by Lori Quakenbush (ADF&G), Letty Hughes (ADF&G), and Candace Picco (University
of Alaska Fairbanks).

A corpus luteum is the yellow endocrine body formed in the ovary at the site of a
ruptured Graafian follicle indicating that a seal has ovulated (Licker 2003). A corpus
albicans is a white fibrous body in the ovary, produced by the involution of a corpus
luteum (Licker 2003). If fertilization occurs the corpus luteum enlarges and remains to
support the pregnancy. A large, vascularized corpus luteum indicates that a seal was
pregnant, but because spotted seals have a delayed implantation of three months, it may
not be possible to tell if the seal is pregnant during the early stages (Bigg 1981). Whether
a pregnant seal had implanted or not depended upon the month in which the seal was
collected. During delayed implantation (Bigg 1981), a corpus luteum could be large and
vascularized in the ovary but no with visible embryo and caught between April and
August. Such a seal would be considered pregnant but unimplanted. Pregnancy status was
further assessed by opening the uterine horns to look for a fetus, or scars from births or
abortions. Seals with an implanted embryo or fetus were categorized as pregnant and
implanted. Seal reproductive tracts were only used from females older than three years of
age because females attain sexual maturity at three to four years of age (Tikhomirov
1966). Seals of an unknown age were used if their reproductive condition was pregnant
(implanted or unimplanted) or if their reproductive status was primaparous or
multiparous, as indicated by the presence of at least one corpus albicans, and evidence of
pregnancy from at least one uterine horn. Although this decision may have biased the
pregnancy rates, it was used consistently among years.
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Age was determined by Growth Layer Groups (GLGs) from sectioned canine teeth.
Lower jaws were submerged in hot water for 30 minutes and then both canines were
extracted and placed in separate paper envelopes and assigned different random
identification numbers at ADF&G. Both canines were shipped to Matson’s Lab,
Milltown, MT for slide preparation where teeth were sectioned (14 p,m), placed on glass
slides, and stained with Giemsa histological stain. Age was determined by counting
GLGs. One GLG per year was assumed in determining seal age (Benjaminsen 1973;
Stewart et al. 1996). Ages were estimated for both teeth and averaged for a final age for
each individual seal.

4.2.3

Statistical Analysis

All statistical analysis was performed using SAS® Version 8 (Procedure GENMOD).
Binomial Generalized Estimating Equations (GEEs) and Generalized Linear Models
(GLMs) were used to model the relationship among reproductive condition and region,
year, regime, and ice condition (binomial and multinomial) in which each seal was found.

Seal reproductive condition for all years and regimes were grouped into regions and
compared among years, combined for all years and compared among regions, and
compared among years without regional grouping (Table 4.1). Seal reproductive
condition for the years 1972-2000 were grouped by year into ice conditions; light (ice
anomaly < -1.5/10), medium (-1.5/10 < ice anomaly >1.5/) and, heavy (ice anomaly
>1.5/10).

GEEs account for regional and temporal clustering in data but GLMs do not. GLM pvalues and estimates were reported when there were no clustering effects in the analysis,
in other words if the estimates and p-values from the GEEs and GLMs were similar.
GEEs in SAS® compute an initial estimate using a GLM assuming independence and
then updates this estimate based on a computed estimate of the covariance of the
pregnancy rates within a cluster (year and region) (SAS online, 1999). This is repeated
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until the algorithm converges. GEEs work well for clustered data and were recommended
(M. Simpkins, NOAA, pers. comm.) as a method of analyzing the spatially and
temporally inconsistent data available for this study.

The Fisher’s Exact Test and Likelihood Chi-squared (%2 ) test were used to test the
significance of seal reproductive condition in each of the three ice conditions (n=89), the
Fisher’s Exact test is better for populations smaller than 100 (Allison 1999). The
Likelihood %2 test was used to determine if seal pregnancy status in each region and year
(n=136) was significantly different.
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Figure 4.3 Villages in Alaska and cruises in the Bering Sea that provided spotted seal
reproductive tracts from seals hunted for subsistence and collected for research
(ADF&G). Cruises and years are represented as follows: GLA 71 (R/V Glacier, 1971),
AH 72 (R/V Alpha Helix, 1972), DIS 77 (R/V Discoverer, 1977, SUVL 76, 77, and 78
(R/V Surveyor, 1976, 1977, and 1978), OCOL 81 (R/V Oceanographer, 1981), and ZR
85 (R/V Zakharovo, 1985).
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4.3 Results
4.3.1

Ice Concentration and Seal Reproductive Condition

Significant differences in seal reproductive condition, for all years, among the three ice
condition categories (light, medium, and heavy) were measured using both multinomial
and binomial models. Three categories of reproductive condition (not pregnant,
unimplanted, and implanted) were used in the multinomial GEE and GLM models. The
multinomial models showed that ice condition significantly influenced reproductive
condition (GLM p=0.0003; Fisher’s; p=<0.0001). The binomial model using ice
condition as the explanatory variable and reproductive condition (pregnant and not
pregnant) as the response variable was also significant (Likelihood

2 and GLM;

p=0.0481). Seals caught in regions with heavy ice conditions (n=22) had pregnancy rates
of 68% on average, whereas seals in light (n=9) and medium (n=58) ice conditions had
average pregnancy rates of 100% and 71% respectively (figure 4.4).

Light Ice

Medium Ice

Heavy Ice

Total

Ice Categories
Figure 4.4 Percentage of pregnant spotted seals per ice category, with n-values above
bars. Light Ice (ice anomaly < -1.5/10), Medium Ice (-1.5/10 < ice anomaly > 1.5/10),
Heavy Ice (ice anomaly >1.5/10). The Exact Fisher’s test was significant indicating that
seal reproductive condition was significantly different among ice condition categories
(Fisher’s; p=<0.0001).
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4.3.2 Regional Variability in Seal Pregnancy Rates
Most seals (n=90; 66%) were from region 7 in the northeastern Bering Sea and 69% were
pregnant. Of the 23% of seals from region 4, 94% were pregnant (Figure 4.5). Seal
reproductive condition differed significantly among all regions (x2; p=0.0156) (Figure
4.5). The best GEE and GLM models for determining the influence of region on spotted
seal reproductive condition included seals found in regions 4 and 7 with the explanatory
variables regime and region. Seals found in region 4 were six times (eestimate) as likely to
be pregnant as seals found in region 7 (GLM; p=0.0169) (Table 4.2).
Table 4.2 Results from models with parameters region, year, ice, and regime. Estimates
for the first two models are based on the probability of a seal being pregnant in each
region and regime as compared to
region 7,
regime 2 (warm), and/or year (2003)._____
-----o—
■5--oModel
Parameter
n
Estimate P-value Standard
Error
RC=region + regime
Region 4
31
1.8443
0.0169
0.7719
(GLM)
(RC= Reproductive
Regime 1
61 0.1548
0.7253
0.4407
Condition)
RC=year + region (GLM)
1977
16 25.0494
<0.0001 1.3601
1978
23 24.6721
<0.0001 1.3138
2000
5
22.7468
<0.0001 1.6583
2002
3
24.8263
<0.0001 1.7321
RC=ice (x2)
(RC=not pregnant,
unimplanted, and
implanted)

Ice (categories
1-3)
'

89

Value
16.00

RC=ice (Likelihood x2)
(RC= not pregnant and
pregnant)

Ice (categories
1-3)

89

6.0695

0.0003

0.0481
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Figure 4.5 Percentage of pregnant spotted seals per region, with n-values above bars. Seal
reproductive condition was significantly different among the following regions ( 2;
p=0.0156): region 0 (southeastern), region 4 (northcentral), region 5 (central), region 6
(southcentral), and region 7 (northeastern).
4.3.3 Years and Seal Pregnancy Rates
The years 1972, 1977, 1978, 2000, 2002, and 2003 (p<0.0001) were the only years with a
sufficient variety of data to achieve model convergence with both GLM and GEE models
including the explanatory variables year and region (Table 4.2). Years with seal data of
the same reproductive condition and from the same region prevent the model from
converging so they were removed from the model. The data were also separated into
temperature regimes categorized as cold (1964-1976) and warm (1977-1981, 1985, 1998,
and 2000-2003), but these results did not suggest that reproductive rates differed
significantly among regimes (Table 4.2).

Seals in 1964, 1966, 1969, 1971, 1974, 1975, 1979, 1981, 1985, and 1998 had higher
pregnancy rates (Figure 4.6) than seals from other years ( 2; p=0.0081). Pregnancy rates
were low for three years in the 1970s (1976-1978) and for 2000, 2002, and 2003 (Figure
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4.6). Other years with low pregnancy rates (1967, 1970, and 1972) were interspersed
among years with high pregnancy rates ( 2; p=0.0081) (Figure 4.6).
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Figure 4.6 Percentage of pregnant spotted seals per year. N-values for total amount of
females seals used in the analysis by year are listed above the bars. A Chi-squared test
indicated that spotted seal reproductive condition was significantly different among years
( 2; p=0.0081).

89
4.4 Discussion
Pagophilic marine mammals in seasonally ice-covered seas may be affected by changes
in climate as their habitat and prey respond to changes in atmospheric patterns (Tynan
and DeMaster 1997; McFarlane et al. 2000). Changes in climate can affect the condition,
extent, and concentration of the sea ice in the Bering Sea over the short and long-term.
Decadal patterns in the Bering Sea have included a cold regime from 1972-1976, a warm
regime from 1977-1988, a cool regime from 1989-1997, and another warm regime from
1998-present (Stabeno et al. 2001). These climate regimes coincided with changes in sea
ice concentration (Chapter 2, this thesis) and subsequent shifts in the ecosystem,
including important prey species of the spotted seal (Figures 3.1 and 4.1) (McFarlane et
al. 2000; Conners et al. 2002).

4.4.1 Ice Conditions and Regions
Animals in the Bering Sea may experience regional variation in climate, ice conditions,
and available prey. A larger proportion of seals were found to be pregnant in light ice
conditions than in medium or heavy ice conditions (Figure 4.4), although fewer total
seals were found in light ice conditions (Table 4.1). This may mean that pregnant seals
selected for light ice conditions and that heavy ice conditions are used but seals were less
likely to be pregnant or that hunters spent less time hunting or were less successful in
light ice conditions.

Seals collected in central regions (4, 5, and 6) were close to polynyas that can form on the
south side of coastal areas each year as northerly winds carry sea ice away from the coast
(Niebauer et al. 1999). Seals collected in southern regions (0 and 6) were closer to the ice
edge and potentially, to the productive edge of the continental shelf (Springer et al.
1996), depending on the ice extent. Seals in the eastern regions (7 and 0) were closer to
the coast. The northeast half of the Bering Sea is the widest continental shelf outside of
the Arctic Ocean at ~ 500 km wide, with depths typically less than 100 m deep (Stabeno
et al. 1999), and had the fastest rate of ice concentration decrease from 1972-2000
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(Chapter 2, this thesis). Spotted seals collected in central regions had high pregnancy
rates but were also mainly collected in years in which pregnancy rates were generally
higher for all regions. As a result, seals collected in the central regions were more likely
to be pregnant than seals in eastern regions (7 and 0) when analyzed across all years
(Figure 4.5). Differences in sample size among regions may also have influenced the
results as fewer seals were caught in regions 0, 5, and 6 than in regions 4 and 7. Seals
collected in regions 0, 5, and 6 were all collected by research cruises that may have had
better access to spotted seal breeding concentrations whereas most seals from regions 4
and 7 were collected by subsistence hunters. The samples from the northern regions (4
and 7) were the only regions with enough data to statistically model them using GEEs or
GLMs. Seals collected in region 7 were less likely to be pregnant than seals in region 4.
This may suggest that pregnant seals selected for the ice conditions and/or prey in the
northcentral over the northeastern Bering Sea. The southern regions were not sufficiently
represented to compare differences in pregnancy rates between the northern and southern
Bering Sea; however, seals in region 6 were more likely pregnant than seals in region 0.

4.4.2 Temporal Differences in Seal Pregnancy Rates
Interannual and decadal variation in climate affects sea ice conditions in the Bering Sea
over short and long time-periods. Interannual effects may have negatively influenced
spotted seal pregnancy rates in 1967 and 1971. In 1967 winds from the south
predominated in May, and the ice disappeared earlier than usual; in 1971, the ice
extended farther south than normal and air temperatures were 5°C below normal (Konishi
and Saito 1974).

Regime shifts in 1976-1977 and 1997-1998 may have negatively influenced spotted seal
pregnancy rates when they abruptly altered the physical patterns and biological
organization in the Bering Sea as experienced over a long time-period. The years 1978
1981 are characterized by lighter than normal ice concentrations (Chapter 2, this thesis),
and 2000-2004 are characterized by a lack of persistent sea ice with warm bottom
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temperatures and warm air temperatures in late winter and through summer in the Bering
Sea (Overland and Stabeno 2004). Most of these low ice years correspond with low
spotted seal pregnancy rates, except 1981 and 1998.

Statistical analysis (GLMs and GEEs) of all mature female seals categorized by year,
regime, and region was only valid (achieved convergence) for a model including the
years 1972, 1977, 1978, 2000, 2002, and 2003. The results showed that seals in these
years were of similar reproductive condition with the lowest rates occurring in 2000 and
the highest in 1977 (Table 4.2). Years not included in the model had seals of the same
reproductive condition in the same region within each year causing complete separation,
and were removed from the GLM and GEE models. The data were grouped into regimes
to alleviate the problem of complete separation due to yearly grouping, but the variable
regime did not significantly affect spotted seal reproductive rate. The influence of regime
shifts on pregnancy rate was not detectable due the lack of data, however, short-periods
of reduced pregnancy rates did occur following the regime shifts in 1976-1977 and 1997
1998 but did not persist to the next regime shift.

Short periods of reduced pregnancy rates occurred in 2000, 2002, and 2003 and 1976
1979 but some of the sample sizes were small (Figure 4.6). An abrupt shift in
environmental conditions occurred in 1976-1977 and changed the conditions from a cold
to a warm temperature regime. Subsequent decreases in spring sea ice concentrations
occurred in 1978 and continued until the early 1980s (Chapter 2, this thesis). Sea ice
retreat occurred early in 1976 and continued to occur early until 1980 (Chapter 2, this
thesis). Another abrupt shift in climate occurred in 1997-1998 causing large shifts in the
Bering Sea ecosystem (Stabeno et al. 2001; Kruse 1998; Stockwell et al. 2001; Baduini et
al. 2001) and a decrease in sea ice concentration (Chapter 2, this thesis). Seal pregnancy
rates were high in 1998 (100%) and then dropped dramatically in 2000 with 20%
pregnant, and they remained relatively low through 2002 and 2003. The years 2000-2004
were some of the warmest years on record (Overland et al. 2004). In spring 2000 sea ice
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anomalies indicated decreased sea ice extent and concentration in the central and eastern
Bering Sea, particularly in March, coinciding with the spotted seal pupping season
(Figure 4.7). Possibly the decrease in sea ice extent and concentration that occurred in
1976-1981 and 2000, 2002, and 2003 negatively affected the pregnancy rates of spotted
seals by changing their access to prey and causing an early retreat northward of suitable
ice on which to pup, nurse, and mate. Alternatively, these low pregnancy rates could have
resulted from a change in the accessibility of pregnant females to hunters, a small number
of total seals hunted in those years, or a decrease in hunter effort or the amount of data
sent to ADF&G from villages.

Over all years, 77% of mature females seals collected were pregnant. This is less than the
85-95% pregnancy rate reported by Gol’tsev and Fedoseev (1970) and Burns (1978) of
mature females that were pregnant each year in the 1970s.

2000

Figure 4.7 Bering Sea ice concentration anomalies in 2000 for each month (March to
June and the season) and region (0-7 and the Bering Sea).
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4.4.3 Spotted Seal Prey
Diets of spotted seals differ in different regions of the Bering Sea and shifts in dominant
fish species may contribute to the decline of some marine mammals and seabird species
(Payne et al. 1999). In the 1980s, capelin was the primary food for seals in the
southeastern Bering Sea and secondary in the northern Bering Sea. Seals selectively fed
on capelin over pollock or sculpins (Bukhitiyarov et al. 1984), possibly because capelin
have a higher fat content than walleye pollock, atka mackerel (
monopterygius), sand lance (

Ammodyteshexapteris), and herring, and are potentially of

better quality nutritionally (Payne et al. 1999). The nutritional value of northern fish
species, particularly non-commercial species such as Arctic cod, is mostly unknown
(Moore 2000).

In this study, spotted seals had higher pregnancy rates in 1981, 1985, and 1998. All seals
found in each of these years were pregnant and found in the same region within that year
causing complete separation of the GLM and GEE statistical models. Complete
separation happens when the explanatory variables completely predict the response,
which is typical of many statistical methods (Allison 1999). Pregnancy rates of 100% in
1981, 1985, and 1998 coincided with an increase in pollock biomass (Conners et al.
2002) and light and medium ice conditions. Pollock may have less nutritional value than
other fish species (Payne et al. 1999) but an abundance of pollock could reduce foraging
effort. The energy benefits of less foraging time could compensate for nutritional costs.
Pregnant and nursing females may be particularly sensitive to changes in prey abundance
due the added energy requirements of these conditions. Milk production may be
influenced by local prey abundance in female harbor seals (

vitulina L.), a close

relative of spotted seals (Bowen et al. 2001). Harbor seal offspring are affected by
maternal foraging behavior in regards to pre-weaning survival, mass gain, and weaning
mass (Bowen et al. 2001). Harbor seals use both energy stores as well as energy derived
from feeding to support the energetic costs of lactation (Bowen et al. 2001). Thus pup
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condition and survival may depend on prey availability for pregnant female harbor seals
during the entire year including the period of lactation.

In the Sea of Okhotsk, spotted seal distribution in winter is predominantly influenced by
trophic factors, while in spring it is controlled by ice availability and type (Trukhin
2003). For the years 1981, 1985, and 1998, groundfish were plentiful in the southeastern
Bering Sea. All seals collected in 1981 were taken from region 7, the eastern Bering Sea.
Ice conditions in March and April, 1981 in region 7 were characterized by lower than
average spring ice concentrations (Figure 4.8) whereas medium ice conditions
characterized most of the 1980s including 1985. All seals collected in 1998 were also
taken from region 7 during anomalously light spring ice conditions (Figure 4.9). These
seals were possibly selecting their habitat based on prey location, which coincided with
light ice conditions. In this study, light ice conditions were found to have more pregnant
seals present than other ice conditions, but these results were possibly confounded by the
access of research ships to breeding concentrations biasing the number of pregnant seals
in the sample. Nonetheless, seals collected in 1981, 1985, and 1998 all had 100%
pregnancy rates.

Spotted seal pregnancy rates may be influenced over the long-term by both the location
and concentration of sea ice and the location and type of prey available. Extreme ice
conditions, heavy or light, may influence spotted seal access to prey and open water. Sea
ice (Chapter 2, this thesis) and fish species (McFarlane et al. 2000) in the Bering Sea are
influenced by abrupt changes in climate or regimes shifts which cause long-term
environmental changes. Long-term environmental changes may require an adjustment in
spotted seal foraging and pupping activities, possibly resulting in low pregnancy rates for
successive years, as was observed in this study from 1976-1978 and in 2000, 2002, and
2003.
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Figure 4.8 Bering Sea ice concentration anomalies in 1981 for each month (March to
June and the season) and region (0-7 and the Bering Sea).
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1998

Figure 4.9 Bering Sea ice concentration anomalies in 1998 for each month (March to
June and the season) and region (0-7 and the Bering Sea).
4.4.4 Summary and Recommendations
To make more definitive statements regarding changes in spotted seal diet over time and
its effect on pregnancy rate, it would be valuable to include body condition and analyses
of stomach contents, fatty acids, or stable isotopes. These variables would allow a more
direct link to prey dynamics and availability and spotted seal reproductive health.
Assumptions regarding the effect of ice conditions on spotted seals could be tested more
effectively if it were possible to study spotted seals more easily

situ.

Regional and temporal differences in pregnancy rates were found, possibly indicating that
changes occurred in the total number of pregnant females in the population, or in the
location of pregnant females in relation to hunters. Whether these results indicate that
changes occurred in the population status or the location of the spotted seals within their
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habitat is difficult to discern. This is partially due to the bias in sample collection which
was dependent on collector effort, seal location, and spotted seal population dynamics.

Fewer pregnant seals were caught in regions with medium and heavy ice conditions than
in regions with light conditions. Regionally, pregnant seals were more likely to be caught
in the central Bering Sea in regions from the north to the south (regions 4, 5, and 6) than
in regions 7 or 0; the northern and eastern regions (4 and 7) had much larger sample sizes
than other regions.

A comparison of pregnancy rates among years indicated that there were higher rates in
the 1960s, lower rates through the mid-1970s, high rates for 1981, 1985, and 1998, and
low rates again in 2000, 2002, and 2003. Perhaps seals were negatively affected by the
abrupt switch from cold to warm conditions which occurred 1976-1977 and from the
cool-to-warm shift in 1997-1998. For the few years in the 1980s and 1990s with data,
pregnancy rates were high, rebounding from the low rates in the 1970s. Seals were
possibly able to adjust to the decadal changes that occurred in their environment
including the massive increase in groundfish biomass. Future research will be needed to
determine if spotted seal pregnancy rates are affected by changes in prey and/or habitat
due to shifts in environmental conditions and if so, are seals capable of maintaining
pregnancy rates that will sustain the population.
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Appendix C
Regional Ice Concentration Anomalies
Figures C 1-5 Regional ice concentration anomalies for March-June and the spring
season for the Bering Sea. 1) Region 0, 2) Region 4, 3) Region 5, 4) Region 6, 5) Region
7.
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5.0 Conclusions
Sea ice concentration decreased on average from 1972-2000, and consistently after the
mid-1980s. Spring conditions are arriving earlier and the sea ice is responding faster to
abrupt shifts in climate. Continual climatic warming and decreasing sea ice in the Bering
Sea could affect the resident ice-associated species that have evolved to utilize the ice in
various ways.

Spotted seal pregnancy rates varied interannually or were sustained over multiple years.
Abrupt changes in the spotted seal’s environment may be responsible for sustained
decreases or increases in pregnancy rates, while interannual fluctuations may influence
pregnancy rates for one breeding season. Lower than average pregnancy rates occurred
consistently for three years in the 1970s (1976-1978) and recently in 2000, 2002, and
2003. Low pregnancy rates in the 1970s and 2000s coincided with climatic shifts toward
warmer conditions, anomalously low ice concentrations, and earlier ice retreats (Figure
2.4).

Seal pregnancy rates were high in the 1981, 1985, and 1998, coinciding with an increase
in groundfish biomass. The lack of data in the 1980s and 1990s made it difficult to
discern any long-term trends in spotted seal pregnancy rates for those decades.

Regionally, pregnancy rates and ice concentrations were lower in eastern regions of the
Bering Sea than in central and western regions. Pregnant seals were caught in heavy and
medium ice conditions less often than in light ice conditions, possibly indicating that
pregnant seals avoid areas with heavy ice more so than other females seals, or that seal
hunters were unable to hunt effectively in medium and heavy ice conditions.

The sample size for this study was small for many years and regions making it difficult to
make definitive conclusions. More research will be needed to investigate whether decadal
shifts in the spotted seal environment cause a decrease in pregnancy rates that last

I ll
multiple years and if interannual changes produce response that reverses the following
year.

