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Executive Summary
The Arctic sea ice is the basis for a unique ecosystem that is comprised of ice algae and
microorganisms, fish, seabirds and marine mammals. Some species depend on sea ice for essential
life functions and other associate with sea ice for a specific reason, but also occur in other habitats.
Each species depends and associates with sea ice for different reasons that are unique to their
individual biological needs.
The base of the Arctic marine food web is ice algae; its productivity is influenced seasonally by light and
nutrient availability (Bluhm and Gradinger 2008). An important bloom of ice algae in the lower horizons
of sea ice occurs as light increases in the spring which is then grazed upon by abundant zooplankton
(amphipods and copepods). As the ice melts in summer, organic material releases into the water
column and falls to the ocean floor, where it contributes to both pelagic and benthic food webs (Bluhm
and Gradinger, Thomas et al. 2008). Under-ice amphipods are an important food source for Arctic
diving birds and Arctic cod (Boreogadus saida) (Bradstreet and Cross 1982) and thereby provide the
connection from the food web within the sea ice to the more accessible open water below (Bluhm and
Gradinger). In turn, Arctic cod acts as an important link to birds, seals and beluga whales. Seals are
preyed upon by polar bears at the top of the food chain. The productivity of each link in the food chain
is timed in accordance with natural cycles of the season, including temperature and light availability,
along with the biological process for each species. The various cycles align to ensure food is available
from the lowest to the highest trophic levels in the harsh Arctic marine environment.
Arctic sea ice has changed over the last thirty years when satellite records began (NSIDC 2009). It has
decreased in extent, particularly in summer, and it has thinned overall (NSIDC 2009). Reductions in
sea ice extent are occurring faster than climate models project (Stroeve et al. 2007) and an ice-free
summer Arctic is predicted within this century and possibly by mid-century (Wang and Overland 2009).
Sea ice has changed in composition with first year (FY) ice compromising the majority of the sea ice
cover compared to multi-year (MY) ice that survives the summer melt period (NSIDC 2009). First year
ice is different in structure and biotic composition than multi-year ice, with fewer species of ice algae
found in FY ice (Melnikov 2008, 2009). It has been estimated that ice algae was responsible for over
50% of primary production in the central Arctic (Gosselin et al. 1997), but the contribution of ice algae to
total primary production may have changed due to the reduction in sea-ice thickness and extent over
the Arctic Ocean reported during the last 10 years (Comiso et al. 2008, Rozanska et al. 2009).
However, pelagic phytoplankton is increasing as more open water occurs (Pabi et al. 2008, Arrigo et al.
2008). Some project that the Arctic sea ice ecosystem will become more like the Antarctic sea ice
system where sea ice melts annually (Melnikov 2008, 2009). It is unclear what the effects of the
restructuring of the lowest trophic levels will be on the higher trophic level and whether there will be
timing differences and spatial separations between energy requirements and food availability for many
higher trophic levels. These mismatches may lead to decreased reproductive success, lower
abundances, and changes in distribution at the higher trophic levels (Moline et al. 2008).
Baseline information about many species‘ populations is incomplete due to the difficulty and expense of
surveying and studying animals in remote Arctic environments. For most species, while past studies
have recognized a species‘ relationship with sea ice, researchers do not understand completely the
importance of the association. Few studies show overall that sea ice changes are directly responsible
for alterations in a species demographics or life history. However, there are individual case studies and
observations that point to very unusual responses by animals from sea ice reductions as well as
changes in body condition. For the most part, it is conjecture exactly how sea ice changes will affect
each species that is connected to sea ice in some way due to incomplete information about sea ice
reliance and trophic interdependence.
Arctic cod associates with sea ice in its larval and juvenile stages. Arctic cod represents the most
important trophic link in the Arctic marine food web from lower trophic levels (copepods and under-ice
amphipods) to other fish, birds, seals and whales (Tynan and DeMaster 1997, Bradstreet 1982;
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Bradstreet et al. 1986; Ainley and DeMaster 1990; Borkin 1990; Welch et al. 1992; Crawford and
Jorgenson 1993). Despite its central role in the Arctic marine food web, very little information exists on
its biology in the central Arctic Ocean or its abundance. Further, how reduced sea ice may affect Arctic
cod is uncertain. Bouchard and Fortier (2008) suggest that, at least in the short term, Arctic cod larvae
survival could be favored by more open water, leading to enhanced recruitment, and potentially larger
populations (Fortier et al. 2006). They conclude that in the longer term as sea ice becomes seasonal, a
circumpolar generalist species will likely replace Arctic cod as the main forage fish for the Arctic Ocean.
Ivory gulls, thick-billed murres, spectacled eiders and king eiders associate with sea ice. The
relationship with these birds and sea ice is not completely understood. It appears that they forage at
the ice edge in areas of high productivity and also in the case of eiders benefit energetically from
roosting on ice as opposed to being immersed in very cold waters (Petersen et al. 1999, Mosbech et al.
2006). It is not certain how reduced sea ice will affect these birds. The fish-eating ivory gull and thickbilled murre likely use visual detection for foraging. Thus, if sea ice retreats further north, where days
are shorter, the birds will have less time available for foraging. It is possible that these birds may
experience range contraction with a northward displacement of more southern populations that move
with the sea ice (e.g., Gaston et al. 2005). Irons et al. (2008) suggests that not only the direction but
the magnitude of change may be important in determining outcomes for murre populations.
Very few species of marine mammals have been studied anywhere in the Arctic for long enough to
allow an assessment of the possible effects of long-term environmental fluctuations, including climate
warming, on population size and demographic parameters (Laidre et al. 2008). Impacts of reduced sea
ice on Arctic marine mammals vary depending on the unique ecological relationship between each
species and sea ice. Species that have relatively fixed life history traits and that are highly dependent
on seasonal sea ice will likely be the most affected by sea ice reductions (Moore and Huntington 2008).
The ringed seal, for example, requires certain ice and snow conditions to build lairs where the females
give birth to and nurse their pups (Kelly 1988). Polar bears depend on ice as a hunting platform and
are already being stressed by the increasingly ice-free summer and seasonal changes in the
accessibility of hunting and denning areas; in some regions there is reduced body condition,
reproduction and cub survival, altered behaviors and population declines (Stirling and Derocher 1993,
Amstrup and Gardner 1994, Stirling et al. 1999, Regehr et al. 2005, Fischbach et al. 2007). Walruses
are able to access continental shelf foraging areas only if they can haul out on ice near those areas.
The loss of sea ice is thereby reducing their access to prey (Moore and Huntington 2008). In recent
years, very large groups of walrus have congregated on shore in Russia and Alaska when the summer
ice receded far off the continental shelf. This resulted in stampeding and trampling mortality (Kochnev
2004, Kavry et al. 2008, Jay and Fischbach 2008, Fischbach et al. 2009, USFWS 2009c, 2010c).
In addition, Moore and Huntington (2008) anticipate decreases in sea ice to have a negative effect on
ice-associated species due to their adaption to existing trophic regimes such as beluga and narwhals,
and reliance on sea ice for an important life function such as pupping for harp, hooded, ribbon and
spotted seals (Reeves et al. 1992, Johnston et al. 2005). Not all changes, however, are predicted to
have negative impacts. Bowhead whales might benefit from any increased productivity that might be
associated with more open water in their current summer foraging habitats (Moore and Laidre 2006).
Milder winters can result in less ice entrapments for narwhals and belugas. Finally, seasonally migrant
cetacean species are likely to benefit from net loss in sea ice, due to greater access to a pelagicdominated ecosystem which has been observed for gray whales that are staying later, with a few
overwintering in the Beaufort Sea (Moore and Huntington 2008). However, it is unclear whether subArctic species will compete with Arctic residents when they are sharing space and prey items.
It is important to recognize that species by species analysis is only one part of the story. The reduction
in sea ice has significant impacts on the basic Arctic marine food web, which is built on ice algae,
amphipods, and Arctic cod. Loss of marine mammal habitat may therefore be accompanied by a loss
of prey, although there is much uncertainty about the trajectories of food webs (Moore and Huntington
2008).
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Concept Paper – Sea Ice Ecosystem
Introduction
Sea ice1 is the basis of a unique ecosystem in the Arctic, providing habitat to specialized ice-dependent
and ice-associated species that include microorganisms, fish, birds and marine mammals. Individual
species live within the ice, below it, on top and along the ice edge and use sea ice in different ways
depending on their biological needs and life history. The annual formation and recession of sea ice
exerts broad-scale control on energy flux and primary and secondary production,2 ultimately reaching
the top of the food chain (Sakshaug and Skjoldal 1989; Heide-Jørgensen and Laidre 2004; HeideJørgensen et al. 2007a). Arctic sea ice has changed rapidly during the last thirty years, decreasing
substantially in extent (NSIDC 2009) and thickness with thin first-year ice replacing thicker multi-year
ice3 (NSIDC 2009, Kwok et al. 2009, Haas et al. 2008). These changes are happening faster than
models project (Stroeve et al. 2007) and a nearly ice-free Arctic Ocean in late summer is likely within
this century and possibly before mid-century (Wang and Overland 2009).4
This transformation is likely to impact the Arctic sea ice food web which is driven by the complex
interactions between ice, light penetration, nutrient supply, and productivity (Bluhm and Gradinger
2008). The response of an individual ice dependent species to sea ice changes depends on its
adaptability, its natural history, and the scale of environmental changes (e.g., Laidre et al. 2008). Many
species are already experiencing a variety of impacts as the sea ice diminishes. It is not clear exactly
what will happen as summer sea ice continues to disappear and whether species will be able to adapt
to the rate of ice loss that is occurring.
This paper describes several species which depend on sea ice for essential life functions including
foraging, reproduction, protection from predators and cold water immersion, a platform for traveling,
resting, and nursing, as well as some species that associate with sea ice for parts of the year. This
paper specifically discusses ice algae and protists, Arctic cod, ivory gulls, thick-billed murres,
spectacled and king eiders, polar bears, ringed seals, bearded seals, walruses, narwhals, beluga
whales and bowhead whales. It identifies the different species‘ relationship with sea ice and the known
and projected effects of a changing climate on them and their trophic relationships.

1

There are different kinds of sea ice. Land-fast ice is either frozen to land or to the bottom of the ocean and is
relatively immobile throughout the winter. Shore-fast ice, a type of land-fast ice also known as ‗‗fast ice,‘‘ is
defined by the Arctic Climate Impact Assessment (2005) as ice that grows seaward from a coast and remains
stationary throughout the winter and that is typically stabilized by grounded pressure ridges at its outer edge.
Pack ice consists of annual and heavier multi-year ice that is in constant motion due to winds and currents. It is
located in open ocean areas and, unlike land-fast ice, can be highly dynamic. The actions of winds, currents, and
temperature result in the formation of leads or polynyas (linear openings or cracks in the sea ice), pressure
ridges, and ice floes of various sizes. While the composition of land-fast ice is uniform, regions of pack ice can
consist of various ages and thicknesses, from new ice only days old that may be several centimeters thick, to
multiyear ice that has survived several years and may be more than 2 meters thick.
2
Primary production is the production of organic compounds from inorganic molecules such as H 2O and CO2,
principally through the process of photosynthesis. In the oceans, algae perform almost all primary production.
Secondary production is the generation of biomass of consumer organisms in a system. This is driven by the
transfer of organic material between trophic levels.
3
Sea ice is classified as first year or multiyear ice. First-year is ice that has not yet survived a summer melt
season, while multi-year ice has survived at least one summer and can be several years old.
4
The information in this paper assumes that the climate is warming and ice reduction will continue in accordance
with numerous climate models (e.g., Wang and Overland 2009, IPCC 2007, ACIA 2005). However, an alternative
hypothesis (e.g. Frolov et al. 2009) asserts that climate and consequently ice cover will experience oscillatory
rather than unidirectional changes. The second hypothesis projects that the current warm period will end by
2015-2020 and then air temperatures will decrease while ice cover will gradually increase by the 2030s until
another warming period begins and causes a subsequent ice cover decrease by the 2060s (Frolov et al. 2009).
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This paper is drafted specifically to inform discussion about the sea ice ecosystem for the CAFF
meeting which will occur in March 2010 in Copenhagen. It summarizes information from many
published sources. While it attempts to be comprehensive, there may be relevant information that has
not been included or the exclusion of some species that associate with sea ice due to the time
constraints in drafting this paper for the upcoming CAFF meeting.
1. Arctic sea ice changes
Satellite data combined with earlier observations from ice charts and other sources yields a time series
of Arctic ice extent from the early 1900s onward (NSIDC 2010). While the pre-satellite records are not
as reliable, their trends are in good general agreement with the satellite record and indicate that Arctic
sea ice extent has been declining since at least the early 1950s as shown in Figure 1a (NSIDC 2010).
At the end of the Arctic summer, more ice cover remained in 2009 than during the previous recordsetting low years of 2007 and 2008, but sea ice has not recovered to previous levels (NSIDC 2010).
September sea ice extent, the month of lowest ice extent during the year, was the third lowest since the
start of satellite records in 1979, and the past five years have seen the five lowest ice extents in the
satellite record as shown in Figure 1b (NSIDC 2010). The September rate of sea ice decline since
1979 has now increased to 11.2 % per decade (NSIDC 2010). Including March 2009, the month of
maximum ice extent, the past six years have all had ice extent substantially lower than normal as
shown in Figure 1c (NSIDC 2010). The linear trend indicates that for the month of March, ice extent is
declining by 2.7% per decade (NSIDC 2010).

Figure 1a. Mean sea ice anomalies, 1953-2009: Sea ice extent departures from monthly means for the
Northern Hemisphere. For January 1953 through December 1979, data have been obtained from the UK Hadley
Centre and are based on operational ice charts and other sources. For January 1979 through July 2009, data are
derived from passive microwave (SMMR / SSM/I) (NSIDC 2010).
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Figure 1b. Ice extent from 1979 to 2009 in September (the month of ice extent minimum) shows a continued
decline. The September rate of sea ice decline since 1979 has increased to 11.2 % per decade (NSIDC 2010).

Figure 1c. Ice extent for 1979 to 2009 in March (the month of ice extent maximum) shows a decline of 2.7% per
decade (NSIDC 2010).

The trend analysis in Figure 2 shows that summer sea ice within 50 km of the coast declined in all
regions, with a decrease of 25% for the northern hemisphere as a whole (blue bars) (Walker et al.
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2009). The largest declines were along the northern Beringia region, including the E. Siberia (-47%),
W. Chukchi (-46%), and E. Chukchi (-44%) seas (Walker et al. 2009). This portion of the Arctic saw
large areas of summer ice retreat in 2005, 2007, and 2008 (Walker et al. 2009).

Figure 2. (Walker et al. 2009) Blue bars: Percentage change in sea-ice area in late spring (when the long-term
mean 50% concentration is reached) during 1982–2008 along the 50-km-seaward coastal margin in each of the
major seas of the Arctic using 25-km resolution SSMI passive microwave Bootstrap sea-ice concentration data
(Comiso and Nishio 2008). Red bars: Percentage change in the summer land-surface temperature landward of
each sea for the entire tundra domain as measured by the summer warmth index (SWI = sum of the monthly
mean temperatures above freezing, °C mo) based on AVHRR surface-temperature data (Comiso 2003).

The 2009 Arctic Report Card provides recent estimates of Arctic Ocean sea ice thickness from satellite
altimetry that show an overall thinning of approximately 0.6 meters (m) in multi-year ice thickness
between 2004 and 2008 (Figure. 3a). In contrast, the average thickness of the thinner first-year ice in
mid-winter (~2 m), did not exhibit a downward trend (Perovich et al. 2009). Seasonal ice covered more
than two-thirds of the Arctic Ocean in 2008 (Perovich et al. 2009). The total multi-year ice volume in
the winter experienced a net loss of more than 40% in the four years since 2005 while the first year ice
cover gained volume due to increased overall coverage of the Arctic Ocean (Perovich et al. 2009). The
declines in total volume and average thickness (black line in Figure 3) are explained almost entirely by
thinning and loss of multi-year sea ice due to melting and ice export (Perovich et al. 2009). These
changes have resulted in seasonal ice becoming the dominant Arctic sea ice type, both in terms of area
coverage and of volume (Perovich et al. 2009).
The recent satellite estimates were compared with the longer historical record of declassified sonar
measurements from U.S. Navy submarines (Figure 3b). Within the submarine data release area
(covering ~38% of the Arctic Ocean), the overall mean winter thickness of 3.6 m in 1980 can be
compared to a 1.9 m mean during the last winter of the ICESat record—a decrease of 1.7 m in
thickness. This combined submarine and satellite record shows sea ice thinning that span three
decades. The contribution of the increasing fraction of first year ice to the long term thickness trend
remains to be determined (Perovich et al. 2009).
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Figure 3. (Perovich et al. 2009). (a) Winter Arctic Ocean sea ice thickness from ICESat (2004–2008). The black
line shows the average thickness of the ice cover while the red and blue lines show the average thickness in
regions with predominantly multiyear and first-year ice, respectively. b) Interannual changes in winter and summer
ice thickness from the submarine and ICESat campaigns within the data release area spanning a period of more
than 30 years. The data release area covers approximately 38% of the Arctic Ocean. Blue error bars show the
uncertainties in the submarine and ICESat data sets. (after Kwok et al. 2009 and Kwok and Rothrock 2009)

1.1 Arctic Sea Ice Trends
Koc et al. (2009) provide the following trends regarding Arctic sea ice:
Since reliable satellite observations began in 1979, there have been significant negative trends
in annual Arctic sea ice extent. The maximum sea ice extent (March), has decreased by 2.7%
per decade and the minimum (September) has decreased by 11.2% (NSIDC 2009).
Ice extent reached a record minimum of only 4.2 million km2 in September 2007 compared to
7.8 million km2 in 1980. September 2008 saw the second lowest sea ice extent in the Arctic
since September 1979, and the 2009 minimum was the third lowest on record. The three last
minimum years reinforce 30-year downward trend in Arctic sea ice extent (NSIDC 2009).
Sea ice extent is declining at an accelerating rate, especially in the summer. Data from 2007,
2008, and 2009 show that sea ice cover is shrinking faster than climate models projected.
Arctic sea ice is thinning, with thin seasonal ice replacing thick older ice as the dominant type for
the first time in the modern record. Between 2004 and 2008, the total area covered by the
thicker, older, multi-year ice shrank by more than 40% (1.54 million km2). First-year ice made
up more than 70% of the total cover in the 2008-09 winter, compared to 40–50% in the 1980s.
Currently less than 10% of the Arctic sea ice is older than two years. As first-year ice is
generally much thinner than multi-year ice, this implies that the volume of Arctic sea ice has
greatly diminished (NSIDC 2009, Kwok et al. 2009, Haas et al. 2008).
Low sea ice extent and large regions of thin first-year ice were observed in September 2008.
This potentially represented the lowest volume of Arctic sea ice since 1979. However, few
direct ice thickness measurements are available to support estimates of the ice volume loss
(NSIDC 2009).
Seasonal sea ice zones (including the Barents, Baltic, Bering, and Okhotsk seas) do not show
the same rapid sea ice loss as in the central Arctic Ocean in recent years.
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1.2 Climate Mechanisms
While the overall global temperature may be increasing and Arctic sea ice is melting, regional climate
mechanisms may influence strongly the climate in specific areas. Thus, it is important to consider the
role of different climate mechanisms that contribute to events occurring at high latitudes when
projecting climate change impacts on the sea ice ecosystem.
The Arctic Oscillation (AO) appears to be the cause for much of the recent changes that have occurred
in the Arctic (Bond et al. 2010). The AO has been described as "a seesaw pattern in which atmospheric
pressure at polar and middle latitudes fluctuates between positive and negative phases. The negative
phase brings higher-than-normal pressure over the polar region and lower-than-normal pressure at
about 45 degrees north latitude. The positive phase brings the opposite conditions, steering ocean
storms farther north and bringing wetter weather to Alaska, Scotland and Scandinavia and drier
conditions to areas such as California, Spain and the Middle East" (Bond et al. 2010).
The AO appears related to a well-known mode of variability for the North Atlantic called the North
Atlantic Oscillation (NAO). The NAO has been recognized for decades and has been considered "the
dominant mode of winter climate variability in the North Atlantic region ranging from central North
America to Europe and much into Northern Asia. The NAO is a large scale see-saw in atmospheric
mass between the subtropical high and the polar low. The corresponding index varies from year to
year, but also exhibits a tendency to remain in one phase for intervals lasting several years." (Bond et
al. 2010). The positive phase of the NAO is associated with more frequent and intense storms in the
North Atlantic Ocean, warmer and wetter winters in Europe, and cooler, drier winters in Greenland and
northern Canada.5
The Pacific side of the Arctic is also significantly influenced by an inter-related pair of modes, the
Pacific Decadal Oscillation (PDO) and the North Pacific Index (NPI) (Bond et al. 2010). The PDO is
based on the pattern of SST in the North Pacific while the NPI is based on sea level pressure. The
positive phase of the PDO is associated with warm ocean temperature along western North America
and with generally prosperous fisheries in Alaska and poor fisheries along the west coast of the
continental US, especially with regards to salmon. The North Pacific Index provides a measure of the
intensity of the mean wintertime Aleutian Low pressure cell. An alternative measure of the latter is
provided by the Aleutian Low Pressure Index (ALPI).
While there may warming occurring on a global scale, the different oscillations may influence strongly
the conditions in a particular region. For example, while most of the Arctic had unprecedented
reductions of sea ice and record warm air temperature during summer through late fall in 2007, 2008
and 2009, the Bering Sea had near record cold temperatures and maximum ice extents during spring
(Overland et al. 2010). The 2007 to 2009 cold period in the Bering Sea followed a major warm event
from 2000 to 2005. Since 1916, ten similar, multi-year (MY) but less-than decade warm and cold
events occur in the data record from St. Paul Island, Alaska. Little is known about these events
compared to the longer Pacific Decadal Oscillation (PDO), but Overland et al. (2010) state that it is
possible that the transitions that occur as interdecadal PDO shifts are also related to rapid shifts
between extreme MY warm and cold year events as in the 1940s and 1970s. They consider that while
Arctic change proper is driven by radiation and amplified by ice albedo feedback, the climate of the
Bering Sea for the present and future will mainly be driven by natural variability due to the relative
dominance between warm storms and cold air masses. They hypothesize that Bering Sea ocean
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Some controversy exists concerning the relationship between the AO and the NAO, namely whether they
represent fundamentally the same mode, or whether the distinctions between them are meaningful. At any rate, a
systematically positive sense to both indices since the end of the 1980s has coincided with relatively warm
conditions in the Arctic and net melting of the Arctic ice pack (Bond et al. 2010).
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temperatures, modified by seasonal sea ice and other factors, have sufficient memory that only large
hemispheric changes in the atmospheric general circulation, including those forced by El Nino Southern
Oscillation (ENSO), can shift the MY events from cold to warm or the reverse. Overland et al. (2010)
provide that while for 2010 the North Pacific is shifting to El Nino conditions which would imply a
warmer Bering Sea, the potential weakness of northward teleconnections signals and the shortness of
the present cold event compared to their more normal duration suggest that the Bering Sea may not
shift back to warm conditions this year.
2. Sea ice ecosystem – general overview
The sea ice food chain begins with ice algae that cling to the underside of the dark ice pack all winter,
resulting in a dense mat under the ice by the time spring arrives. About six weeks later, a
phytoplankton bloom develops in the water beneath the ice, followed by zooplankton bloom timed to
graze on the phytoplankton. As the ice begins to break-up, the bloom spreads into a wide 20-80
kilometer belt surrounding the ice edge. This highly productive ice-edge ecosystem is home to
numerous crustaceans and other invertebrates. These in turn are eaten by fish species such as Arctic
cod which are eaten by seals, birds and cetaceans. Polar bears prey almost exclusively on ice seals.
Bowheads and birds prey upon the abundant zooplankton associated with ice algae. Organic material
released from the ice algae mat and the phytoplankton bloom enriches the floor of the vast Arctic
continental shelves, supporting a benthic community of shellfish and other invertebrates. Unique
among the world's ecosystems, the ice-edge zone moves thousands of kilometers each year, north in
spring as ice melts and south in fall as ice freezes. Walrus, numerous species of seals and cetaceans
such as belugas and narwhals all follow the ice-edge, taking advantage of the ready access to food and
with the pinnipeds using the ice to haul-out, rest, molt and nurse.

Figure 4. (from Gradinger et al. 2004). Schematic representation of the Arctic marine ecosystem and its
interactions.

2.1 Sea ice algae
Sea ice plays a significant role in the biology and ecology of polar marine ecosystems, supporting a
productive community of ice algae (e.g. Horner 1985, Gosselin et al. 1997) and a high diversity of
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heterotrophic organisms6 ranging from bacteria (Riedel et al. 2007a, 2008) to metazoans (reviewed by
Schnack-Schiel 2003). The biology related to sea ice is largely controlled by its physical and chemical
properties (e.g., Gradinger 2002), mainly light availability and nutrient supplies. Ice thickness and snow
cover strongly influence the transmission of photosynthetically active radiation (PAR) through the sea
ice, therefore affecting the growth, production, and biomass of the bottom ice algal communities (Arrigo
2003, Mundy et al. 2005).
In winter, sea ice constitutes a thermal barrier against the cold winter atmosphere which keeps the
interface between the ice and the seawater near the temperature of the warmer seawater (Krembs and
Deming 2006). Algae (diatoms) and protists are found inside the sea ice in brine pockets and a
network of channels and capillaries mostly in the bottom horizon of annually-formed sea ice, which is in
direct contact with the underlying waters. During spring, when light becomes available for
photosynthesis, and throughout the summer, a large biomass of unicellular photosynthetic ice algae
develops within the lowermost sections of the ice (Gradinger et al. 2004, Gradinger 1999,
Weissenberger et al. 1992, Eicken 2003, Poulin et al. 1983, Horner 1985, Gradinger 2002, Carey 1992,
Michel et al. 2002, Schnack-Schiel 2003, Różańska et al. 2008, 2009). These algae occasionally form
long filaments that can extend several meters into the water column (Melosira arctica).
The incorporation of protists into sea ice starts during fall at the time of ice formation (Gradinger and
Ikävalko 1998, Riedel et al. 2007b, Rózanska et al. 2008). The development of these cells in the
bottom ice is very slow in winter, but their numbers increase exponentially in early spring with
increasing solar irradiance and air temperature and decreasing brine salinity to reach a maximum prior
to the melt period, and then decline rapidly in late spring or early summer with ice melting (Hsiao 1980,
Horner 1985, Lavoie et al. 2005, Rózanska et al. 2008).

Figure 5 (from Krembs and Deming 2006). The flourishing life within the briny habitat of sea ice.

6

Organisms that cannot synthesize their own food and depend on complex organic substances for
nutrition. Heterotrophs are known as consumers in food chains and obtain organic carbon by eating
other heterotrophs or autotrophs (organisms that can create their own food using photosynthesis for
example).
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Bluhm and Gradinger (2008) discuss the diversity of ice algae and the ice-associated food web:
So far, more than 200 diatom species (mainly pennate taxa) and more than 70 species
of flagellates are described from Arctic sea ice (Horner 1985). Ice algae contribute 4–
26% to total primary production in seasonally ice-covered waters and more than 50%
in the permanently ice covered central Arctic (Gosselin et al. 1997, Sakshaug 2004;
Fig. 1). Overall, absolute production rates of organic carbon were below 10 g C/yr.
The organic matter produced within the sea ice serves as the base for the iceassociated food web including protozoans and metazoans, e.g., ciliates, rotifers,
copepods, copepod nauplii, nematodes, turbellarians, and, in fast ice, larvae of benthic
polychaetes and gastropods (Horner 1985). Meiofauna abundances decrease from the
nearshore fast ice (up to 350 000 animals/m2) to the deep-sea basin by about three
orders of magnitude (Gradinger and Bluhm 2005, Gradinger et al. 2005). Although a
variety of ice meiofauna and meroplanktic larvae consume ice algae, only a minor
fraction (,10%) of the ice algal production is consumed by sea ice metazoans
(Gradinger et al. 2005).
Gammaridean amphipods, the dominant macrofaunal taxon in the Arctic under-ice habitat, are
the best studied consumers of ice algal production in all parts of the Arctic (e.g., Gradinger and
Bluhm 2004). Several species of amphipods (e.g., Gammaruhe s wilkiztkii, Apherusa glacialis,
Onisimus spp.) are endemic to the multiyear sea ice cover and exploit the ice cover year round,
while benthic species such as Onisimus litoralis are common in nearshore seasonal ice regimes
(Bradstreet and Cross 1982). Under-ice amphipods occur in abundances of 1–1000
individuals/m2 in coastal areas and with, on average, 1–40 individuals/m2 in offshore pack ice
(Gradinger and Bluhm 2004). These under-ice amphipods are an important food source for
Arctic diving birds and Arctic cod (Boreogadus saida) (Bradstreet and Cross 1982) and thereby
provide the link from the food web within the sea ice to the more accessible open water below.
Previous studies have provided a glimpse of the seasonal and regional abundances of ice-associated
biota. However, the biodiversity of these communities is virtually unknown for most groups, from
bacteria to metazoans and many taxa are likely still undiscovered. Methodological problems in
analyzing ice samples hamper the identification of sea-ice biota.7
As grazing pressure is small within the brine channels due to limited access (Krembs et al. 2000)
significant quantities of organic material can accumulate within the ice crystals. Excretions of metabolic
products and debris from dying cells contribute to an increasing pool of organic material (Krembs and
Deming 2006). As the ice melts in summer, this material releases into the water column, where it
contributes to both pelagic and benthic food webs (Krembs and Deming 2006, Bluhm and Gradinger
2008); also the diatom mats sink to the sea floor where they may provide a substantial input to the
benthic system (Thomas et al. 2008).
Some components of this organic pool, however, have been shown to affect the properties of the ice
itself long before it melts (Krembs et al. 2006). Sea ice is sculpted by micro-organisms and seawater,
creating important habitat for ice algae which flourishes within this nutrient-rich skeletal layer or ice
(Krembs and Deming 2006). Zooplankton grazers (such as Gammerus wilkitzkii) which eat algae, seek
food in this algal-rich ice as well as protection from their own predators (Krembs and Deming 2006).
Arctic cod (Boreogadus saida), an important food source for many marine mammals and birds, use the
same habitat as nursery grounds (Krembs and Deming 2006).
Ice algal communities play an important role in polar ecosystems and have a major influence on various
trophic levels of Arctic marine food webs (e.g. Runge and Ingram 1988, Vézina et al. 1997, Fortier et al.
7

The Arctic Ocean Diversity Census of Marine Life is an international collaborative effort that is inventorying
biodiversity in the Arctic sea ice.
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2002). They serve as a main food source for ice-associated and pelagic herbivorous protists (SimeNgando et al. 1997, Michel et al. 2002) and metazoans (Runge and Ingram 1988, Nozais et al. 2001),
contributing significantly to carbon cycling in Arctic regions (Rozanska et al. 2009, Michel et al. 2006).
2.2 Primary Production Rates and Trends
Bluhm and Gradinger (2008) provide primary production rates in the Arctic:
Total primary production rates in the Arctic can exceed values of >100 g C.m-2.yr-1 on the
shelves of the Barents, Chukchi, and Bering Seas (Sakshaug 2004). The highest
production values are encountered on the Bering Shelf, where values are close to 5 g
C.m-2.yr-1 or >500 g C.m-2.yr-1 and are among the highest in the world‘s oceans. These
very high rates reflect the high nutrient concentrations that allow the buildup of
substantial phytoplankton biomass while Arctic shelves with lower nutrient availability
(e.g., northern Barents Sea, East Siberian Sea, Kara Sea) exhibit much lower production
values (15–70 g C/m2; Sakshaug 2004). Primary production rates in the central Arctic
Basin are one order of magnitude (<20 g C.m-2.yr-1) lower than on the shelves (Gosselin
et al. 1997, Sakshaug 2004; Figure 6). Within the ice pack, enhanced primary
production rates were found in polynyas around Greenland, where yearly primary
production estimates range between 20 and 50 g C/ m2.

Figure 6. (from Bluhm and Gradinger 2008). Yearly production estimates for phytoplankton (PP), ice algae (IP),
allochthonous material (AM), zooplankton (ZP), and zoobenthos (ZB) contributing to the organic-carbon pool (OC)
for three different Arctic regions: (a) central Arctic Ocean (from Gosselin et al. 1997 [PP, IP], Klages et al. 2004
[ZB], and Mumm et al. 1998 [ZP]), (b) East Siberian Sea (Petrova et al. 2004), and (c) Barents Sea (Vetrov and
Romankevich 2004). Units used correspond to those in the original data sources. This schematic depicts only
rough estimates to emphasize the different sizes of the boxes in each region.

Studies carried out over the past decade revealed appreciable changes in the qualitative and
quantitative composition of the biota in the Arctic sea ice compared to the composition in the mid-1970s
(Melnikov 2008). The total list of ice algae identified for the period of 1975–1982 comprises 172 taxa
and about 30 species identified in 1997–2008 (Melnikov 2008). The prevalence of sea diatoms was a
significant feature of sea ice phytosynthesis in the 1970s, and their domination greatly decreased in the
past decade, while other groups are growing in importance (Melnikov 2008, 2009). The ice fauna
composition has changed as well. In the 1970s, protozoans and invertebrates as foraminifers,
tintinninids, mites, nematodes, turbellarians, rotifers, copepods, and amphipods inhabited the ice mass
in the 1970s, but were rarely encountered in the past decade (Melnikov 2008, 2009).
2.3 Area of future concerns
Melnikov (2009) provides that the biotic composition of first year (FY) and multi-year (MY) sea ice is
different in structure and function. Under conditions of a stable climate, MY sea ice represents an
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integral ecological system that is stable in time with a constant species composition of the flora and
fauna (Melnikov 1989, Melnikov 2009). The system stability persists due to average equilibrium
thickness supported by summer ice thawing from above and winter compensation ice growth from
below (Melnikov 2008). In contrast, FY ice is a dependent ecosystem that is unstable with time,
affected by complex environmental factors, most significantly by temperature (Melnikov 2009). The
thickness and salinity are main physical factors accentuating differences between MY and FY ice
(Melnikov 2008). MY ice is thicker and fresher than FY ice (Melnikov 2008). In MY ice, the constant
species composition of algae and the invertebrate fauna exist, with benthic-type algae dominating
(Melnikov 2009). In FY ice, the species composition of the ice flora was formed directly from water and
mainly represented by typical planktonic forms making up long chains from cells and mainly evolving in
the lower layer of ice or on its lower surface (Melnikov 1989).
As the proportion of MY ice is decreasing and the share of the FY ice is simultaneously increasing, a
gradual reorganization in the ecosystem of the Arctic Ocean pelagic region is occurring - organic
production by phytoplankton should be growing and the contribution of the sea ice flora should be
decreasing (Melnikov 2009). This is consistent with the findings of Pabi et al. (2008) and Arrigo et al.
(2008) that found annual primary production of phytoplankton increased between1998 and 2007, with
interannual differences most tightly linked to changes in summer sea ice extent, more open water and a
longer phytoplankton growing season. In addition, Rozanska et al. (2009) state that the contribution of
ice algae to total primary production may have changed due to the reduction in sea-ice thickness and
extent over the Arctic Ocean reported during the last 10 years (Comiso et al. 2008). If such a dynamic
continues, over time the marine Arctic regions will gain features of the marine Antarctic regions where
the sea ice cover in the Southern Ocean disappears in summer and reappears in winter (Melnikov
2009). This may result in reorganization of the whole lower trophic structure of the Arctic Ocean and
may affect all higher chains of the trophic structure, including fish, birds and marine mammals
(Melnikov 2009).
The ongoing trends of declining sea ice, earlier ice melt, and increased water temperatures in the Arctic
(ACIA 2004) are highly likely to lead to changes in the sea ice ecosystem, shifting toward a pelagic,
subarctic ecosystem over a geographically larger area (Moline 2008, Bluhm and Gradinger 2008).
Phytoplankton productivity is predicted to increase as light allows utilization of available nutrients
(Moline et al. 2008, Smetacek and Nicol 2005). As a result, mesozooplankton productivity should also
increase, with existing Arctic species meeting increasing competition from subarctic species that are
expanding their range (Moline 2008, Gradinger 1995). According to Bluhm and Gradinger‘s (2008)
conceptual model, the increased consumption of pelagic primary production by pelagic herbivores
enhancing planktivorous fish abundance would increase the prey concentrations for pelagic-feeding
marine mammals such as bowhead whales. Their model proposed that reduced carbon input to the
benthic environment could have the reverse effect for benthic-feeding marine mammals such as walrus
(Bluhm and Gradinger 2008). Also, Arctic marine mammal species currently flexible in their feeding
mode and capable of utilizing both pelagic and benthic prey, such as beluga whales, may be less
affected by the proposed alterations of the food web structure (Bluhm and Gradinger 2008). In the
extreme case of all capable benthic-feeding marine mammal species switching to pelagic feeding,
resource competition might be intensified (Bluhm and Gradinger 2008).
Temporal shifts in the expansion and reduction of sea ice may lead to mismatches with the life histories
of key sea ice organisms (Moline 2008). These links include the timing of increased activity and
reproduction of primary and secondary consumers in anticipation of increased productivity of ice algae
(Moline 2008). If one or more of the links between increased light penetration, higher production by ice
algae, increased activity and breeding of crustacean grazers and predators, and production and feeding
of larval and juvenile Arctic cod fail, then effects may flow through the ice ecosystem assemblage and
on to top predators, such as ringed seals, various bird species and possibly polar bears (Moline 2008).
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3. Arctic cod (Boreogadus saida)
Arctic cod (sometimes referred to as ―polar cod‖) is the most northerly distributed Gadidae species,
occurring north of 60°N from the coast to off-shore waters, in Arctic seas off northern Russia, Alaska,
Canada and Greenland. Arctic cod are most common at the water's surface, but they also occur at
depths below 900 meters, forming very large schools when in ice-free waters. Arctic cod are frequently
observed in close association with fast ice and pack ice year-round, from their larval stage through their
juvenile stages, and they can be found sheltering in brine channels and wedges in the ice (Gradinger
and Bluhm 2004). Resting in the wedges may be a strategy to reduce energetic requirements and
avoid predators (Gradinger and Bluhm 2004). They use the ice as a feeding habitat (Gradinger and
Bluhm 2004) where they consume crustaceans associated with the ice undersurface and the adjacent
water column, primarily amphipods and copepods (Lønne and Gulliksen 1989, Crawford and Jorgenson
1993). Arctic cod spawn under the ice in winter and their buoyant eggs rise to the ice–water interface
(Bouchard and Fortier 2008, Graham and Hop 1995, Ponomarenko 2000). The egg hatch coincides
with the early-summer production of copepod eggs and larval crustaceans, the main prey source for
larvae Arctic cod (Bouchard and Fortier 2008, Graham and Hop 1995, Fortier et al. 1995). In Admiralty
Inlet in the Northwest Territories, Canada, hydroacoustic surveys recorded the highest fish densities
immediately below landfast sea ice (Crawford and Jorgenson 1990). The distributions of fish,
presumably Arctic cod, were associated with layers of zooplankton (Tynan and DeMaster 1997).
Arctic cod is a pivotal species in the Arctic marine food web as it represents the most important trophic
link from lower trophic levels (copepods and under-ice amphipods) to other fish, birds, seals and
whales (Tynan and DeMaster 1997, Bradstreet 1982; Bradstreet et al. 1986; Ainley and DeMaster
1990; Borkin 1990; Welch et al. 1992; Crawford and Jorgenson 1993). In Arctic regions, no other prey
items compare with Arctic cod in abundance and energetic value (Tynan and DeMaster 1997, Finley et
al. 1990). In Lancaster Sound, Canada, alone, marine mammals and birds consume 148,000 metric
tons per year of Arctic cod (Welch et al. 1992). In the Beaufort Sea, many species‘ diets (beluga
whales, ringed seals, ribbon seals, spotted seals, black-legged kittiwakes, glaucous gulls, ivory gulls,
black guillemots, thick-billed murres, northern fulmars, and loons) are comprised of over 50 percent
Arctic cod, and over 90 percent in certain seasons and areas, especially during winter for foraging seals
(Bluhm and Gradinger 2008).
3.1 Abundance and trend
Despite its central role in the Arctic marine food web, there is very little information on its biology in the
central Arctic Ocean or its abundance. In the Alaskan Chukchi and Beaufort Seas, August-September
2008 surveys estimate Arctic cod biomass at 27,122 metric tons (mt) and 15,217 mt respectively,
totaling 42,339 mt (NPFMC 2009).
Decreases in Arctic cod abundance have been recorded and correlated with shrinking ice cover.
Gaston et al. (2003) inferred changes in Arctic cod abundance in northern Hudson Bay by analyzing the
composition of the diet fed to thick-billed murre chicks in northern Hudson Bay since 1981, and
compared those trends to ice cover in Hudson Bay over the same period. Between 1980-82 and 1999,
the percentage of Arctic cod in the diet of thick-billed murre chicks fell from 51.5% to 18.9%, while the
percentage of capelin increased from 6.7% to 41% over the same time period (Gaston et al. 2003). Ice
cover, defined as the extent of ice cover greater than 10% on July 15th of each year, also declined
significantly between 1981 and 1999 (Gaston et al. 2003). Gaston et al. (2003) stated:
We conclude that the trends we observed related to real changes in fish populations,
rather than simply reflecting changes in the accessibility of the fish to murres….Given
the relative ecology of Arctic cod and capelin, the trends that we have identified seem
best explained by changes in the oceanography of northern Hudson Bay, perhaps
driven by temperature increases over recent decades. Our evidence from the diet of
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nestling thick-billed murres suggests that a switch from an Arctic to a Subarctic fish
community occurred from 1997 onwards.
3.2 Area of future concerns
Bouchard and Fortier (2008) suggest that, at least in the short term, the survival of Arctic cod larvae in
the Laptev Sea could be favored by more frequent winter and spring polynyas, leading to enhanced
recruitment, and potentially larger populations (Fortier et al. 2006). They note, however, that different
stages in the life cycle of the species are closely adapted to (and strongly dependent on) sea ice (e.g.
Lønne and Gulliksen 1989, Gradinger and Bluhm 2004). Bouchard and Fortier (2008) conclude that in
the longer term, as sea ice becomes seasonal, a circumpolar generalist species is likely to replace
Arctic cod as the main forage fish of the Arctic Ocean. According to modeling, with warming
temperatures and a retreat of the ice edge of 5 km per year, Arctic cod will be extirpated from most of
its range in 30 years (Cheung et al. 2008).
4. Sea birds
While many bird species seasonally use the Arctic in the summer, relatively few species associate with
sea ice. The ivory gull, thick-billed murre, spectacled eider and king eider are found in and near sea
ice. Their relationship with sea ice is not entirely understood, nor is how sea ice changes will affect
these birds. Each seabird is discussed below.
4.1 Ivory Gull (Pagophila eburnean)
The ivory gull is a seabird which spends the entire year in the High Arctic where it rarely ranges far from
sea ice (Haney and MacDonald 1995). Small, scattered colonies occur in Arctic Canada, Greenland,
Svalbard (Norway), and the northern islands of Russia in the Barents and Kara seas (Blomquist and
Elander 1981). It breeds at high latitudes in the Atlantic sector of the Arctic on coastal or inland cliffs,
up to 300 m high, on nunataks, on broken ice-fields or on bare, level shorelines with low rocks (del
Hoyo et al. 1996, Snow and Perrins 1998). Outside of the breeding season, the ivory gull generally
winters along the southern edge of pack ice in the waters of the North Atlantic Ocean (Davis Strait and
Labrador, Greenland and Barents seas), and the North Pacific Ocean (Bering Sea, Sea of Okhotsk,
and perhaps the Beaufort and Chukchi seas), or at persistent areas of polynyas (Haney and
MacDonald 1995), showing a preference for areas with 70-90% ice cover (del Hoyo et al. 1996). It is
often associated with the edge of ice floes and leads in pack ice, where it feeds on small fish including
juvenile Arctic cod, lanternfish, walleye pollock, squid, mollusks and other invertebrates, and macrozooplankton, such as amphipods and euphausiids (Divoky 1976, Haney and MacDonald 1995, Gjertz et
al. 1985). Ivory gulls also scavenge carrion on the ice and are reported to forage on marine mammal
feces and placenta (Haney and MacDonald 1995). As a fish-eating bird, the ivory gull is believed to be
a visual forager.
4.1.1 Population and trends
The historical estimate of the global breeding population was 14,000 pairs in 1996 (Volkov and de Korte
1996). The current estimate is 8,900-13,500 pairs (Gilchrist et al. 2008, Gilg et al. 2009) (Table 1).
The most recent information on population trend of ivory gulls exists for Canada, Svalbard and Russia.
In Canada, the ivory gull has a highly restricted range, breeding exclusively in Nunavut Territory. Until
recently, the Canadian Arctic was thought to support 20-30% of the entire global breeding population,
and colonies of continental and global importance. However, aerial surveys conducted in 2002-2006
suggest that the Canadian breeding population has declined by 80-85% since the early 1980s, a
decline from 2450 breeding pairs down to 500 breeding pairs. There are fewer ivory gull colonies in the
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Canadian Arctic when compared to the 1980s, and of those colonies that still exist, they support fewer
birds (Gilchrist and Mallory 2005; Robertson et al. 2007).
In Svalbard, the breeding population has been thought to be in decline during the last century
Birkenmajer 1969, Bakken and Tertitski 2000). Previously occupied large colonies in the north-eastern
part of the archipelago have not been used for decades, and few new colonies have been discovered.
Surveys conducted in 2006-2007 show a population numbering between 350 to 500 breeding pairs and
confirm that few of the known colonies are still being used, and those colonies that still exist, support
fewer birds (Strøm et al. 2008). While the total population is smaller than previously estimated, the full
extent of the population decline is difficult to assess because of the lack of historical data.
Surveys conducted in the Russian Arctic in 2006 and 2007 indicate stable populations in some key
colonies and no signs of a general decline, but rather considerable annual fluctuations in the numbers
of breeding birds.
Gilg et al. (2009) estimated the ivory gull population size in Greenland as 1,800 adult birds ( 25%),
based on a review of published sources, an extensive recent survey from 2003 to 2008, and coupled
satellite monitoring and aerial surveys. This estimate is twice what Gilchrist et al. (2008) reported in the
table below. However, Gilg et al.‘s estimate is considered a minimum and the actual figure is probably
>4,000 adult birds (i.e. >2,000 pairs) since all colonies have not yet been discovered and since only
50% or less of the breeding birds are usually present in the colonies at the time the surveys occur (Gilg
et al. 2009). Although the new estimate is four to eight times higher than the previous estimate, ivory
gulls seem to be declining in the south of its Greenland breeding range, while in North Greenland the
trends are unclear and unpredictable (Gilg et al. 2009).
Table 1. Ivory Gull population estimates and trends from International Ivory Cull Conservation Strategy and Action
Plan (Gilchrist et al. 2008).
Country

Region

Historical
estimate

Canada

Seymour
Island
Baffin
Island
Ellesemere/
Devon
Islands
East and
North
coasts

170 pairs

Greenland

280-290
pairs
450 pairs

Historical
survey
period
1970-early
1980s
1970-early
1980s
1970-early
1980s

Current
estimate

Unknown

Norway

Svalbard

Unknown

Russia

Victoria
Island

100-750
pairs

1960s-1995

17

No. of
occupied
colonies
Stable

Population
Trend

60-71 pairs

Recent
survey
period
2004-2006

0-26 pairs

2004-2006

Decline

Decline

225 pairs

2004-2006

Decline

Decline

400-500
pairs

1978-2004

Uncertain

Uncertain

*Gilg et al.
2009 now
estimates
at least 900
pairs (and
up to 2000
pairs)

*20032008 (Gilg
et al.
2009)

*35? (Gilg
et al. 2009)

350- 500
pairs

2006,
2007

Decline

0 pairs

2001,
2004,
2006

Decline

*Declining in
southern
breeding
range
*Uncertain
in northern
breeding
range (Gilg
et al. 2009)
Declined
since 1900.
After 1970
trend
uncertain
Decline

Decline

Franz Josef
Land
Severnaya
Zemlya
Sedov
Archipelago
Vize Island,
Kara Sea
Troinoy
Island,
Kara Sea
Other
islands of
the Kara
Sea
Global
estimate

Few 1000
Birds
Unknown

1980s

Ca. 100 –
1100 pairs
180 pairs

19311996

100–800
pairs

1992–1995

1996

Unknown

14000
pairs

> 1000
pairs
min 2000

2006-2007

Stable

2007

Stable

1890–2000
pairs
200–1000
pairs
> 200 pairs

2006–
2007
2005 –
2007
2006

Stable

Unknown

1996

8000 11500
pairs
*890013500
pairs (Gilg
et al. 2009)

Stable
Stable
Unknown

Fluctuating,
no trend
Fluctuating,
no trend
Fluctuating,
no trend
Fluctuating,
no trend
Fluctuating,
no trend
Unknown

2008

4.1.2 Area of future concerns
Ivory gulls are thought to be declining due to changes in conditions on its staging or wintering grounds
such as more severe winters and changing sea-ice distribution and thickness (Birdlife International
2009, Gilchrist and Mallory 2005, Haney and Macdonald 2003). Some studies have found that
reproduction in polar marine birds varies in response to annual ice conditions (e.g., Gaston and Hipfner
1998, Barbraud and Weimerskirch 2001, Jenouvrier et al. 2003, Gaston et al. 2005). Conditions on
North Atlantic wintering grounds of thick-billed murres (Uria lomvia), which may be similar with that of
the ivory gull, can influence the numbers of birds returning to breeding colonies synchronously, even
though breeding colonies may be distant from each other and experience different climatic conditions
during the murre breeding season (Gilchrist et al. 2008).
Given the ivory gull‘s strong and year-round association with pack ice, it is possible that some largescale ecological perturbation, such as a change in the extent or thickness of ice cover, has caused a
serious degradation of their foraging and wintering habitat in Baffin Bay and Davis Strait (Gilchrist et al.
2008). Moline et al. (2008) suggest that the changing ice may be making ivory gulls vulnerable to being
preyed upon. The ivory gull nests on nunataks, islands of bedrock surrounded by rough pack ice. As
the ice around the nunataks smooths, or disappears altogether, nunataks no longer afford protection
from predators, such as the Arctic fox (Krajick 2003, Moline et al. 2008). Their wintering grounds,
thought to be between Greenland and Canada, may also be undergoing major change; the sea ice in
this area has actually increased since the 1950s, and may be depriving the gull of crucial ice edges
needed to get at its prey (Krajick 2003, Moline et al. 2008).
Ivory gulls forage in the sea ice year round, relying on visual prey detection. Thus, if winter sea ice
retreats to the north where the days are shorter, the ivory gull will have less time available to forage
each day. However, no data exists to establish a causative relationship between sea ice changes and
ivory gull declines and further studies on the potential effect of decreasing sea ice on ivory gulls are
required (Gilchrist et al. 2008).
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4.2 Thick-billed murre (Uria lomvia)
The thick-billed murre, also known as the Brünnich's Guillemot, is an Arctic seabird that is associated
with areas of seasonal and sometimes extensive sea-ice cover (Irons et al. 2008) and occurs mostly in
Arctic waters in the winter (Gaston and Gilchrist 2009). The world population of the thick-billed murre
breeds totally within the Arctic region – in the United States, Canada, Greenland, Iceland, Jan Mayen,
Svalbard, mainland Norway, and Russia (CAFF 2004). They breed in very large colonies of up to 1
million birds on mainland cliffs or offshore islands, returning annually to the same breeding sites
(Gaston and Gilchrist 2009). Murres dive regularly to depths >100 m, reaching a maximum depth of
~150 m. Their diving capacity, when combined with their typical foraging radius of up to100 km from
the colony, means that murres sample a relatively large volume of the marine environment around their
colonies (Falk et al. 2000, Elliott et al. 2008). In the north Atlantic, Arctic cod (Boreogadus saida) and
sculpins (Cottidae) are important prey items of thick-billed murres in the high Arctic areas, while capelin
(Mallotus villosus) and gadoid species such as Atlantic cod (Gadus morhua) dominate their diet in the
low Arctic (Irons et al. 2008).
Laidre et al. (2008a) examined the relationship between population size of thick-billed murre breeding
colonies and year-to-year variation in sea ice break-up to understand how large-scale latitudinal
gradients influence Arctic sea bird colony size. They quantified spring-time trends in sea ice recession
around each of 46 current and historical thick-billed murre colonies in west Greenland across a 20°
latitudinal gradient and investigated the magnitude and timing of the associated spring-time primary
production. The arrival at the breeding colonies was strongly correlated with latitude in all areas,
suggesting that the timing of ice break-up is an important determining factor in when birds begin to
breed (Laidre et al. 2008a). Their results show that thick-billed murres at high latitudes depend on the
strict development of primary production and the predictable peak of this event offers reliable and
abundant ice-related foraging opportunities, ultimately supporting large colonies. Birds at lower
latitudes, where little to no sea ice is present or where ice recession is more variable, experience a
greater variability in the timing of the primary production bloom and greater dispersal of prey resources.
Laidre et al. (2008a) suggest that larger colonies can be supported at high Arctic latitudes, where the
overall fraction of open water may be lower than subarctic latitudes yet the predictability of primary
production bloom is high. Abundant and reliable food concentrations near the colonies in the entire
breeding season are necessary for the large colonies located in the high Arctic where the adults forage
to feed chicks (Falk et al. 2002). Furthermore, as thick-billed murres produce a single egg, the quality
and quantity of food delivered to the chick by the parents has a large effect on reproductive success
(Durant et al. 2006).
4.2.1 Population and trends
The world population of thick-billed murres is estimated at ca. 6.8 million breeding pairs (Nettleship and
Evans 1985), of which ca. 75% are in the Atlantic region (Gaston and Jones 1998) (CAFF 2004).
Thick-billed murres have shown substantial variation in regional population trends since the 1970s
(Gaston and Gilchrist 2009). Trends in the North Pacific and Northwest Atlantic have been generally
positive when trends in the European Arctic were negative and vice versa (Irons et al. 2008). Studies
by the Seabird Working Group of CAFF demonstrate the sensitivity of murre populations on a
hemispheric scale to changes in environmental conditions. By combining population trend data from
around the Arctic with information on surface sea temperature (SST) and decadal-scale oscillations,
Irons et al. (2008) showed that thick-billed murres, along with the more sub-Arctic common murres,
tended to show negative population trends where there was a large change in SST. A comparison of
the period from 1977-1989, when SST in the North Pacific were generally above normal and those in
the Northeast Atlantic generally below normal, with the period from 1989-1999 when the situation
reversed, showed that populations in the North Pacific were generally decreasing during the earlier
decade and increasing subsequently (Irons et al. 2008). Conversely, those in the eastern Atlantic
showed more variable trends. However, several European colonies were affected by widespread
collapse of fish stocks in the 1980s (Vader et al. 1990). Those European colonies not affected by fish-
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stock collapses mostly increased up to 1989, but increases were less general between 1989-1999.
Only a few colonies, principally those in the eastern Canadian Arctic, have shown consistent increases
in population and no colonies have shown persistent downward trends (C-bird unpubl. data, Gaston
and Gilchrist 2009). Subsequent to 1999, regional trends have been less clear (Gaston and Gilchrist
2009). Populations of both species in the Barents Sea have begun to recover from earlier declines
related to fish stock collapse (Barrett et al. 2006). Those in Alaska and in the Canadian Arctic have
been stable overall since the 1990s (Dragoo et al. 2008, Gaston et al. in press).
Irons et al. (2008) found that colony growth was most often positive where conditions remained
relatively stable. More specifically, thick-billed murres exhibited highest population growth where
conditions warmed moderately (Irons et al. 2008). This result suggests that not only the direction but
the magnitude of change may be important in determining outcomes for murre populations (Irons et al.
2008).
4.2.2 Concerns for the Future
Although thick-billed murres are currently abundant, with few populations showing cause for alarm,
some suggest that climate change will pose a future problem and range contraction appears likely in
the longer-term (Gaston and Gilchrist 2009, Gaston et al. 2005). Dates for egg-laying advanced with
the earlier disappearance of ice (Gaston et al. 2005). In northern Hudson Bay in low Arctic waters, the
growth of chicks is slower in years when ice break-up is early relative to egg-laying by the murres,
suggesting that reduction in summer ice extent is having a negative effect on reproduction (Gaston et
al. 2005). Conversely, at Prince Leopold Island in the High Arctic, there has been no trend in summer
ice cover and no detectable change in timing of breeding (Gaston et al. 2005). Reproduction there is
less successful in years of late ice than in years of early ice break-up. According to Gaston et al.
(2005), current trends suggest that continued warming should benefit birds breeding on the northern
limit of the species range, while adversely affecting reproduction for those on the southern margin. The
probable result will be an eventual northward displacement of the population. However, the species
may be adaptable as populations at the southern edge of their range switched from feeding on iceassociated Arctic cod to warmer-water capelin (Gaston et al. 2003) as ice break-up became earlier.
In 1997-99, mosquitoes and heat from high maximum daily temperatures killed some breeding thickbilled murres at Coats Island in Canada (Gaston et al. 2002). Gaston et al. (2002) note that the dates
of first appearance and peak abundance of mosquitoes at Coats Island have advanced since the mid1980s, perhaps in response to ongoing climate change. They suggest that thick-billed murres have not
had time to adjust their behavior to the resulting changes in the timing of peak mosquito parasitism
which has resulted in adult mortality and egg loss.
4.3. Eiders - Spectacled Eider (Somateria fischeri) and King Eider (Somateria spectabilis)
Spectacled eiders and king eiders are large sea ducks that occur and breed in the Arctic. Both species
of eiders associate with offshore dense pack ice in the winter, although in different parts of the Arctic.
The spectacled eider breeds primarily in three locations: the Yukon-Kuskokwim Delta (Y-K Delta), the
North Slope, and Arctic Russia (USFWS 1996) and are present on breeding grounds from mid-May
through mid-September (USFWS 2001). Their winter habitat was discovered in 1999 with the primary
wintering area in the central Bering Sea south and southwest of St. Lawrence Island (Petersen et al.
1999). Once ice forms, spectacled eiders from all three main breeding populations concentrate within a
50-km (27.0 nm) diameter circle in small openings in the sea ice (Figure 7) (USFWS 2001). Their late
winter location appears to move with annual ice coverage as the birds search for open water; when ice
cover is extensive, dense flocks of many thousands of eiders gather in small ice-free openings
(Petersen et al. 1999). While at sea, they appear to be primarily bottom feeders, eating clams,
mollusks and crustaceans at depths of up to 70 meters in the wintering area (USFWS 2001, Lavvorn et
al. 2003).
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Figure 7. USFWS Spectacled Eider Range Map (http://alaska.fws.gov/media/SpecEider_FactSheet.htm)

King eiders are migratory sea ducks that breed in the circumpolar Arctic northeast of North America,
northeast Europe and Asia in summer in Arctic tundra and winter at sea. There are two major molting
and wintering areas for king eiders (CAFF 1997). In western North America, the king eider winters in
the Bering Sea after staging in the Chukchi Sea and breeding in Siberia and western North America
(Oppel et al. 2009, Phillips et al. 2006). In eastern North America, king eiders from Canada and
Greenland winter primarily at sea along the coasts of Labrador and Newfoundland with large numbers
molting, staging and wintering in West Greenland (Salomonsen 1968, Frimer 1995, Lyngs 2003,
Mosbech and Boertmann 1999, Mosbech et al. 2006). An estimated 300,000 king eiders winter in West
Greenland (Mosbech and Johnson 1999). Along the southwest coast of Greenland in the eastern
Davis Strait (62-67ºN), there are large areas with open water and open drift ice all year round. The
area is called the South-west Greenland Open Water Area, and is a very important wintering area for
eiders (Boertmann et al. 2004). King eiders are found in large flock sizes of up to 25,000 individuals
(Mosbech et al. 2006). They dive in deep offshore waters to feed on polychaetes, echinoderms,
crustaceans and molluscs (Merkel et al. 2007).
The presence and dynamic nature of ice in the core wintering area may decrease total energy costs of
both eider species (Petersen et al. 1999, Mosbech et al. 2006). The eiders may lower daily
maintenance costs by roosting on the ice in winter because the energetic cost is great from complete
contact with the water such as when diving (Petersen et al. 1999, Mosbech et al. 2006). In addition, the
ice pack may dampen the effects of winter storms as wave height in the ice pack is lower than in open
waters (Divoky 1981), allowing birds to feed in conditions that otherwise might be considered severe
(Petersen et al. 1999, Mosbech et al. 2006).
4.3.1 Population and trends
The entire spectacled eider wintering population, and perhaps the worldwide population is estimated
conservatively at 374,792 birds (USFWS 2001). Less than 10% breed in North America with the
remainder of the world population breeding in Arctic Russia. The status of spectacled eider populations
in Arctic Russia is unknown. The breeding distribution of the Arctic Russia population (uncorrected for
visibility) was estimated to be in excess of 140,000 birds (Hodges and Eldridge 1995). In North
America, about 4,744 907 pairs nest on the North Slope of Alaska (Larned et al. 1999) and about
3,500–4,000 breeding pairs nest on the Y-K Delta. The population trend for the Y-K Delta nesting
population can be characterized as stable to slightly increasing from 1991 – 2001, the year when U.S.
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Fish and Wildlife Service designated critical habitat for the species. Based on USFWS survey data, the
North Slope breeding population does not show a significant decline throughout most of the 1990s, but
a downward trend of 2.6 percent per year (USFWS 2001). USFWS does not know the size of the nonbreeding segment of any population (USFWS 2001).
Over the past 30 years, king eider numbers surveyed on breeding (Dickson et al. 1997, Gratto-Trevor
et al. 1998, Raven and Dickson 2006), molting, and wintering grounds (Frimer 1995, Mosbech and
Boertmann 1999), and during migration have declined substantially (Suydam et al. 2000, Dickson and
Gilchrist 2001). From surveys done off Point Barrow in the Beaufort Sea, king eider population
appeared to remain stable between 1953 and 1976 but declined by 56% from approximately 802,556
birds in 1976 to about 350,835 in 1996 (Suydam et al. 2000). Reasons for the declines are unknown.
Surveys of molting areas in West Greenland show 50% declines over the last 40 years (Mehl et al.
2005, Mosbech and Boertmann 1999) and the Rasmussen Lowlands breeding area in Canada (GrattoTrevor et al. 1998) indicate a decreasing population size (Mosbech et al. 2006).
4.3.2 Area of future concerns
It is difficult to project how spectacled eiders will respond to changing Arctic conditions because little is
known about spectacled eider habitat use and survival away from breeding areas. Scientists are
studying whether migratory timing, molting and wintering locations have changed compared to a
previous satellite telemetry study conducted from 1993-1996 (Sexson et al. 2010). Between 2008 and
2009, USGS researchers marked 66 birds with implantable satellite transmitters at breeding sites in the
Yukon‐Kuskokwim Delta in western Alaska, and in the Colville River Delta and at Peard Bay in northern
Alaska (Sexson et al. 2010). To date, their data suggest that adults are molting in the same areas as
identified previously as well as using these areas for spring staging (Sexson et al. 2010). In addition,
adults used the same wintering area in the northern Bering Sea, with males arriving and departing
within the same time periods as identified in the previous study (Sexson et al. 2010). However, in
western and northern Alaska, females that had failed nesting attempts departed breeding areas 11
days later and 5 days earlier, respectively, than median departure dates in the mid‐1990s (Sexson et al.
2010). Transmitters that will be deployed in 2010 will provide additional data to future analysis.
Based on analyses of two indices spanning 1957–2002 and 1988–2002, Petersen and Douglas (2004)
did not identify the single environmental parameter that explained the precipitous decline in nesting
spectacled eider populations in western Alaska. In general, researchers found that the number of days
with extreme sea ice in winter, extreme winds, and winds in spring explained the greatest variability in
annual indices. These analyses support the conclusion that annual population estimates on the
breeding grounds can be negatively impacted by extended periods of dense sea-ice concentration and
weather during the previous winter (Petersen and Douglas 2004). Thus it is possible that heavy ice
years in the Bering Sea negatively correlate with reduced abundance estimates of spectacled eiders.
Oppel et al. (2008) identified three distinct wintering regions for king eiders in the Bering Sea that were
several hundred km apart, among which no movements occurred from late December until April. The
onset of spring migration was earlier for birds wintering farther south, but arrival time on breeding
grounds was not correlated with wintering latitude. They concluded that high plasticity in migratory traits
may render king eiders more likely to respond to environmental shifts than sea duck species that show
stronger migratory connectivity (Oppel et al. 2008).
5. Marine Mammals
Moore and Huntington (2008) categorize Arctic marine mammals as:
‗‗ice-obligate‘‘ for species reliant on sea ice as a platform for resting, breeding, and/or hunting
(polar bear, walrus, bearded seal and ringed seal);

22

‗ice-associated‘‘ for species associated with sea ice and adapted to the marine ecosystem of
which ice is a key part (beluga whale, bowhead whale, narwhal, hooded seal, harp seal, spotted
seal, ribbon seal); and
―seasonally migrant‘‘ species that by their movements encounter sea ice (fin whale, humpback
whale, minke whale, killer whale, gray whale).
Laidre et al. (2008) provides the importance of different sea ice habitat and its associated biotic
features for the seven marine mammal species discussed in this paper, as well as for four additional ice
seal species in Table 2.
Table 2. (Laidre et al. 2008) Importance of physical and biotic Arctic habitat features for primary Arctic marine
mammal species (X = used; XX = important; XXX= critical).
Habitat
Physical features
Shore-fast ice
Loose annual pack
ice
Dense annual
pack ice
Multiyear pack ice
Shear zones/leads
Polynyas
Open water
Shallow water/
continental shelf
Shelf break
Deep ocean
basins
Estuaries/lagoons/
Fjords
Land haul-outs
Land denning
areas
Biotic features
Macroplankton
/nekton
Macrobenthos
Midwater fish
(polar/Arctic cod)
Benthic fish
Marine mammals
as prey
Interactions
Pack ice / open
water (ice edge)
Pack ice /
continental shelf
Polynya / shallow
water

Beluga
Whale

Narwhal

Bowhead
Whale

Ringed
Seal

Bearded
Seal

XXX

X

X

XXX
XX

X
XX

XXX

XX

XX

XXX

XX
XX
XX
XXX

X
XX
XXX
XX
XXX
XX
XXX

XX
XXX
XXX

X

XXX

Walrus

Polar
Bear

Harp
Seal

Hooded
Seal

Spotted
Seal

Ribbon
Seal

XX

XXX
XX

XX

XX

XX

XXX

XXX

XXX

XXX

XXX

XX

X

X

X
X
X
X
X

X
XX

XX
XX
XXX
XX

XXX

XX

X
X
XX
XX
XXX

XX
XX

XX
XX

X
X

XX

XXX

XX

XX
X

XX
XXX

X
X

XXX
X

XXX

XX
XXX

XXX

XX

XX

X
XXX

X

X
XXX

XXX
X

X

XXX

X

XX

XXX

X
XX

XX

X
XXX

X

X

XX

X
XXX

X
XX

XXX

X

XX

XX

XX

XX

XX

XXX

XX
X

XX

XX

XXX

XXX

XX

X

5.1 Population and trends
Very few species of marine mammals have been studied anywhere in the Arctic for long enough to
allow an assessment of the possible effects of long-term environmental fluctuations, including climate
warming, on population size and demographic parameters (Laidre et al. 2008). The Arctic Report Card,
Update for 2009 (Richter-Menge and Overland 2009) chapter on marine mammals (Simpkins 2009)
includes a table of the current abundance and trends of many Arctic marine mammal populations.
Table 3 summarizes current knowledge regarding the abundance and trends of these species.8
8

Following the general discussion of marine mammals are species-specific discussions for animals which are
found generally in the Arctic year round: ringed seal, bearded seal, polar bear, walrus, narwhal, beluga whale
and bowhead whale. For selected species, there is additional discussion of population and trends if additional
information became available after the publication of the Table 3 from Simpkins (2009).
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Unfortunately, abundance estimates are not available for one or more populations of most species, and
trends are unknown for even more populations. Further, some of the available estimates are outdated
as they are based on data from the 1990s or earlier. Also, those species with sufficient data exhibit
mixed population trends, with some populations of each species increasing while others are stable or
declining. The available data are not sufficient for an analysis of trends by region (e.g., to highlight
regions within which populations of several species are all increasing or all declining). However, it is
likely that different species within a region will exhibit different trends because they occupy very
different ecological niches, ranging from the bowhead whale that filters zooplankton out of the water to
the polar bear that hunts seals on the sea ice. Sea ice extent, concentration and thickness differ
between regions and interannually, further complicating the projection of trends.
Table 3 (Simpkins 2009). Current abundance and trends of Arctic marine mammal species. Information on abundance, trends, and
most recent data (year) are summarized by biological stock, except for ringed seals, bearded seals, and walruses, whose stock
structure is unknown (see table footnotes). Where abundance estimates have been updated since the publication of Simpkins (2009),
they have been noted in the table with an *.
Species
Stock
Abundance
Year
Trend
Citation(s)
Bowhead whale
Bering-Chukchi-Beaufort
10,500
2001
increasing
George et al. 2004
Seas
E. Canada-W. Greenland
6,300 2002-2004
increasing
IWC 2008, HeideJørgensen et al. 2007
W. Greenland

*1229

*2006
*NAMMCO 2009

Beluga whale

Spitsbergen
Okhotsk Sea
Cook Inlet
Eastern Bering Sea

unknown
<400
380
18,100

—
1979
2007
2000

unknown
unknown
Stable
unknown

Bristol Bay
Eastern Chukchi Sea
Eastern Beaufort Sea
Foxe Basin
Western Hudson Bay
Southern Hudson Bay
James Bay
St. Lawrence River
Eastern Hudson Bay
Ungava Bay
Cumberland Sound

3,300
2005
3,700 1989-1991
39,300
1992
1,000
1983
57,300
2004
1,300
1987
4,000
2004
1,200
2005
4,300
2004
<50
2007
1,500
1999

increasing
unknown
unknown
unknown
unknown
unknown
unknown
Stable
declining
unknown
increasing

E. High Arctic-Baffin Bay
West Greenland

21,200
1996
7,900 1998-1999

Stable
unknown

*10,600

*2006

*increasing

*2008

*2009

*unknown

Rugh et al. 2003
Rugh et al. 2003
Angliss and Allen 2009
Angliss and Outlaw
2005
Angliss and Allen 2009
Angliss and Allen 2009
Angliss and Allen 2009
Richard et al. 1990
Richard 2005
COSEWIC 2004a
Gosselin 2005
Gosselin et al. 2007
Hammill et al. 2005
Hammill 2004
Department of Fisheries
and Oceans 2002
Innes et al. 2002
Heide-Jørgensen and
Aquarone 2002
*NAMMCO 2009

Greenland - North Water

*NAMMCO 2009

Narwhal

3 stocks in Okhotsk Sea
11 additional stocks
Canadian High Arctic

Northern Hudson Bay
West Greenland

18-20,000
1987
unknown
—
>60,000 2002-2004

unknown
unknown
unknown

3,500
2000
2,000 1998-1999

unknown
unknown
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IWC 2000
Richard et al.
*NAMMCO 2009
COSEWIC 2004b
NAMMCO 2005, HeideJørgensen 2004,
*NAMMCO 2009

Inglefield Bredning
Melville Bay
East Greenland

Ringed seal

a

Bearded seal

Walrus

c

b

*7,819
*8447
*6,235
>1,000

*2006-2008
*2006-2008
*2006-2008
1980-1984

*unknown
*unknown
*unknown
*unknown

*6,583 *2006-2008

*unknown

Arctic subspecies
Baltic Sea subspecies
Lake Saimaa subspecies

~2.5 million
5,000-8,000
280

1970s
1990s
2005

Lake Ladoga subspecies
Okhotsk Sea subspecies
Bering-Chukchi Seas
Canadian waters
Atlantic and Russian Arctic
Okhotsk Sea
Bering-Chukchi Seas
Atlantic subspecies

3,000-5,000
2001
>800,000
1971
250-300,000
1970s
190,000 1958-1979
unknown
—
200-250,000 1968-1969
*129,000
*2006
18-20,000
2006

E. Greenland

*1429

*2009

W. Greenland

*3240

*2008

unknown
Mixed
increasing
unknown
unknown
unknown
unknown
unknown
unknown
unknown
mixed

*NAMMCO 2009
*NAMMCO 2009
NAMMCO. 2005, Gjertz
1991
*NAMMCO 2009
Miyazaki 2002
Karlsson et al. 2007
Sipilä and Kokkonen
2008
Agafonova et al. 2007
Miyazaki 2002
Fedoseev 2000
Cleator 1996
Fedoseev 2000
*USFWS 2010c
Witting and Born 2005,
Lydersen et al. 2008,
COSEWIC 2006,
NAMMCO
*NAMMCO 2010 (in
press)

Greenland - North Water
*2676
*2008
Laptev Sea
4,000-5,000
1982
unknown
Fay 1982
Other regions
Unknown
—
unknown
d
Polar bear
Chukchi Sea
2,000
1993
unknown
Aars et al. 2006
Southern Beaufort Sea
1,500
2006
declining
Aars et al. 2006
Northern
Beaufort
Sea
1,200
1986
Stable
Aars et al. 2006
*see polar bear
section below for
Viscount Melville Sound
220
1992
increasing
Aars et al. 2006
table of updated
McClintock Channel
280
2000
increasing
Aars et al. 2006
2009 trends from Norwegian Bay
190
1998
declining
Aars et al. 2006
IUCN PBSG
Lancaster Sound
2,500
1998
Stable
Aars et al. 2006
Gulf of Boothia
1,500
2000
Stable
Aars et al. 2006
a
Ringed seal stock structure unknown; information summarized for five recognized subspecies.
b
Bearded seal stock structure unknown; information summarized for geographic regions.
c
Walrus stock structure unknown; information summarized for Atlantic subspecies and geographic regions for Pacific subspecies.
d
Recent analysis of genetic, ecological and life history data from Canadian polar bears suggests that their stock structure may need to
be revised (Thiemann et al. 2008).

5.1.1 Area of future concerns
Moore and Huntington (2008) provide a conceptual model of the potential impacts of climate change to
Arctic marine mammals based on the gain or loss of sea ice (Figure 8). Fitness for ice-obligate species
is positively correlated to sea ice; increases in the seasonal and temporal extent and thickness of sea
ice generally have a positive effect on populations (Laidre et al. 2008). Moore and Huntington (2008)
anticipate decreases in sea ice to have a negative effect on ice-associated species, except perhaps
through reduced risk of ice entrapment (Laidre and Heide-Jorgensen 2005), due to their adaptation to
existing trophic regimes. They note that harp, hooded, ribbon, and spotted seals are ice associated
species for the purpose of the conceptual model due to their reliance on sea ice for whelping (Reeves
et al. 1992, Johnston et al. 2005). Finally, the five seasonally migrant cetacean species are likely to
benefit from net loss in sea ice, due to greater access to a pelagic-dominated ecosystem (Moore and
Huntington 2008).
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Figure 8. (from Moore and Huntington 2008). A conceptual model of sea ice impacts on ice-obligate, iceassociated, and seasonally migrant marine mammal species: positive impacts are indicated by circled plus signs;
negative impacts by circled minus signs. Dashed lines indicate uncertainty regarding potential impact of sea ice
gain or loss for ice-associated species. Anticipated changes in benthic and pelagic community productivity are as
presented in Bluhm and Gradinger (2008); anticipated change in human subsistence and commercial activities
are as presented in Hovelsrud et al. (2008) (Moore and Huntington 2008).

Laidre et al. (2008) found few quantified studies that clearly demonstrate a direct relationship between
ecological changes caused by climate warming and responses of individual species of Arctic marine
mammals. There are, however, case studies in the scientific literature that have detected and
quantified specific biological, physiological, or ecological effects of changing climate (Laidre et al.
2008). The 2009 Arctic Report Card summarizes some of the currently observed impacts and projects
others (Simpkins 2009). Reduced sea ice has already been implicated in lower body condition and
reduced survival of polar bears in western Hudson Bay, and similar impacts are likely elsewhere as sea
ice breaks up earlier and bears are forced to fast on shore longer (Stirling et al. 1999, Regehr et al.
2007). The record sea ice retreat of 2007 caused Pacific walruses to haul out along the shores of
Alaska and Russia in unusually large numbers and in new locations (Jay and Fischbach 2008). The
immediate impact of this redistribution was an increase in trampling deaths as walruses on shore
stampeded in response to terrestrial disturbances (Jay and Fischbach 2008).
Similar shifts in the seasonal distribution of all Arctic marine mammals are likely (Simpkins 2009).
Species ranges are generally expected to shift northward to inhabit areas within their preferred
metabolic temperature tolerances because conditions at the southern limits of their previous distribution
will no longer meet their ecological needs (Laidre et al. 2008, Simpkins et al. 2007). For example,
species that are strongly tied to sea ice habitats, such as the polar bear and ringed seal, may be limited
in the future to areas with sea ice refugia (e.g., summer sea ice is predicted to persist longer in the
Canadian Arctic Archipelago than elsewhere (Overland and Wang 2007)). Sub-Arctic or migratory
species may be able to access areas where sea ice had previously excluded them (e.g. gray whales)
(Moore 2008) with potential for increases in disease, predation, and competition for food (Laidre et al.
2008, Moore and Huntington 2008, Simpkins et al. 2007). Further, species or populations that either
migrate with the sea ice edge or travel to the ice edge from coastal areas may have to travel farther and
expend more energy as the summer sea ice edge retreats farther from the coast and from the location
of the winter ice edge (Freitas et al. 2008, Durner et al. 2009a). It has been suggested that increased
variability in sea ice and weather conditions could result in more frequent ice entrapments of narwhals
and belugas (Heide-Jørgensen and Laidre 2004, Laidre and Heide-Jørgensen 2005). Further, changes
in the seasonality of ice retreat could result in changes in the timing and location of phytoplankton
blooms (e.g., associated with the melting ice edge or in open water following ice retreat), which in turn
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could influence both the total amount of primary production and the allocation of that production among
pelagic and benthic food webs (Bluhm and Gradinger 2008).
A serious impact of climate change on marine mammals may not come directly from the effects of
weather conditions, but rather indirectly from the role that regional warming, reduced sea ice and more
open water play in changing human activities (Reeves 2009). In many regions, there will be
opportunities for increased commercial shipping, coastal development, tourism, fishing, oil, gas and
mineral exploration and development (Simpkins 2009) but less stable platforms for subsistence hunting
(Moore and Huntington 2008). Such activities pose additional risks to Arctic marine ecosystems and
marine mammals by increasing noise, entanglement risk, disturbance, contaminants, ship strikes,
competition for prey, introduction of disease, and loss of essential habitat (Simpkins et al. 2007).
However, not all changes are predicted to have negative impacts. Bowhead whales might benefit from
any increased productivity that might be associated with more open water in their current summer
foraging habitats (Moore and Laidre 2006). Milder winters can result in less ice entrapments for
narwhals and belugas. For example, in West Greenland, ―no ice entrapments of belugas have been
observed since 1990, which suggest a reduction in large-scale natural mortality events‖ (HeideJørgensen et al).
The following sections discuss seven marine mammal species that are present in the Arctic year-round
and depend or associate with sea ice for life functions - polar bear, ringed seal, bearded seal, walrus,
narwhal, beluga whale and bowhead whale (Laidre et al. 2008, Ragen et al. 2008, Moore and
Huntington 2008).
5.2 Polar bear (Ursus maritimus)

Figure. 9. (from USFWS 1009b) Polar bears occur throughout the circumpolar Arctic and are recognized as 19
populations based on movement patterns, genetics, and ecology.

There are nineteen relatively discrete polar bear subpopulations distributed throughout the ice-covered
waters of the circumpolar Arctic9 (Fig. 9) (Aars et al. 2006, Stirling 1988). They rely on sea ice as their
9

There is uncertainty about the discreteness of the less studied subpopulations, particularly in the Russian Arctic
and neighboring areas, due to very restricted data on live capture and tagging.

27

primary habitat and are uniquely adapted to life in a sea ice environment: (1) white pelage with waterrepellent guard hairs and dense under-fur; (2) a short, furred snout that minimizes heat loss to the
environment; (3) small ears with reduced surface area; (4) teeth specialized for a carnivorous rather
than an omnivorous diet; (5) feet with tiny papillae on the underside, which increase traction on ice; (6)
large, paddle-like feet; and (7) short claws that are strongly curved to provide traction on the ice and
catch and hold its prey (Stirling 1988, Amstrup 2003).
They depend fundamentally upon sea ice as a platform for hunting seals, resting, traveling, finding
mates, breeding and sometimes for maternal denning (USFWS 2010a,b, Stirling and Derocher 1993).
Although ringed seals and to a lesser extent bearded seals are their primary prey, polar bears
occasionally take much larger animals, such as walruses, narwhal, and beluga whales (Kiliaan and
Stirling 1978, Smith 1980, 1985, Lowry et al. 1987, Calvert and Stirling 1990, Smith and Sjare 1990). In
some areas and under some conditions, carrion or remains of subsistence harvested bowhead whales
may be important to polar bear sustenance as short-term supplemental forms of nutrition.
The distribution and movements of polar bears are closely tied to the seasonal dynamics of sea ice
extent as it retreats northward during summer melt and advances southward during autumn freeze. In
particular, polar bear movements are influenced by the accessibility of ringed seals and bearded seals.
Water depth, sea ice concentration, and proximity to the ice edge appear to be the important
characteristics of the preferred polar bear feeding and movement habitat (USFWS 2009a, Durner et al.
2004). Polar bears prefer the annual sea ice over the shallower (300 m or less) waters of the
continental shelf (Durner et al. 2004, Durner et al. 2009a) which is consistent with the distribution of
ringed and bearded seals. During the winter period, when energetic demands are the greatest,
nearshore lead systems and polynyas are important for seals, and are thus important foraging habitat
for polar bears (USFWS 2009a). During the spring period, nearshore lead systems continue to be
important hunting and foraging habitat for polar bears (USFWS 2009a). The shore-fast ice zone, where
ringed seals construct birth lairs in the snow for pupping, is also an important foraging habitat during the
spring (USFWS 2009a, Stirling et al. 1993).
In the polar basin and adjacent areas, some bears remain on sea ice year-round (Laidre et al. 2008).
In more southerly areas (i.e., Hudson Bay, Foxe Basin, Baffin Bay/Davis Strait), the annual ice melts
completely and all bears are forced to spend up to several months on land fasting until freeze-up allows
them to return to the ice again (e.g., Stirling et al. 1999, Taylor et al. 2001, Stirling and Parkinson 2006).
5.2.1 Trends
In June and July 2009, IUCN‘s Polar Bear Specialist Group (PBSG) reevaluated the status of the 19
recognized polar bears subpopulations. The PBSG concluded that 1 of 19 subpopulations is currently
increasing, 3 are stable, 8 are declining and there is insufficient data to assess a current trend for 7
subpopulations (Table 4) (IUCN 2009). The total number of polar bears is still thought to be between
20,000 and 25,000, however, the varied quality of information on the different subpopulations means
there is much room for error in establishing that range (IUCN 2009).
Table 4. Current Trends of 19 Polar Bear Subpopulations (IUCN 2009).
Increasing
Stable
Declining
M'Clintock Channel
Northern Beaufort Sea
Chukchi Sea
Gulf of Boothia
Southern Beaufort Sea
Southern Hudson Bay
Norwegian Bay
Lancaster Sound
Western Hudson Bay
Kane Basin
Davis Strait
Baffin Bay
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Data deficient
E. Greenland
Barents Sea
Kara Sea
Laptev Sea
Viscount Melville
Foxe Basin
Arctic Basin

5.2.2 Concerns for the Future
Within the sea ice ecosystem, polar bears have experienced perhaps the most obvious impacts from
reduced sea ice. Recent sea ice declines have been associated with reduced body condition,
reproduction, survival, and population size for polar bears in parts of their range (Stirling et al. 1999,
Obbard et al. 2007, Stirling and Parkinson 2006, Regehr et al. 2007a). Moline et al. (2008) provided a
list of the documented and cited effects of reduced sea ice on polar bears by location (Figure 10).
These include:
1.
2.
3.
4.

A decrease in body condition in western Hudson Bay (Stirling et al. 1999).
A population decline of 22% in western Hudson Bay (Regehr et al. 2005).
Increasing bear–human interactions at Churchill (Stirling and Derocher 1993).
Mortality associated with extended swimming in the Beaufort Sea (Monnett and Gleason
200610).
5. Smaller cub size and apparent survival in the southern Beaufort Sea (Rode et al. 2007).
6. Shifting to landed dens in northern Alaska (Fischbach et al. 2007).
7. Shifting to landed dens in the Beaufort Sea population (Amstrup and Gardner 1994, Durner et
al. 2009b).
8. Pregnant females experiencing increased travel to denning habitat (Bergen et al. 2007).
9. Northern Beaufort Sea population is stable (Stirling et al. 2007).
10. Declines in body condition (but not numbers) in southern Hudson Bay (Obbard et al. 2007).
11. Declines in reproductive success negatively correlated with the Arctic Oscillation in Svalbard
(Derocher 2005).
Figure 10 (from Moline et al. 2008). Numbers
indicate locations of documented and cited
effects of declining sea ice on polar bears. See
above list for information associated with each
number.

In addition, Amstrup et al. (2006) report of cannibalism among polar bears in the sourthern Beaufort
Sea.
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While Moline et al. (2008) cite Monnett and Gleason to support mortality associated with extended swimming,
Monnett and Gleason speculate on the casualty, stating ―We speculate… mortalities due to offshore swimming…
may be an important and unaccounted source of natural mortality… We further suggest that drowning-related
deaths of polar bears may increase…‖
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As the summer sea ice edge retracts to deeper, less productive polar basin waters, polar bears will face
increasing competition for limited food resources, increasing energetic demands and increased risk of
drowning because of swimming greater distances, and declining population (USFWS 2009a).
Substantial portions of polar bear populations will be seasonally redistributed into marginal ice or
terrestrial habitats with fewer opportunities for feeding, and increasing the susceptibility of bears to
other stressors. Sea ice reductions will likely reduce productivity of most ice seal species, resulting
eventually in a decrease in seal abundance (Derocher et al. 2004) which will likely decrease availability
of seals as food for polar bears. Ringed seals will likely remain distributed in shallower, more
productive southerly areas that are losing their seasonal sea ice and becoming characterized by vast
expanses of open water in the spring, summer and fall periods (Harwood and Stirling 1992). As a
result, the seals will remain unavailable as prey to polar bears during critical times of the year. These
factors may, in turn, result in a steady decline in the physical condition of polar bears, preceding
population-level demographic declines in reproduction and survival (Stirling and Parkinson 2006,
Regehr et al. 2007a).
Population and habitat modeling have projected substantial future declines in the distribution and
abundance of polar bears (Amstrup et al. 2007, Hunter et al. 2007, Durner et al. 2009a). For both the
Southern Beaufort Sea and Western Hudson Bay subpopulations, declines are already linked to the
impacts of climate warming and loss of sea ice habitat on body condition and demographic rates of
polar bears (Stirling et al. 1999, Stirling and Parkinson 2006; Hunter et al. 2007, Regehr et al. 2006,
2007a,b, Rode et al. 2007). These populations are vulnerable to large-scale dramatic seasonal
fluctuations in ice movements, decreased abundance and access to prey, and increased energetic
costs of hunting (USFWS 2010a,b).
5.3. Ringed seal (Phoca hispida)
There are five sub-species of ringed seals which have a circumpolar distribution from approximately
35N to the North Pole, occurring in all seas of the Arctic Ocean (Frost and Lowry 1981, Kelly 1988), but
they are also found in more southern regions such as the Baltic and Bering seas. Ringed seals depend
on sea ice and are the only seal in the Northern Hemisphere that regularly inhabits the fast ice (Frost
1984). When on pack ice, they prefer large floes (i.e., > 48 m in diameter) and are often found in the
interior ice pack where the sea ice coverage is greater than 90% (Simpkins et al. 2003). They use ice
year-round, for mating, birthing, pup rearing, molting and as haul-outs to rest (Frost 1984). They have
a unique ability to create and maintain breathing holes in the sea ice by using sharp claws on their foreflippers (Burns 2002). This allows them to live in areas where other ice-associated seals cannot reside
and their range extends farther north and encompasses areas of heavier ice than any other marine
mammal except the polar bear (Burns 2002). Ringed seal adults excavate lairs or snow dens on the
sea ice surface for giving birth to and rearing their young, as well as for protection from predators and
for shelter (Stirling and Smith 2004, Burns 2002, Frost 1984). Of particular importance, ice
deformations like pressure ridges and ice hummocks facilitate thicker snow accumulation and provide
more suitable habitat for lairs (Smith and Stirling 1975). The lairs provide a warm micro-climate,
reducing the energy required for keeping warm.
During ringed seal molt, the growth of new hair depends on high skin temperatures which occur only
when the seals are out of the water on the ice during the spring (Feltz and Fay 1966, Kelly 1988).
During molt, feeding reflexes are inhibited and overall activity decreases, with ringed seals spending
most of their time sleeping on ice during this physiologically demanding period through June (Fedoseev
2000). Resting periods on sea ice may be particularly critical for adult female ringed seals. Carlens et
al. (2006) found that adult female ringed seals haul out for long periods (up to 141 hours of continuous
haul out), likely due to an increased need for rest after a demanding nursing period.
The ringed seal diet consists primarily of fish, especially Arctic and saffron cod, amphipods,
euphausiids, shrimp, and other small crustaceans (Frost and Lowry 1981, Belikov and Boltunov 1998,
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Gjertz and Lyderson 1986, Siegstad et al. 1998; Holst et al. 2001, Labansen et al. 2007) with Arctic cod
dominating.
5.3.1 Area of future concerns
Many aspects of the ringed seal‘s life cycle depend on their ice habitat, and many of their activities are
governed by the timing of the formation and break-up of sea ice. The reduction of winter sea ice and
shrinking length of the sea ice season may interrupt the timing of ringed seal breeding activities,
including courtship, birthing, and nursing, with consequent negative impacts on fecundity (Tynan and
DeMaster 1997). Ringed seal breeding depends on the availability of sufficient ice, at the correct time
of year in areas with sufficient food nearby. Both ice and snow must be stable enough in the spring
season to successfully complete the six week period of lactation. If the landfast ice breaks up too soon,
pups may be separated prematurely from their mothers before weaning, resulting in high pup mortality
(e.g., Harwood et al. 2008). Prematurely weaned pups will be in poor body condition and suffer higher
mortality due to lack of sufficient blubber reserves, increased exposure to hypothermia, and increased
risk of predation. Thus, ringed seals may experience an increased frequency of breeding failures due
to changing climate conditions, with resultant population declines.
Ringed seals in some areas are already showing relatively long-term declines in reproductive rates and
pup survival. In the southern Baltic Sea, from 1989 to 1995, a series of nearly ice-free winters led to
very high pup mortality rates (Härkönen et al. 1998). In 1998, ice in the western Arctic broke up three
weeks earlier than usual, sending pups into the water before they had been weaned (NSIDC
undated).11 Studies of western Hudson Bay ringed seals have indicated reduced reproduction, pup
survival, and recruitment of ringed seals possibly correlated with decreased snow depth, a general
warming trend, and changes in the timing of breakup of sea ice (Ferguson et al. 2005, Stirling 2005).
Kovacs and Lydersen (2008) report: ―During 2006 and 2007 many of the fjords on the west coast of
Svalbard did not freeze for the first time in recorded history. Ringed seal reproduction was virtually
non-existent in areas where many hundreds of pups are normally born. It is not known if the seals that
normally pup in this region established themselves elsewhere early enough to set up territories and
build lairs, etc., but it seems highly unlikely.‖ They further state: ―If the extremes predicted for losses of
sea ice do occur, it is difficult to envisage how this ice-breeding seal will survive beyond the small
refugia-areas where ice-cover will remain, despite its currently broad range and high abundances.‖
―Marked decreases in ringed seal abundance are likely to have cascading effects in Arctic food webs.
They are the most important species in the diet of polar bears and are themselves top trophic
consumers of significant magnitude‖ (Kovacs and Lydersen 2008).
In recent years there has been a low level of ice coverage in the Sea of Okhotsk but it is unclear what
effect this has on ringed seals and bearded seals (Trukhin 2009). However, Trukhin states that
seasonal migrations and distributions of seals in the northern parts of the Sea of Okhotsk have been
affected by late ice formation in the autumn and early breakup in spring (Trukhin 2009). A shortage of
ice cover and its comparatively short presence in the Sea of Okhotsk can affect the reproductive
success and pup survival of seals (Trukhin 2009).
While researchers believe that ringed seals will be adversely impacted by the loss of summer sea ice
and earlier break up of sea ice in the spring, Harwood et al. (2008) analyzed harvest-based sampling
near Ulukhaktok from 1992-2007 and Sachs Harbor from 2003-2007 in northern Canada and found that
during years with a longer open water period (‗light‘ ice years), such as 1998, 2001, 2006 and 2007,
ringed seals were in better body condition than in other years in the data series, and pup production
and ovulation rates were high. The opposite was the case in heavy ice years (e.g. 1974, 2005).
The persistence of sea-ice habitat from March through July is particularly critical for the success of
ringed seal molt completion and reproduction. However, sea-ice extent has declined during March
11

http://nsidc.org/seaice/environment/mammals_seals.html.
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through July in recent decades in many regions inhabited by the ringed seal, including the seasonally
ice-covered Okhotsk and Bering Seas, Hudson Bay, Baffin Bay, Greenland Sea, Canadian
Archipelago, Barents Sea, Kara Sea, Laptev Sea, Beaufort Sea, Chukchi Sea, and Arctic Ocean (Meier
et al. 2007). Earlier ice breakups are predicted to occur more frequently. With early sea-ice breakup,
ringed seals may suffer physiological stress and associated mortality from being forced into the water
before molt completion.
Based on modeling, Freitas et al. (2008) predicted that migrations to offshore ice edges will become
energetically unprofitable for ringed seals if the sea ice retreats further than 600–700 km from Svalbard.
Declining sea-ice extent will likely alter the ice-based food web and may result in a decline in Arctic cod,
which is the ringed seal‘s main prey item, negatively affecting ringed seals (Bluhm and Gradinger
2008). Furthermore, throughout the Arctic, ringed seals are heavily preyed upon by polar bears (Kelly
1988, Stirling and Archibald 1977, Hammill and Smith 1991, Stirling and Øritsland 1995).
5.4 Bearded seals (Erignathus barbatus)
The bearded seal contains two currently recognized subspecies. The Pacific bearded seal, Erignathus
barbatus nauticus, and the Atlantic bearded seal, Erignathus barbatus barbatus. Bearded seals are
circumpolar in their distribution, extending from the Arctic Ocean (85EN) south to Hokkaido (45EN) in
the western Pacific (Kelly 1988a). The Pacific bearded seal inhabits the Arctic Ocean and the Bering
and Okhotsk Seas. They are found near Hokkaido, Japan, and, rarely, off the coast of NE China (Burns
1981, Kelly 1988a). The Atlantic bearded seal is found in the western Laptev Sea, Barents Sea and
north Atlantic Ocean and as far south as the Gulf of St. Lawrence in the western Atlantic and in Iceland
and Norway in the eastern Atlantic (Burns 1981, Kelly 1988a). They generally inhabit areas of shallow
water of less than 200 m that are at least seasonally ice covered, although they may remain in or near
the sea ice year round (Laidre et al. 2008). During winter they are most commonly found in broken
pack ice (Burns 1967) in areas of between 70% and 90% sea ice coverage (Angliss and Outlaw 2006).
In some areas they also inhabit shorefast ice (Smith and Hammill 1981). In winter, bearded seals
require regions of thin or broken ice cover over suitably shallow depths to forage on benthic
invertebrates such as crabs, clams and shrimp and also benthic fish (Finley and Renaud 1980; Burns et
al.1981, Lowry et al. 1980, Antonelis et al. 1994). They migrate seasonally following the advance and
retreat of the sea ice to maintain access to the ice (Burns 1981). Pupping, molting and hauling out take
place on the ice, primarily on drifting pack ice over shallow water where the ice is in constant motion
producing leads, polynyas and other openings (Bengtson et al. 2005, Burns 1981).
Similar to ringed seals, bearded seals also use the sea ice for their annual molt, molting from April
through August (Burns 1981, Kovacs 2002). During May through July they haul out during a
concentrated molting period (Burns 1981, Gjertz et al. 2000) when increased summer temperatures
and day length raise their skin temperature to facilitate epidermal growth (Feltz and Fay 1966).
Bearded seals give birth in March through May on the sea ice and nurse the pup on the ice for three
weeks. Sea ice allows bearded seals to avoid excessive predation on their dependent young by
terrestrial predators (Burns 2002). Similar to other ice seals, the sea ice also provides an important
resting platform for pups during the nursing period as they spend 50% of the time during the nursing
period resting and half of that sleeping (Lydersen et al. 1994, Lydersen and Kovacs 1999).
As bearded seals rest on sea ice or actively follow ice floes while foraging, they are transported over
great distances. A primary advantage of passive transportation by sea ice is that new feeding areas
are constantly opening up as the ice moves (Ray and McCormick-Ray 2004). Associating with sea ice
allows Pacific bearded seals to continually move to new unexploited foraging areas after depleting local
resources, vastly broadening their foraging range and opportunities.
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Polar bears (Stirling and Archibald 1977, Burns 1981, Derocher et al. 2002) and walruses (Lowry and
Fay 1984) prey upon bearded seals.
5.4.1 Area of future concerns
The bearded seal will be vulnerable to reductions in sea ice and an earlier breakup as it will
increasingly lose its breeding, resting, and molting habitat, and its range will shift northward. Sea-ice
extent has declined significantly during March through July in recent decades in many regions inhabited
by the bearded seal, including the seasonally ice-covered Okhotsk and Bering Seas, Hudson Bay,
Baffin Bay, Greenland Sea, Canadian Archipelago, Barents Sea, Kara Sea, Laptev Sea, Chukchi Sea,
and Arctic Ocean (Meier et al. 2007). Sea ice loss during the birthing and nursing period from MarchJune and for molting from May-July and for resting throughout the year will likely adversely impact
these critical life functions (Kelly 1988).
Increasingly earlier sea-ice breakup may result in premature separation of pups from their mothers
during the lactation period. Prematurely weaned pups will likely have a lower body condition and may
suffer higher mortality from lack of adequate blubber reserves. If bearded seals have to enter the water
before completing their molt due to loss of sea ice, they may experience physiological stress and
associated mortality. If bearded seals are forced to haul out on land to complete molt, they could suffer
predation from terrestrial predators. Without adequate sea ice, bearded seals may not haul out to rest
and suffer physiological stress.
Because bearded seals forage over shallow waters for benthic prey, the increasing retreat of sea ice
northward in summer and fall may result in much of the remaining sea ice being located over water that
is too deep for them to forage (Tynan and DeMaster 1997). For example, bearded seals occur on the
pack ice front over the Chukchi Sea shelf in summer (Burns and Frost 1979), but were not associated
with the ice front when it receded over deep water (Kingsley et al. 1985).
Sea ice loss and rising temperatures may transform the benthic dominated ecosystem rich in prey for
bearded seals to one dominated by pelagic fish. This is already occurring in the northern Bering Sea
(Grebmeier et al. 2006, 2006a). The presence or absence of sea-ice cover influences the timing of
primary production which in turn plays a primary role in shaping ecosystem structure. The seasonally
ice-covered Bering Sea currently experiences two primary production blooms: an early ―ice edge
bloom‖ followed by an ―open-water bloom‖ after the ice has melted. The intense, spring ice-edge bloom
follows the melting sea-ice edge and the melting ice releases nutrients and fresh water that promote
phytoplankton growth. Due to cold spring water temperatures, spring zooplankton populations are low
and do not consume much of the organic matter before it settles to the bottom. The net result of the
high primary production over these shallow shelves and relatively low grazing pressure is that a heavy
rain of organic matter settles to the sea floor where it supports a rich benthic community (Grebmeier et
al. 2006).
5.5 Walrus (Odobenus rosmarus)
There are two species of walrus, Pacific walrus (Odobenus rosmarus divergens) and Atlantic walrus
(Odobenus rosmarus rosmarus) (USFWS 2009c).12 The Pacific walrus is found throughout the Arctic
12

In some current systematic schemes, the walrus is divided into three subspecies: O. r. rosmarus in the North
Atlantic, O. r. divergens in the North Pacific and O. r. laptevi in the Laptev Sea. These three subspecies have
been described as differing in body size, but the taxonomic status of O. r. laptevi is disputed. Lindqvist et al.
(2009) do not support the recognition of three walrus subspecies and recommend that Odobenus r. laptevi be
abandoned and the Laptev walrus instead be recognized as the westernmost population of the Pacific walrus,
Odobenus r. divergens. However, they recommend further research to assess whether the Laptev walrus could
be considered as a significant unit in terms of conservation and management because it is unique in several
ecological parameters (Lindqvist et al. 2009).
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continental shelf waters of the Bering and Chukchi Seas as well as the Laptev Sea to the west and the
Beaufort Sea to the east (USFWS 2009c). The Atlantic walrus occurs in or adjacent to the North
Atlantic in four regions: the Hudson Bay-Davis Strait, eastern Greenland, Svalbard and Franz Josef
Land, and Kara Sea and Novaya Zemlya (Fay 1982, NAMMCO). Born et al. (1995) identified four
putative stocks of walrus in Canada: North Water (Baffin Bay–Eastern Canadian Arctic); Foxe Basin;
Northern Hudson Bay–Hudson Strait–Southeastern Baffin Island–Northern Labrador; and Southern and
Eastern Hudson Bay. Stewart (2007) suggests further subdivision of some walrus stocks in Canada.
Pacific walruses appear to be more dependent on sea ice than Atlantic walruses (USFWS 2009c).
The Pacific walrus uses floating sea ice as a substrate for birthing and nursing calves, resting, isolation
from predators and for passive transport to new feeding areas (Lowry 1984). As walruses follow the
edge of the sea ice throughout the year, the sea ice acts as a floating conveyer belt between the Bering
and Chukchi seas that keeps walruses over the shallow, productive continental shelf waters and
continually transports them to new foraging grounds (Ray et al. 2006, Ray and McCormick-Ray 2004).
Walruses are highly specialized benthic feeders, feeding primarily on bivalve mollusks (clams and
mussels), and secondarily on other benthic invertebrates including snails, shrimp, crabs, worms, and
sea cucumbers (Fay 1982). They also feed occasionally on fish, birds or seals (Fay 1985, Mallory et al.
2004, Lowry and Fay 1984, Gjertz and Wiig 1992, Born et al. 1994). Walruses usually feed in shallow
waters of 100 meters (328 feet) or less (Kelly 2001).
Sea ice is also important for reproduction. Breeding occurs from January through March, in the water
in polynyas or areas of drifting pack ice (Fay 1982, Sjare and Stirling 1996). Pacific walruses give birth
to a single calf on the sea ice in the Bering Sea. The sea ice and its location protect calves from
predation because polar bears typically cannot reach walrus birthing areas (Burns 2002). The sea ice
provides a platform for nursing during the lengthy lactation period which lasts up to two years (Fay
1982). Also, the sea ice provides calves with a platform on which to rest while their mothers forage and
during the seasonal migration.
Pacific walrus distribution varies seasonally and is limited by water depth and ice conditions. Females,
young, and immature walruses spend the summer months on the sea ice edge over the continental
shelf of the Chukchi Sea, but several thousand animals, primarily adult males, use coastal haulouts in
the Bering Sea during the ice-free season (USFWS 2009c, Fay 1982, Fay 1985). In contrast, all sex
and age categories of Atlantic walrus use terrestrial haulouts during the summer months (Born 2005).
In winter and early spring, the entire Pacific walrus population overwinters in large aggregations in the
seasonal pack ice of the Bering Sea (Burns 2002, Ray et al. 2006). Most walruses occupy the broken
pack ice where ice floes are thick and large enough to support the weight of large groups of animals,
low enough to haul out on, and separated by leads and polynyas that allow access into and out of the
water (Ray et al. 2006).
Atlantic walruses use both sea ice and terrestrial haul-outs as a hub for feeding excursions on
shallow nearshore banks with substantial bivalve mollusk production (Born et al. 1994, Laidre et al.
2008). In summer, Atlantic walruses often leave their ice-based haul-outs for terrestrial haulouts,
although many terrestrial haul-outs, especially in Greenland and Svalbard, have been abandoned
because of excessive hunting pressure (Gjertz and Wiig 1994, Born et al. 1995, Laidre et al. 2008). In
East Greenland walrus are forced to leave terrestrial haul-outs and move offshore to winter in waters
greater than 100 m deep (Born 2005, Laidre et al. 2008).
5.5.1 Population and trends
Atlantic walrus
The current total abundance of Atlantic Walrus is very poorly known, but the most recent information
suggests a population size of perhaps 18,000-20,000 (Lowry et al. 2008, COSEWIC 2006, NAMMC
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undated). Modeling indicates that the walrus populations in West Greenland and the North Water have
been in steady decline, while the population in East Greenland has been increasing (Witting and Born
2005). Walrus numbers at Svalbard have increased slowly during 1993-2006 (Lydersen et al. 2008).
The current global population trend is unknown (Lowry et al. 2008).
Pacific walrus
Scientists conducted aerial surveys of Pacific walrus at 5 year internals from 1975 to 1990, and the
resulting minimum population estimates ranged from 200,000 to 250,000 animals (USFWS 2010c).
However, the counting methods varied during this period, which means that the estimates cannot be
compared to estimate a population trend during that period (USFWS 20010c). It also means that the
estimates from 1975-1990 should be used cautiously as a baseline for current estimates (USFWS
2010c).
In 2006, the American and Russian scientists conducted the first comprehensive survey of Pacific
walruses since 1990 (Speckman et al. 2009). The number of Pacific walruses within the surveyed area
was estimated at 129,000 (USFWS 2010c, Speckman 2010). Trends in abundance will be examined in
more detail once all aspects of the analysis of the 2006 survey data have been completed (USFWS
2010c).
5.5.2 Area of future concerns
Some impacts of the loss of summer sea ice on Pacific walrus have been documented (USFWS
2010c). Summer sea-ice extent in the Chukchi Sea has decreased rapidly in recent years (Meier et al.
2007, Stroeve et al. 2008), retreating off the shallow continental shelf and over deep Arctic Ocean
waters where walruses presumably can not feed. The Chukchi shelf was effectively ice-free during the
summer in five of the six years from 2002-2007, but only once (in 1999) between 1979-2001 (Jay et al.
2008). In the Bering Sea, winter sea ice cover declined significantly by approximately -5% per decade
during the March breeding season and even more in fall (-43% per decade in October and -20% per
decade in November) (Meier et al. 2007); this suggests that that sea ice resting platforms are less
available for walruses on their southward migration and that the winter sea ice is forming later.
Over the past decade, the number of walrus coming to shore along the coastline of the Chukchi Sea in
Russia has increased (Kavry et al. 2008). Female and young walrus are arriving earlier and staying
longer at coastal haulouts as summer ice disappears (USFWS 2009c). Tens of thousands have been
reported anecdotally from some haulouts in Chukotka (Kavry et al. 2008). In the fall of 2007 for the first
time and again in 2009, large walrus aggregations were also observed along the Chukchi Sea coast
likely because of reductions or loss of sea ice over the Chukchi Sea continental shelf waters (USFWS
2010c, Funk et al. 2010, Fischbach et al. 2009, Jay and Fischbach 2008, Kochnev 2004). The ability of
the food supply within foraging range of coastal haulouts to support large numbers of walruses over the
long term is unknown, although Fay et al. (1984) show the history of use of terrestrial haul outs
featuring many abandonments and reoccupations over a century in Russia and Alaska. Thin walrus
that appear to be physiologically stressed have also been reported from Chukotka and Alaska (USFWS
2010c, Ovsyanikov et al. 2008, Pungowiyi 2000). Walrus at dense coastal haulouts are vulnerable to
disturbance, which has resulted in high mortality at land-based haulouts on the Chukotka coast due to
trampling during stampedes (Kavry et al. 2008) and presumably in Alaska where 131 young walrus
carcasses were found near Icy Cape (USFWS 2009c, Fischbach et al. 2009). Calves separated from
their mothers may have a greater risk of trampling injury without the protection afforded by their
mothers on haulouts (Fischbach et al. 2009). Ice-free conditions in recent years have been associated
with separation of calves from their mothers with researchers having observed calves alone in deep
open water areas typically covered with sea ice during summer (Cooper et al. 2006).
The continued loss of summer sea ice, delayed formation in the fall and declines in ice thickness raise
several concerns for the Pacific walrus. The Pacific walrus may lose access to large parts of its

35

foraging habitats on the Chukchi and Bering Sea shelves if loss of summer sea ice and delay in the
formation of ice in the fall occurs. Without sea ice resting platforms over the Chukchi Sea shelf in
summer, females and young will be concentrated at land-based haulouts for extended periods, foraging
within range of land, to which they will return to rest. Walruses, especially calves, concentrated at landbased haulouts will likely suffer high mortality and injury from trampling during stampedes, as was
observed in 2007 and 2009. The winter distribution of walruses is likely to be more concentrated as the
progressively smaller ice area retreats northward.
The loss of sea ice haulouts will likely contribute to increasing physiological stress of Pacific walrus
adults and young because they will be unable to rest and nurse their calves while foraging. In fall,
winter, and spring, the reduced and thinner sea ice will likely require females and young to swim farther
before finding adequate sea ice floes for these essential behaviors, increasing their energetic costs.
Concentrated groups of walruses can quickly deplete local benthic prey resources near haulout sites,
and walruses would be forced to swim further distances from shore to reach unexploited areas,
increasing their metabolic costs (Lowry 2000). As sea ice decreases, calf mortality may increase as a
result of increased metabolic stress during foraging trips and higher risk of abandonment without sea
ice haulouts (Cooper et al. 2006).
In addition, females and young may be at greater risk of predation by polar bears and terrestrial
predators at land-based haulouts during summer (Lowry 2000, Kelly 2001).
In the Atlantic where the use of coastal haulouts is more widespread, reduced sea ice cover could
increase feeding opportunities for Atlantic walruses (Lowry et al. 2008, Born 2005).
5.6 Cetaceans – narwhal, bowhead whale and beluga whale
Three species of cetaceans occupy Arctic waters year round - the narwhal, the beluga whale and the
bowhead whale. The narwhal and beluga, medium-sized toothed whales, overlap somewhat in
ecological niche, prey choice, and focal area use. The bowhead whale, the only baleen whale endemic
to the Arctic, exploits the ecosystem in a very different way. The bowhead whale and the beluga have a
circumpolar distribution, while the narwhal only occurs in the Atlantic sector of the Arctic. Few studies
have documented links between cetacean demography and Arctic climate (Laidre et al. 2008). It has
been suggested that decreases in summer ice extent and resultant increases in open water may initially
benefit whales via enhanced local production of prey, extension of the foraging period, or both (Laidre
et al. 2008, Moore and Laidre 2006).
In addition, changes in sea-ice may directly influence anthropogenic mortality by affecting the
availability of cetaceans to local hunters (Heide-Jørgensen et al, in press). Large scale natural
mortality may be affected by the frequency of ice-entrapments (Heide-Jørgensen et al, in press).
5.6.1 Narwhal (Monodon monoceros)
Narwhals spend their whole lives in Arctic waters, bordering Canada, Greenland, Norway and Russia,
and are seldom seen south of 61°N (COSEWIC 2004b). Narwhals from East Greenland and the
Barents Sea are separated from those from West Greenland and Arctic Canada and the population
structure of West Greenland and Arctic Canada is complex. After spending July to September spread
over several inshore locations of northeastern Canada and Greenland, narwhals travel long-distance to
their wintering grounds (Dietz et al. 2008, 2001, Dietz and Heide-Jørgensen 1995, Heide-Jørgensen et
al. 2002, 2003) which are covered with dense pack ice from November to July (Koski and Davis 1994,
Laidre et al. 2004c).
No other cetacean species occupies such dense winter sea ice cover for such a long period of time as
the narwhal (Laidre et al. 2008). They are highly adapted to pack ice habitat where there is limited
open water throughout the winter (Laidre et al. 2004b, Laidre and Heide-Jørgensen 2005). The quality
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of the ice habitat, particularly the presence of leads in fast ice and the density of broken pack ice,
appears to be a key aspect of their habitat selection (COSEWIC 2004b, Koski and Davis 1994). The
ice may also provide refuge from predation by killer whales (COSEWIC 2004b). Narwhals from
Canada and West Greenland have high site fidelity to the winter pack ice of Davis Strait and Baffin Bay
in regions along the continental slope with high gradients in bottom temperatures, predictable adequate
open water (<5%), and relatively high densities of Greenland halibut, a major prey item (Laidre et al.
2004a). Sightings suggest that the Greenland Sea may be an important wintering area for narwhals
from East Greenland and/or Svalbard (Gjertz 1991), and it has been speculated that some narwhals
occupy Hudson Strait in winter (Richard 1991).
Narwhals eat a small variety of fish and invertebrates (COSEWIC 2004b). Their diet composition varies
with season and location, likely in response to dietary preferences and the seasonal or geographical
availability of prey species (Neve 1995). The summer diet consists of squid and fish, with a large
proportion of Arctic cod (COSEWIC 2004b). The wintering grounds may be the most critically important
habitat for narwhals (Laidre et al. 2008). Between November and March, researchers have
documented intense benthic feeding behavior on Greenland halibut and squid in narwhals from
northern Canada and West Greenland (Laidre et al. 2003, Laidre and Heide-Jørgensen 2005a). This
contrasts with low feeding activity during the summer, suggesting a major portion of the annual energy
intake is obtained in Baffin Bay in winter (Laidre et al. 2008, 2004a, Laidre and Heide-Jørgensen
2005a). This may also be true for the Greenland Sea, but not been documented yet (Laidre et al. 2008).
5.6.1.1 Area of future concerns
In 2008, researchers ranked narwhals as the Arctic marine mammal most vulnerable to climate-induced
habitat change due to its small range, narrow migration routes, limited world population, restricted diet
and low genetic diversity (Laidre et al. 2008). It is unclear exactly what the climate changing impacts
on narwhals will be. One possibility is that there will actually be cooling in some regions, reducing the
scant open water that ensures winter survival and increasing the possibility of ice entrapment (Laidre et
al. 2008). There have been numerous reports of narwhals being entrapped by ice since 1951
(COSEWIC 2004b, NAMMCO 2009). In 2008, there were two reports of entrapments – one in Canada
where 629 narwhals were either taken by hunters or died from suffocation and one in Greenland where
ice entrapped 35-40 narwhals (NAMMCO 2009).
In areas where ice decreases, killer whales may move into areas that have been previously
inaccessible. Killer whales are observed in North Baffin areas and are now being seen in the area of
Pelly Bay where they have not been seen in the past (NAMMCO 2009). Incidence of narwhal predation
have been reported by local people and observed by researchers (Laidre and Heide-Jørgensen 2005b,
NAMMCO).
5.6.2 Beluga whale (Delphinapterus leucas)
Beluga whales are considered to be a relatively flexible species because they can inhabit different
types of habitat and eat a variety of prey species (Heide-Jørgensen et al.) Beluga whales are widely
distributed in discrete populations around the Arctic Ocean and adjacent seas in estuaries, continental
shelf and slope waters, and deep ocean basins in conditions of open water, loose ice, and heavy pack
ice (Laidre et al. 2008). The beluga population is subdivided into 29 management units to reflect
distinct groups of beluga at summering locations in Alaska, Canada, West Greenland, Svalbard and
Russia (IWC 2000). Belugas generally prefer to overwinter in shallow or coastal areas, usually with
light or highly moveable ice cover (Barber et al. 2001, Richard et al. 2001, Suydam et al. 2001, HeideJørgensen et al. 2003a). Belugas occur in the Russian Arctic in the Barents, Kara and Laptev seas
(Belikov and Boltunov 2002, Boltunov and Belikov 2002). Some belugas undertake large-scale annual
migrations between summering and wintering sites, while others remain in the same area year round,
shifting offshore only when excluded from coastal habitat by fast ice formation (Hobbs et al. 2005).
Large numbers of migratory belugas occur along the northwest and northern part of the Alaskan coast,
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in the Canadian High Arctic, and western Hudson Bay. At certain times of the year, those whales
migrate thousands of kilometers, in some cases as far as 80° N into dense pack ice (Suydam et al.
2001) or thousands of kilometers into the North Water polynya or to the pack ice off West Greenland
(Richard et al. 1998a,b, 2001, Heide-Jørgensen et al. 2003b). Some populations (for example, the
Cook Inlet, Cumberland Sound, Svalbard, and the Gulf of St. Lawrence populations) are geographically
isolated and live in those locations all year round (Lydersen et al. 2001, Kingsley 2002, Hobbs et al.
2005).
Belugas feed on a large variety of fish species including Arctic cod, polar cod, saffron cod, salmon and
smelt, as well as invertebrates such as shrimp, crabs, octopuses and marine worms (Reeves 2009,
Boltunov and Belikov 2002). Belugas are preyed upon by killer whales and polar bears, the latter at
cracks in sea ice where the whales become particularly vulnerable (Reeves 2009).
Laidre et al. (2008) explore the connection between why belugas move into deep, ice-covered waters
and conclude it is unclear. One potential reason would be to avoid killer whale predation (Frost et al.
1992), but the movements into the ice appear excessive for what would be needed to avoid killer
whales (Suydam et al. 2001). Moreover, traveling into this area actually could expose belugas to
predation by polar bears (Lowry et al. 1987) as well as increase the risk of ice entrapment (Laidre et al.
2008). It is possible belugas move into ice-covered offshore regions for feeding, primarily on Arctic
cod, but few data are available to support this hypothesis (Laidre et al. 2008).
5.6.2.1 Area of future concerns
Eight surveys since 1981 conducted in West Greenland to estimate beluga abundance have
established a clear relationship between decreasing sea ice cover and an increasing offshore distance
of beluga sighting (Heide-Jørgensen et al., NAMMCO 2009). Heide-Jørgensen et al. suggest that
belugas expand their distribution westward as new areas on the banks of West Greenland open up
earlier in spring with reduced sea ice coverage or early annual ice recession. These results are among
the first available evidence showing a shift in distribution of an Arctic cetacean in response to changes
in sea ice coverage (Heide-Jørgensen et al.).
Long term changes in the North Water pack ice between Northwest Greenland and the northeastern
Canadian High Arctic such as increasing ice concentrations or increasing variability in the pattern of ice
breaking up and refreezing could result in ice entrapments of belugas and affect the abundance of
beluga stocks (Reeves 2009, Laidre et al. 2008). Dense or complete ice cover may act as a barrier to
belugas being able to breathe at the surface (Lowry 2000). When sufficient open water is not available,
large-scale mortality events may occur (Laidre et al. 2008). Ice entrapments are best documented for
belugas and narwhals, where sudden changes in weather conditions cause leads and cracks to freeze
up rapidly, thus eliminating access to oxygen (Siegstad and Heide-Jørgensen 1994, Heide-Jørgensen
et al. 2002a). Approximately 15,000 belugas move through the system of recurrent open-water leads
and cracks in the North Water polynya in winter, situated at the entrance to Smith Sound between
Northwest Greenland and the northeastern Canadian High Arctic (Vibe 1950, Finley and Renaud 1980,
Reeves and Mitchell 1987, Richard et al. 1998b, 2001). Historically there are several examples of
belugas being entrapped in the North Water pack ice (Heide-Jørgensen and Laidre 2004). In addition,
beluga mortality from entrapment in sea ice has been observed in Senyavina Strait in Chukotka, Russia
(Mymrin 2006). The frequency and scale of mortality from ice entrapment may increase in some
regions that experience colder temperatures as the climate changes (Reeves 2009). However, in West
Greenland, the frequency of ice entrapments of belugas has reduced with a decrease of sea-ice
coverage since the early 1990s (Heide-Jørgensen et al.).
As Arctic waters become warmer and patterns of circulation, salinity and nutrient input change, species
that previously were not present in the Arctic will be able to move further north and remain there for
longer which may negatively affect belugas (Reeves 2009). Species such as minke and humpback
whales as well as seals and other predators may directly compete with belugas for food resources
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(Reeves 2009). In addition, killer whales may have more opportunities to prey on belugas (Reeves
2009). Killer whales are observed in North Baffin areas and are now being seen in the area of Pelly
Bay where they have not been seen in the past (NAMMCO 2009). Incidence of beluga predation have
been reported by local people and observed by researchers (Higdon 2007, NAMMCO 2009).
5.6.3 Bowhead whale (Balaena mysticetus)
The bowhead whale has a nearly circumpolar distribution in the northern hemisphere and ranges from
54o to 85oN latitude, spending their entire lives near the ice in arctic and sub-arctic waters. Bowhead
whales occur in areas that range from open water to thick, unconsolidated pack ice and are seldom
found far from ice-floes (Moore and Reeves 1993). They can easily move through extensive areas of
nearly solid sea ice cover (Ellison et al. 1987, George et al. 1989, Heide-Jørgensen et al. 2003b, 2006,
Heide-Jørgensen and Laidre 2004). They can break through ice over 20 cm thick with the crown of the
head to breathe (George et al. 1989).
Bowhead whales summer in Arctic waters but migrate to subarctic seas to winter (Laidre et al. 2008).
When the bowhead migrates south to its summer range, it follows fractures in the sea ice and stays
near the ice edge, migrating north and south as the ice retreats or expands. Bowhead whales often
inhabit polynyas and the marginal ice zone in winter and early spring (Moore and Reeves 1993,
Bogoslovskaya 2003). In the western Arctic, they select open water or light to moderate sea ice cover
(10–70%) in summer and autumn (Moore et al. 2000).
The International Whaling Commission (IWC) Scientific Committee recognizes four stocks: (1) Okhotsk
Sea population, presumably confined to that sea year-round; (2) Bering-Chukchi-Beaufort (BCB)
population, which summers in the eastern Beaufort Sea and Amundsen Gulf and winters in the central
and eastern Bering Sea; (3) the Eastern Canada-West Greenland population, (EC-WG) which summers
in Baffin Bay, the Canadian High Arctic, Foxe Basin, and northwestern Hudson Bay and winters in
northern Hudson Bay, Hudson Strait, and along the ice edge in Davis Strait and off West Greenland;13
and (4) Svalbard (Spitsbergen) population, centered in the Barents and Greenland Seas.14
The bowhead whale is the Arctic‘s largest and most zooplankton-dependent predator (Laidre et al.
2008). The most well studied Bering-Chukchi-Beaufort bowhead population eats mostly a variety of
pelagic and epibenthic crustaceans, with copepods (primarily Calanus spp.) and euphausiids
(Thysanoessa spp.) as the most important prey (Lowry 1993, Lowry et al. 2004). Diets differ regionally
and over time, suggesting their diet is related to seasonal prey availability and that they locate prey
concentrations that presumably result from oceanographic features such as upwelling and fronts
(Laidre et al. 2008). It is unclear whether bowhead whales feed offshore or between late fall and early
spring. Stable isotope studies suggest that a significant amount of feeding may occur in those areas
and times for the Bering-Chukchi-Beaufort population (Lee et al. 2005).
5.6.3.1 Population and trends
The Bering-Chukchi-Beaufort Sea stock is estimated to be about 10,000 whales and increasing at 3.4%
a year (George et al. 2004), having tripled over the past 30 years. Consistent growth of the western
Arctic bowhead population for the period 1978–2001 indicates positive demographic changes during a
period of sea ice reduction.

13

The EC-WG population was recently recognized as encompassing the Eastern Canadian Arctic population
which was considered 2 stocks: Davis Strait-Baffin Bay and Hudson Bay-Foxe Basin, and the West Greenland
stock (COSEWIC 2009).
14
A recent study of nucleotide sequence variation in the mitochondrial control region of bowhead whales from the
putative Svalbard and BCB populations found only minor differences in nucleotide and haplotype diversity,
leading the authors (Borge et al. 2007) to question the current IWC scheme of population delineation.
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The pre-whaling population of bowheads has been estimated at about 50,000 worldwide, with about
30,000 in the Bering-Chukchi-Beaufort sea stock. Commercial whaling, which is regarded as having
ended about 1910, reduced the world bowhead population to fewer than 3,000 animals. More than
90% of the Bering-Chukchi-Beaufort Sea stock was harvested, and the other stocks were virtually
decimated. The other stocks have been very slow to recover, and with the exception of the Hudson
Bay stock, number just a few hundred animals. Recent data indicates the Hudson Bay stock is
showing signs of growth and may now number close to 1,000 whales (COSIMO 2009).
A series of estimates have been produced for the Eastern Canada-West Greenland population based
on aerial surveys in 2002 and 2003 (COSEWIC 2009). Although relatively imprecise, all estimates
suggest that the population currently numbers in the thousands and has increased significantly since
bowheads were protected from commercial whaling in the early 20th century (COSEWIC 2009).
In 2006, the stock off west Greenland has been estimated at 1,230 or 490-2,940 with a 95% confidence
limits (IWC 2006) after having very low sightings in the 1980s and 1990s (Heide-Jørgensen et al.
2007). This estimate was surprisingly large because a recent or rapid growth in population size cannot
explain the abundance change (Heide-Jørgensen et al. 2007). One possible explanation is that the
population, which demonstrates high age and sex segregation, has recently attained a certain threshold
size elsewhere, and a higher abundance of mature females appears on the winter and spring feeding
ground in West Greenland (Heide-Jørgensen et al. 2007). This in combination with the latest severe
reduction in sea ice facilitating access to coastal areas might explain the surprising increase in
bowhead whale abundance in West Greenland (Heide-Jørgensen et al. 2007).
5.6.3.2 Area of future concerns
Indirect effects of climate change include regional or seasonal shifts in prey availability, which can
affect nutritional status and reproductive success, alter the timing or patterns of migrations, and cause
changes in distribution and population structure (Laidre et al. 2008). For example, Inuit in the high
Arctic report that bowheads are now moving farther west in Barrow Strait in the summer with the retreat
of the ice edge (COSIMO 2009).
It is unclear how the loss of sea ice will affect bowhead whales, with some projections of increased food
availability and some of less availability. Bowhead whales might benefit from any increased
productivity that might be associated with more open water in their current summer foraging habitats
(Moore and Laidre 2006). A study reported in George et al. (2006) showed that landed bowheads
landed between 1982 and 1999 had better body condition during years of light ice cover (Laidre et al.
2008). Local increases in primary production due to reduced sea ice cover in the eastern Beaufort Sea
(improved feeding opportunities) have been hypothesized as the reason for improved body condition
(Laidre et al. 2008). This, together with high calf production in recent years, suggests that the stock is
currently tolerating the recent ice-retreat (Angliss and Allen 2009, Moore and Huntington 2008).
Increased food availability and more open water may be attracting sub-Arctic species into bowhead
whale habitat. Gray whales and bowhead whales have been observed feeding in proximity to one
another near Barrow, Alaska from late summer through autumn which was not seen before in the
1980s (Moore et al. 2010). It appears that gray whales are delaying their southbound migration and
expanding their feeding activity along the migration route, with some overwintering northeast of Barrow
in 2003-04 (Moore et al. 2010). It is not clear how increased competition for food may affect bowheads.
Alternatively, some project that there will be less available food for bowheads. In the high Arctic, a
seasonal bloom of phytoplankton starts during the spring melt as algae on the underside of sea ice are
mobilized into the surrounding water column (Alexander 1995). Ice-edge habitat thereby generates a
restricted zone of high productivity (Sakshaug et al. 1994). Many species of copepods, which are the
primary prey of bowheads, reproduce under the ice before the phytoplankton bloom and feed on ice
algae (Drolet et al. 1991). With a loss in ice habitat, less ice algae will be produced and this could
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result in less food for copepods (COSIMO 2009). Species, including the bowhead, that rely on the iceedge community for foraging could be adversely affected by a reduction in the areal extent and a
latitudinal shift of ice-edge habitat (Tynan and DeMaster 1997).

41

References
ACIA. 2004. Impacts of a Warming Arctic: Arctic Climate Impact Assessment. Cambridge University
Press, Cambridge, UK.
ACIA. 2005. Arctic Climate Impact Assessment. Cambridge University Press, Cambridge, UK.
Aars, J., Lunn, N.L. and Derocher, A.E. 2006. Polar bears: Proceedings of the 14th Working Meeting of
the IUCN/SSC Polar Bear Specialist Group 20–24 June 2005, Seattle, Washington, USA. International
Union for Conservation of Nature, Gland, Switzerland.
Agafonova, E.V., Verevkin, M.V., Sagitov, R.A., Sipilä, T., Sokolovskay, M.V. and Shahnazarova, V.U.
2007. The ringed seal in Lake Ladoga and the Valaam Archipelago. Baltic Fund for Nature of SaintPetersburg Naturalist Society, St. Petersburg State University and Metsähallitus, Natural Heritage
Services, Vammalan Kirjapaino OY.
Ainley, D.G., and DeMaster, D.P. 1990. The upper trophic levels in polar marine ecosystems. In: Smith,
W.O., Jr., ed. Polar oceanography, Part B: Chemistry, biology, and geology. San Diego: Academic
Press. 599–630.
Alexander, V. 1995. The influence of the structure and function of the marine food web on the dynamics
of contaminants in Arctic Ocean ecosystems. The Science of the Total Environment 160/161:593-603.
Amstrup, S.C. 2003. Polar Bear (Ursus maritimus). Pages 587–610 in Feldhamer, B.C. Thompson, and
J.A. Chapman, eds. Wild Mammals of North America Biology, Management, and Conservation. John
Hopkins University Press. Baltimore, Maryland. Pages 587–610.
Amstrup, S.C., and Gardner, C. 1994. Polar bear maternity denning in the Beaufort Sea. Journal of
Wildlife Management 58:1–10.
Amstrup, S.C., Marcot, B.G. and Douglas, D.C. 2007. Forecasting the range-wide status of polar bears
at selected times in the 21st century. Administrative Report, United States Geological Survey.
Amstrup S.C., Stirling I., Smith T.S., Perham C. and Thiemann G.W. 2006. Recent observations of
intraspecific predation and cannibalism among polar bears in the southern Beaufort Sea. Polar Biology
29, 997–1002.
Angliss, R.P., and Allen, B.M. 2009. Alaska marine mammal stock assessments, 2008. NOAA
Technical Memorandum NMFS-AFSC 193.
Angliss, R.P. and Outlaw, R.B. 2006. Alaska marine mammal stock assessments, 2006. NOAA
Technical Memorandum NMFS-AFSC 168.
Angliss, R.P., and Outlaw, R.B. 2005. Alaska marine mammal stock assessments, 2005. NOAA
Technical Memorandum NMFS-AFSC 161.
Antonelis, G.A., Melin, S.R. and Bukhtiyarov. Y.A. 1994. Early spring feeding habits of
bearded seals (Erignathus barbatus) in the central Bering Sea, 1981. Arctic 47:74-79.
Arrigo, K.R., van Dijken, G. and Pabi, S. 2008. Impact of a shrinking Arctic ice cover on marine primary
production. Geophysical Research Letters. 35: L19603.

42

Arrigo, K.R. 2003. Primary production in sea ice. In: Thomas DN, Dieckmann GS (eds) Sea ice. An
introduction to its physics, chemistry, biology and geology. Blackwell Science, Oxford, p 143–183.
Auel, H. and Hagen, W. 2002. Mesozooplankton community structure, abundance and biomass in the
central Arctic Ocean. Marine Biol. 140: 1013–1021.
Bakken, V. and Tertitski, G. 2000. The ivory gull. In: Anker-Nilssen, T., Bakken, V., Strøm, H., Golovkin.
A., Bianki, V. and Tarinkova, I. (eds.). The Status of marine birds breeding in the Barents Sea Region.
Norsk Polarinstitutt Rapportserie. Rapport no. 113A. pp. 104–107.
Barber, D.G., Sazuk, E. and Richard, P.R. 2001. Examination of beluga–habitat relationships through
the use of telemetry and a geographic information system. Arctic 54:305–316.
Barbraud, C. and Weimerskirch, H. 2001. Emperor Penguins and climate change. Nature 411: 183-186.
Barrett, R.T., Lorentsen, S.H. and Anker-Nilssen, T. 2006. The status of breeding seabirds in mainland
Norway. Atlantic Seabirds 8: 97–126.
Belikov, S.E. and Boltunov, AN. 2002. Distribution and migrations of cetaceans in the Russian Arctic
according to observations from aerial ice reconnaissance. NAMMCO Sci. Publ. 4:69-86.
Belikov, S.E., Boltunov, A.N. 1998. The ringed seal (Phoca hispida) in the western Russian Arctic. In:
Ringed Seals in the North Atlantic - Heide-Jørgensen M.P., Lydersen C., eds. Tromsø: NAMMCO
Scientific Publications. 63–82.
Bengtson, J.L., Hiruki-Raring, L.M. Simpkins, M.A. and Boveng, P.L. 2005. Ringed and bearded seal
densities in the eastern Chukchi Sea, 1999-2000. Polar Biology 28:833-845.
Bentzen, R.L, Powell, A.N, and Suydam, R.S. 2008. Factors Influencing Nesting Success of King
Eiders on Northern Alaska's Coastal Plain. Journal of Wildlife Management 72:8, 1781-1789.
Bergen, S., Durner, G.M., Douglas, D.C., and Amstrup, S.C. 2007. Predicting movements of female
polar bears between summer sea ice foraging habitats and terrestrial denning habitats of Alaska in the
21st Century: proposed methodology and pilot assessment. U.S. Dept. of the Interior, U.S. Geological
Survey Administrative Report. 20 pp.
BirdLife International. 2009. Uria lomvia. In: IUCN 2009. IUCN Red List of Threatened Species. Version
2009.2. <www.iucnredlist.org>. Downloaded on 04 January 2010.
Birkenmajer, K. 1969. Observations on Ivory Gull Pagophila eburnean (Phipps) in south
Vestspitsbergen. Acta Ornitologica 11: 461–476.
Blomquist, S. and Elander, M. 1981. Sabine‘s gull (Xema sabini), Ross‘s gull (Rhodostethia rosea) and
ivory gulls (Pagophila eburnea). Gulls in the Arctic: A review. Arctic 34: 122-132.
Bluhm, B.A., and Gradinger, R. 2008. Regional variability in food availability for Arctic marine
mammals. Ecological Applications 18(2) Supplement: S77–S96.
Boertmann, D., Lyngs, P., Merkel, F. and Mosbech, A. 2004. The significance of Southwest Greenland
as winter quarters for seabirds. Bird Conservation International 14:87-112.
Boltunov, A.N. and Belikov, S.E. 2002. Belugas (Delphinapterus leucas) of the Barents, Kara and
Laptev seas. NAMMCO Sci. Publ. 4:149-168.

43

Bond, N., Overland, J. and Soreide, N. Why and how do scientists study climate change in the Arctic?
What are the Arctic climate indices? Some important research concepts used by scientists to study
climate change. NOAA Arctic Theme Page. http://www.arctic.noaa.gov/essay_bond.htm. Downloaded
on 02 February 2010.
Borge, T., Bachmann, L., Bjørnstad, G. and Wiig, Ø. 2007. Genetic variation in Holocene Bowhead
Whales from Svalbard. Molecular Ecology 16 (11):2223–2235.
Borkin, I.V. 1990. Polar cod (Boreogadus saida Lepechin) in the Barents Sea. In: Arctic Research,
Advances and Prospects, Part II. Proceedings of the Conference of Arctic and Nordic Countries on
Coordination of Research in the Arctic, Leningrad, December 1988. Moscow: Nauka. 230-231.
Born, E.W. 2005. The Walrus in Greenland. Ilinniusiorfik Education, Ministry of Environment and
Natural Resources, Nuuk, Greenland. 79 pp. English translation by Christina Lockyer and E.W. Born.
Born, E.W., Gjertz, I. and Reeves, R.R. 1995. Population assessment of Atlantic walrus (Odobenus
rosmarus rosmarus L.). Meddelelser Nr. 138. Oslo: Norsk Polar Institute. 100 p.
Born, E.W., Heide-Jørgensen, M.P. and Davis, R.A. 1994. The Atlantic walrus (Odobenus rosmarus
rosmarus) in West Greenland. Meddelelser om Grønland, Bioscience 40:1–33.
Bouchard, C. and Fortier, L. 2008. Effects of polynyas on the hatching season, early growth and
survival of polar cod Boreogadus saida in the Laptev Sea. Mar Ecol Prog Ser 355:247-256.
Bradstreet, M.S.W. 1982. Occurrence, habitat use, and behavior of seabirds, marine mammals, and
arctic cod at the Pond Inlet ice edge. Arctic 35:28–40.
Bradstreet, M.S.M. and Cross, W.E. 1982. Trophic relationships at high Arctic ice edges. Arctic 35: 112.
Bradstreet, M.S.W., Finley, K.J., Sekerak, A.D., Griffiths, W.B., Evans, C.R., Fabijan, M.F., and
Stallard, H.E. 1986. Aspects of the biology of arctic cod (Boreogadus saida) and its importance in arctic
marine food chains. Canadian Technical Report of Fisheries and Aquatic Sciences No. 1491. 193 p.
Burns, J.J. 2002. Arctic marine mammals. Pages 39-45 in W.F. Perrin, B. Würsig, and J.G.M.
Thewissen, editors. Encyclopedia of Marine Mammals. Academic Press, San Diego, California, USA.
Burns, J.J. 1981. Bearded Seal. Pages 145-170 in S. H. Ridgway and R. J. Harrison, editors.
Handbook of Marine Mammals. Volume 2 Seals. Academic Press, London, UK.
Burns, J.J. 1967. The Pacific bearded seal. Alaska Dep. Fish and Game, Pittman-Robertson Proj. Rep.
W-6-R and W-14-R. 66 pp.
Burns, J.J. and Frost, L.F. 1979. The natural history and ecology of the bearded seal. Erignathus
barbatus. U.S. Dep. Comm. NOAA. Outer Contin. Shelf Environ. Assess. Prog. Final Report. 19(1983):
311-392.
Burns, J.J., Shapiro, A.M. and Fay, F.H. 1981. Ice as marine mammal habitat in the Bering Sea. Pages
781-798 in D. H. Hood and J. A. Calder, editors. The Eastern Bering Sea Shelf: Oceanography and
Resources. University of Washington Press, Seattle, Washington.
CAFF. 2004. Distribution of Murres Outside the Breeding Season. Circumpolar Murre Banding
Program. CAFF International Secretariat, Akureyri, Iceland, i-iv + 20 pp.

44

CAFF. 1997. Circumpolar Eider Conservation Strategy and Action Plan. CAFF International Secretariat,
Akureyri, Iceland, 16 pp.
Calvert, W. and Stirling, I. 1990. Interactions between polar bears and over-wintering walruses in the
central Canadian High Arctic. International Conference on Bear Research and Management 8:351–56.
Carey, A.G. 1992. The ice fauna in the shallow southwestern Beaufort Sea, Arctic Ocean. J. Mar. Syst.
3: 225-236.
Carlens, H., Lydersen, C., Krafft, B.A., and Kovacs, K.M. 2006. Spring haul-out behavior of ringed seals
(Pusa hispida) in Kongsfjorden, Svalbard. Marine Mammal Science 22:379-393.
Clark, J., Christman, C., Ferguson, M.C. and Morse, L.J. 2010. Bowhead Whale Aerial Survey Project
(BWASP) Status Update in 2009. Poster, Alaska Marine Science Symposium 2010, January 18-22,
2010 Anchorage Alaska.
COSEWIC. 2009. COSEWIC assessment and update status report on the Bowhead Whale Balaena
mysticetus, Bering-Chukchi-Beaufort population and Eastern Canada-West Greenland population, in
Canada. Committee on the Status of Endangered Wildlife in Canada. Ottawa.
COSEWIC. 2006. COSEWIC assessment and update status report on the Atlantic walrus Odobenus
rosmarus rosmarus in Canada. Committee on the Status of Endangered Wildlife in Canada, Ottawa.
(http://www.sararegistry.gc.ca/virtual_sara/files/cosewic/sr_atlantic_walrus_e.pdf).
COSEWIC. 2004a. COSEWIC assessment and update status report on the beluga whale
Delphinapterus leucas in Canada. Committee on the Status of Endangered Wildlife in Canada, Ottawa.
(http://www.sararegistry.gc.ca/default_e.cfm)
COSEWIC. 2004b. COSEWIC assessment and update status report on the narwhal Monodon
monoceros in Canada. Committee on the Status of Endangered Wildlife in Canada. Ottawa.
(http://www.sararegistry.gc.ca/default_e.cfm)
Cheung, W.W.L., Lam, V.W.Y., and Pauly, D. 2008. Dynamic Bioclimate Envelope Model to Preduct
Climate-Inducted Changes in Distribution of Marine Fishes and Invertebrates, p. 5-50. In: Cheung,
W.W.L, Lam, V.W.Y., Pauly, D. (eds.) Modelling Present and Climate-shifted Distribution of Marine
Fishes and Invertebrates. Fisheries Centre Research Report 16(3).
Cleator, H.J. 1996. The status of the bearded seal, Erignathus barbatus, in Canada. Canadian Field
Naturalist 110: 501–510.
Cooper, L.W., Ashjian, C.J., Smith, S. L., Codispoti, L.A., Grebmeier, J.M., Campbell, R.G. and Sherr,
E.B. 2006. Rapid seasonal sea-ice retreat in the Arctic could be affecting Pacific Walrus (Odobenus
rosmarus divergens) recruitment. Aquatic Mammals 32:98-102.
Comiso, J.C., Parkinson, C.L., Gersten, R. and Stock, L. 2008. Accelerated decline in the Arctic sea ice
cover. Geophys Res Lett 35, L01703.
Crawford, R.E. and Jorgenson, J.K. 1993. Schooling behaviour of arctic cod, Boreogadus saida, in
relation to drifting pack ice. Environmental Biology of Fishes 36:345–357.
Crawford, R.E. and Jorgenson, J. 1990. Density distribution of fish in the presence of whales at the
Admiralty Inlet landfast ice edge. Arctic 43:215-222.

45

del Hoyo, J., A. Elliott, J. Zsargatal, and D.A. Christie. (eds.) 1996. Handbook of the Birds of the World.
3: 609. Lynx Editions.
Department of Fisheries and Oceans. 2002. Cumberland Sound Beluga. DFO Scientific Stock Status
Report E5-32. Derocher, A.E. 2005. Population ecology of polar bears at Svalbard, Norway. Pop. Ecol.
47: 267–275.
Derocher, A.E. 2005. Population ecology of polar bears at Svalbard, Norway. Pop. Ecol. 47: 267–275.
Derocher, A. E., Lunn, N. J. and Stirling, I. 2004. Polar bears in a warming climate. Integrative
Comparative Biol. 44(2) 163–176.
Derocher, A.E., Wiig, O. and Magnus Andersen. 2002. Diet composition of polar bears in Svalbard and
the western Barents Sea. Polar Biol. 25:448-452.
Dickson, D.L., and Gilchrist, H.G. 2001. Status of marine birds of the southeastern Beaufort Sea. Arctic
55:S46-S58.
Dickson, D.L., Cotter, R.C., Hines, J.E. and Kay, M.F. 1997. Distribution and abundance of King Eiders
in the western Canadian Arctic. Pages 29-39 in D. L. Dickson, editor. King and Common Eiders of the
western Canadian Arctic. Occasional Paper No. 94. Canadian Wildlife Service, Ottawa, Canada.
Dietz, R., Heide-Jørgensen, M.P. 1995. Movements and swimming speed of narwhals (Monodon
monoceros) instrumented with satellite transmitters in Melville Bay, Northwest Greenland. Can J Zool
73:2106–2119.
Dietz, R., Heide-Jørgensen, M.P., Richard, P., Orr, J., Laidre, K.L. and Schmidt, H.C. 2008. Movements
of narwhals (Monodon monoceros) from Admiralty Inlet monitored by satellite telemetry. Polar Biology
31:1295-1306.
Dietz, R., Heide-Jørgensen, M.P., Richard, P.R. and Acquarone, M. 2001. Summer and fall Movements
of Narwhals (Monodon monoceros) from Northeastern BaYn Island towards Northern Davis Strait.
Arctic 54(3):246–263.
Divoky, G.J. 1981. Birds and the ice-edge ecosystem in the Bering Sea, p. 799-956. In G. L. Hunt, Jr.
[Ed.], The eastern Bering Sea shelf: oceanography and resources, section VI, marine birds. U.S. Department of Commerce, National Oceanic and At-mospheric Administration, Seattle, Washington.
Divoky, G.J. 1976. The pelagic feeding habits of Ivory and Ross‘ Gulls. Condor 78:85-90.
Dragoo, D.E., Byrd, G.V. and Irons, D.B. 2008. Breeding status, population trends and diets of seabirds
in Alaska, 2005. U.S. Fish and Wildl. Serv. Report AMNWR 08/03. Homer, Alaska.
Drinkwater, K.F. 2005. The response of Atlantic cod (Gadus morhua) to future climate change. ICES J.
Mar. Sci. 62: 1327–1337.
Drolet, R., Fortier, L. Ponton, D. and Gilbert, M. 1991. Production of fish larvae and their prey in
subarctic southeastern Hudson Bay. Marine Ecology Progress Series 77:105-118.
Durant, J.M., Anker-Nilssen, T. and Stenseth, N. C. 2006. Ocean climate prior to breeding affects the
duration of the nestling period in the Atlantic puffin. Biol. Lett. 2, 628–631.
Durner, G.M., Douglas, D.C., Nielson, R.M., Amstrup, S.C., McDonald, T.L., Stirling, I., Mauritzen, M.,
Born, E.W., Wiig, O., DeWeaver, E., Serreze, M.C., Belikov, S.E., Holland, M.M., Maslanik, J., Aars, J.,

46

Bailey, D.C. and Derocher, A.E. 2009a. Predicting 21st century polar bear habitat distribution from
global climate models. Ecological Monographs 79(1):25–58.
Durner, G.M., Douglas, D.C. and Amstrup, S.C. 2009b. Polar bear habitat in Alaska: inland extent of
maternity denning and graphics showing observed and predicted changes in offshore optimal habitat.
Administrative Report to the U.S. Fish and Wildlife Service. U.S. Department of the Interior, U.S.
Geological Survey, Anchorage, Alaska. 9pp.
Durner, G.M., Amstrup, S.C., Nielson, R. and McDonald, T. 2004. Using discrete choice modeling to
generate resource selection functions for female polar bears in the Beaufort Sea. Pages 107–120 in S.
Huzurbazar (Editor). Resource Selection Methods and Applications: Proceedings of the 1st international
Conference on Resource Selection, 13–15 January 2003, Laramie, Wyoming.
Eicken, H. 2003. From the microscopic, to the macroscopic, to the regional scale: growth,microstructure
and properties of sea ice. In: Thomas, D.N. and Dieckmann, G.S. (eds.) Sea ice: An introduction to its
physics, biology, chemistry, and geology. Blackwell, Oxford, pp 22-81.
Elliott, K., Woo, K., Gaston, A.J., Benvenuti, S., Dall'Antonia, and Davoren, G. 2008. Foraging
behaviour of an arctic seabird indicates prey type. Marine Ecology Progress Series 354: 289-303.
Ellison, W.T., Clark, C.W. and Bishop, G.C. 1987. Potential use of surface reverberation by bowhead
whales, Balaena mysticetus, in under-ice navigation: preliminary considerations. Report of the
International Whaling Commission 37:329-332.
Falk, K., Benvenuti, S., Antonia, L. D., Gilchrist, G. and Kampp, K. 2002. Foraging behavior of thickbilled murres breeding in different sectors of the North Water polynya: an inter-colony comparison. Mar.
Ecol. Prog. Ser. 231, 293–302.
Falk, K., Benvenuti, S., Dall'antonia, L., Kampp, K. and Ribolini, A. 2000. Time allocation and foraging
behaviour of chick-rearing Brunnich's Guillemots Uria lomvia in high-arctic Greenland. Ibis 142: 82-92.
Fay, F.H. 1982. Ecology and biology of the Pacific walrus, Odobenus rosmarus divergens, Illiger. North
American Fauna Number 74. U.S. Department of the Interior, Fish and Wildlife Service, Washington,
DC.
Fay, F.H. 1985. Odobenus rosmarus. The American Society of Mammalogists 238:1-7.
Fay, F.H., Kelly, B.P, Gehnrich, P.H. Sease, J.L. and Hoover, A.A. 1984. Modern populations,
migrations, demography, trophics, and historical status of Pacific Walrus. Final Report, Outer
Continental Shelf Environmental Assessment Program Research Unit 611 September 1984
(http://www.gomr.mms.gov/PI/PDFImages/ESPIS/0/423.pdf)
Fedoseev, G.A. 2000. Population biology of ice-associated forms of seals and their role in the northern
Pacific ecosystems. Moscow, Center for Russian Environmental Policy.
Feltz, E.T., and Fay, F.H. 1966. Thermal requirements in vitro of epidermal cells from seals.
Cryobiology 3:261-264.
Ferguson, S.H., Stirling, I. and McLoughlin, P. 2005. Climate change and ringed seal (Phoca
hispida) recruitment in western Hudson Bay. Marine Mammal Science 21:121-135.
Finley, K.J., and Renaud, W.E. 1980. Marine mammals inhabiting the Baffin Bay North Water in winter.
Arctic 33:724–738.

47

Finley, K.J., Bradstreet, M.S.W., and Miller, G.W. 1990. Summer feeding ecology of harp seals (Phoca
groenlandica) in relation to arctic cod (Boreogadus saida) in the Canadian High Arctic. Polar Biology
10:609–618.
Fischbach, A.S., Amstrup, S.C. and Douglas, D.C. 2007. Landward and eastward shift of Alaskan polar
bear denning associated with recent ice changes. Polar Biology.
Fischbach, A.S., Monson, D.H. and Jay, C.V. 2009. Enumeration of Pacific walrus carcasses on
beaches of the Chukchi Sea in Alaska following a mortality event, September 2009: U.S. Geological
Survey Open-File Report 2009-1291, 10 p.
Fortier, M.L., Sirois, P., Michaud, J. and Barber, D. 2006. Survival of Arctic cod larvae (Boreogadus
saida) in relation to sea-ice and temperature in the Northeast Water Polynya (Greenland Sea). Can. J.
Fisheries Aquatic Sci. 63: 1608–1616.
Fortier, M., Fortier, L., Michel, C. and Legendre, L. 2002. Climatic and biological forcing of the vertical
flux of biogenic particles under seasonal Arctic sea ice. Mar Ecol Prog Ser 225:1–16.
Fortier, L., Ponton, D., and Gilbert, M. 1995. The match/mismatch hypothesis and the feeding success
of fish larvae in ice covered southeastern Hudson Bay. Mar Ecol Prog Ser 120:11–27.
Freitas, C., Kovacs, K.M., Ims, R.A. and Lydersen, C. 2008. Predicting habitat use by ringed seals
(Phoca hispida) in a warming Arctic. Ecological Modelling 217:19–32.
Frimer, O. 1995. Adaptations by the King Eider Somateria spectabilis to its moulting habitat: review of a
study at Disko, West Greenland. Dansk Ornitologisk Forenings Tidsskrift 89: 135-142.
Frolov, I.E., Gudkovich, Z.M., Karklin, V.P., Kovalev, E.G. and Smolyanitsky, V.M. 2009. Climate
Change in Eurasian Arctic Shelf Seas. Centennial Ice Cover Observations. Springer Praxis Publishing,
UK, 166 pp.
Frost, K. J. 1984. The Ringed Seal (Phoca hispida). Pages 1-7 in J. J. Burns, editor. Marine
Mammal Species Accounts, Wildlife Technical Bulletin No. 7. Alaska Department of
Fish and Game.
Frost, K. J., and L. F. Lowry. 1981. Ringed, Baikal, and Caspian Seals. Pages 29-53 in S. H.
Ridgway and R. J. Harrison, editors. Handbook of Marine Mammals. Volume 2 Seals.
Academic Press, London, UK.
Frost, K.J., Russell, R.B. and Lowry, L.F. 1992. Killer whales, Orcinus orca, in the southeastern Bering
Sea: recent sightings and predation on other marine mammals. Marine Mammal Science 8:110–119.
Funk, D.W., Thomas, T.A., Koski, W.R., Ireland, D.S., Lauinolli, M. and Macrander, A.M. 2010. Pacific
walrus movements and use of terrestrial haul‐ out sites along the Alaskan Chukchi Sea coast 20062008. Abstract, Alaska Marine Science Symposium 2010, January 18-22, 2010 Anchorage Alaska.
Gaston, A.J. and Gilchrist, H.G. 2009: Murres [in Arctic Report Card 2009],
www.arctic.noaa.gov/reportcard.
Gaston, A.J. and Hipfner, J.M. 2000. The Thick-billed Murre. The Birds of North America, Inc.
Philadelphia, PA.
Gaston, A.J., and Hipfner, J.M. 1998. The effect of ice conditions in northern Hudson Bay on breeding
by Thick-billed Murres (Uria lomvia). Canadian Journal of Zoology 76: 480-492.

48

Gaston, A.J. and Jones, I.L. 1998. The auks. Oxford, UK: Oxford University Press.
Gaston, A.J., Bertram, D.F., Boyne, A.W., Chardine, J.C., Davoren, G., Hedd, A., Hipfner, J.M., Lemon,
M.J.F., Mallory, M.L., Montevecchi, W.A., Rail, J.F. and Robertson, G.W. 2009. Changes in Canadian
seabird populations and ecology since 1970 in relation to changes in oceanography and food webs.
Environmental reviews, in press.
Gaston, A.J., Gilchrist, H.G. and Hipfner, J.M. 2005. Climate change, ice conditions and reproduction in
an Arctic nesting marine bird: the thick-billed murre (Uria lomvia, L.). J. Animal Ecology 74: 832-841.
Gaston, A.J., Woo, K. and Hipfner, J.M. 2003. Trends in forage fish populations in northern Hudson
Bay since 1981, as determined from the diet of nesting thick-billed murres Uria lomvia. Arctic 56:227233.
Gaston, A.J, Hipfner, J.M., and Campbell, D. 2002. Heat and mosquitoes cause breeding failures and
adult mortality in an Arctic-nesting seabird. Ibis 144: 185-191.
George, J. C., Nicolson, C., Drobot, S., Maslanik, J., and Suydam, R. 2006. Sea ice density and
bowhead whale body condition preliminary findings. Poster presented to the Society for Marine
Mammalogy, San Diego, CA.
George, J.C., Zeh, J., Suydam, R., and Clark, C. 2004. Abundance and population trend (1978– 2001)
of western Arctic bowhead whales surveyed near Barrow, Alaska. Marine Mammal Science 20:755–
773.
George, J.C., Clarke, C., Carroll, G.M. and Ellison, W.T. 1989. Observations on the icebreaking and ice
navigation behavior of migrating bowhead whales (Balaena mysticetus) near Point Barrow, Alaska,
spring 1985. Arctic 42:24-30.
Gilchrist, H.G. and Mallory, M.L. 2005. Population declines and distribution of Ivory Gulls breeding in
Canada. Biological Conservation 121: 303-309.
Gilchrist, G., Strøm, H., Gavrilo, M.V. and Mosbech, A. 2008. International Ivory Gull conservation
strategy and action plan. CAFF International Secretariat, Circumpolar Seabird Group (CBird), CAFF
Technical Report No. 18.
Gilg, O., Boertmann, D., Merkel, F., Aebischer, A., and Sabard, B. 2009. Status of the endangered
ivory gull, Pagophila eburnea, in Greenland. Polar Biol 32:1275–1286.
Gjertz, I. 1991. The narwhal, Monodon monoceros, in the Norwegian high Arctic. Marine Mammal
Science 7:402–408.
Gjertz I. and Lydersen C. 1986. The ringed seal (Phoca hispida) spring diet in northwestern
Spitsbergen, Svalbard. Polar Research 4:53–56.
Gjertz, I. and Wiig, Ø. 1994. Past and present distribution of walruses in Svalbard. Arctic 47:34–42.
Gjertz, I., Kovacs, K.M., Lydersen, C. and Wiig, O. 2000. Movements and diving of bearded seal
(Erignathus barbatus) mothers and pups during lactation and post-weaning. Polar Biology 23:559-566.
Gjertz J., Mehlum F. and Gabrielsen, G.W. 1985. Food sample analysis of seabirds collected during
‗Lance‘-cruise in ice-filled waters in Eastern Svalbard 1984 // Norsk Polarinstitutt Rapportserie. Oslo:
Norsk Polarinstitutt. N 23. P. 1–17.

49

Gosselin, J.-F. 2005. Abundance indices of belugas in James Bay and eastern Hudson Bay in summer
2004. Department of Fisheries and Oceans Canadian Science Advisory Research Document, 005/011.
Gosselin, J.-F., Hammill, M.O. and Lesage, V. 2007. Comparison of photographic and visual
abundance indices of belugas in the St. Lawrence Estuary in 2003 and 2005. Department of Fisheries
and Oceans Canadian Science Advisory Research Document, 2007/025.
Gosselin, M., Levasseur, M., Wheeler, P.A., Horner, R.A. and Booth, B.C. 1997. New measurements of
phytoplankton and ice algal production in the Arctic Ocean. Deep-Sea Res. 44: 1623-1644.
Gradinger, R. 2002. Sea ice microorganisms. Pages 2833–2844 in G. Bitten, editor. Encyclopedia of
environmental microbiology. Wiley and Sons, Hoboken, New Jersey, USA.
Gradinger, R. 1999. Vertical fine structure of algal biomass and composition in Arctic pack ice. Mar Biol
133: 745-754.
Gradinger, R. 1995. Climate change and biological oceanography of the Arctic Ocean. Philos. Trans.:
Phys. Sci. Eng. 352: 277–286.
Gradinger, R.R. and Bluhm, B.A. 2004. In situ observations on the distribution and behavior of
amphipods and Arctic cod (Boreogadus saida) under the sea ice of the High Arctic Canada Basin. Polar
Biol 27:595–603.
Gradinger, R. and Ikävalko, J. 1998. Organism incorporation into newly forming Arctic sea ice in the
Greenland Sea. J Plankton Res 20:871–886.
Gradinger, R., Hopcroft, R.R. and Bluhm, B. 2004. Arctic Census of Marine Life (Arc-CoML) Program
Proposal. University of Fairbanks. Fairbanks, Alaska. 35 pp.
Graham, M. and Hop, H. 1995. Aspects of reproduction and larval biology of Arctic cod (Boreogadus
saida). Arctic 48:130–135.
Gratto-Trevor, C.L., Johnston, V.H. and Pepper S.T. 1998. Changes in shorebird and eider abundance
in the Rasmussen Lowlands, NWT. Wilson Bulletin 110:316-325.
Grebmeier, J. M., L. W. Cooper, H. M. Feder, and B. I. Sirenko. 2006a. Ecosystem dynamics of
the Pacific-influenced Northern Bering and Chukchi Seas in the Amerasian Arctic. Progress in
Oceanography 71:331-361.
Grebmeier, J.M., Overland, J.E., Moore, S. E., Farley, E.V., Carmack, E.C., Cooper, L.W, Frey, K.E.,
Helle, J.H., McLaughlin, F.A., and McNutt, S.L. 2006. A Major Ecosystem Shift in the Northern Bering
Sea. Science 311: 1461–1464.
Haas, C., Pfaffling, A., Hendricks, S., Rabenstein, L., Etienne, J.L. and Rigor, I. 2008. Reduced ice
thickness in Arctic Transpolar Drift favors rapid ice retreat. Geophysical Research Letters 35, L17501.
Hammill, M. O., and Smith, T. G. 1991. The role of predation in the ecology of the ringed seal in
Barrow Strait, Northwest Territories, Canada. Marine Mammal Science 7:123-135.
Hammill, M.O., Lesage, V. and Gosselin, J.-F. 2005. Abundance of Eastern Hudson Bay belugas.
Department of Fisheries and Oceans Canadian Science Advisory Research Document, 2005/010.

50

Hammill, M.O., Lesage, V., Gosselin, J.F., Bourdages, H. de March, B.G.E. and Kingsley, M.C.S. 2004.
Evidence of a decline in northern Quebec (Nunavik) belugas. Arctic 57:183–195.
Haney, J.C. and Macdonald, S.D. 2003. ―Ivory gull (Pagophila eburnea).‖ The Birds of North America,
No. 175. Krajick, K. ―In Search of the ivory gull: A Symbol of the High Arctic Has Almost Disappeared,
and Scientists are on a Quest to Understand Why.‖ Science 301.5641:1840(2).
Haney, J.C. and MacDonald, S.D. 1995. Ivory Gull (Pagophila eburnea). In The Birds of North America,
No. 175 (A. Poole and F. Gill, eds.). The Birds of North America, Inc., Philadelphia, PA.
Härkönen, T., Stenman, O., Jüssi, M., Jüssi, I., Sagitov, R. and Verevkin, M. 1998. Population size
and distribution of the Baltic ringed seal (Phoca hispida botnica). NAMMCO Sci. Publ. 1:167180.
Harwood, L.A., and Stirling, I. 1992. Distribution of ringed seals in the southeastern Beaufort Sea during
late summer. Canadian Journal of Zoology 70:891−900.
Harwood, L.A., Alikamik, J. and Melling, H. 2008. Ringed seals as indicators of change: harvest-based
sampling near Ulukhaktok (Holman) (1997-2007) and Sachs Harbour (2003-2007), NT, Canada,
Proceedings of the US-Canada Northern Oil and Gas Research Forum, Anchorage, Alaska October 2830, 2008.
Heide-Jørgensen, M.P. 2004. Aerial digital photographic surveys of narwhals, Monodon monoceros, in
northwest Greenland. Marine Mammal Science 20:246–261.
Heide-Jørgensen, M.P., and Aquarone, M. 2002. Size and trends of bowhead whales, beluga and
narwhal stocks wintering off West Greenland. NAMMCO Scientific Publications 4: 191–210.
Heide-Jørgensen, M.P., and Laidre, K.L. 2004. Declining open water refugia for top predators in Baffin
Bay and adjacent waters. Ambio 33:488–495.
Heide-Jørgensen, M.P., Laidre, K., Borchers, D., Marques, T.A., Stern, H., and Simon, M. The effect of
sea-ice loss on beluga whales (Delphinapterus leucas) in West Greenland. Polar Research in press.
Heide-Jørgensen, M.P., Laidre, K., Borchers, D., Samarra, F. and Stern, H. 2007. Increasing
abundance of bowhead whales in West Greenland. Biology Letters 3(5):577–580.
Heide-Jørgensen, M.P., Laidre, K.L., Logsdon, M.L. and Nielsen, T.G. 2007a. Springtime coupling
between chlorophyll a, sea ice and sea surface temperature in Disko Bay, west Greenland. Prog.
Ocean 73, 79–95.
Heide-Jørgensen, M.P., Laidre, K.L., Jensen, M.V., Dueck, L. and Postma, L.D. 2006. Dissolving stock
discreteness with satellite tracking: bowhead whales in Baffin Bay. Mar. Mamm. Sci. 22:34-45.
Heide-Jørgensen, M.P., Dietz, R., Laidre, K.L., Richard, P.R., Orr, J., Schmidt, H.C. 2003. The
migratory behaviour of narwhals (Monodon monoceros). Can J Zool 81:1298–1305.
Heide-Jørgensen, M.P., Richard, P., Dietz, R., Laidre, K.L., Orr, J. and Schmidt, H.C. 2003a. An
estimate of the fraction of belugas (Delphinapterus leucas) in the Canadian High Arctic that winter in
West Greenland. Polar Biology 26:318–326.
Heide-Jørgensen, M.P., Richard, P., Dietz, R., Laidre, K.L., Orr, J., and Schmidt, H.C. 2003b. An
estimate of the fraction of belugas (Delphinapterus leucas) in the Canadian High Arctic that winter in
West Greenland. Polar Biology 26:318–326.

51

Heide-Jørgensen, M.P., Dietz, R., Laidre, K., Richard, P.R. 2002. Autumn movements, home ranges
and winter density of narwhals (Monodon monoceros) from Tremblay Sound, Bay Island. Pol Biol
25:331–341.
Heide-Jørgensen, M.P., Richard, P., Ramsay, M. and Akeeagok, S. 2002a. Three recent ice
entrapments of Arctic cetaceans in West Greenland and the eastern Canadian High Arctic. NAMMCO
Scientific Publications 4:143–148.
Higdon, J.W. 2007. Status of knowledge on killer whales (Orcinus orca) in the Canadian Arctic.
Fisheries and Oceans Canada Canadian Science Advisory Secretariat Research Document
2007/048.
Hobbs, R.C., Laidre, K.L. Vos, D.J. and Mahoney, B.A. 2005. Movements and area use of belugas,
Delphinapterus leucas, in a sub-Arctic estuary. Arctic 58:331–340.
Hodges, J.I. and Eldridge, W.D. 1995. Aerial waterfowl surveys on the arctic coast of Eastern Russia,
1994. Unpubl. Rept., U.S. Fish and Wildlife Service, Washington, DC.
Holst M., Stirling I. and Hobson K.A. 2001. Diet of ringed seals (Phoca hispida) on the east and west
sides of the North Water Polynya, northern Baffin Bay. Marine Mammal Science 17:888–908.
Horner, R. 1985. Sea ice biota, CRC Press, Boca Raton, FL.
Hsiao, S.I.C. 1980. Quantitative composition, distribution, community structure and standing stock of
sea ice microalgae in the Canadian Arctic. Arctic 33:768–793.
Hunter, C.M., Caswell, H., Runge, M.C., Regehr, E.V., Amstrup, S.C. and Stirling, I. 2007. Polar bears
in the southern Beaufort Sea II: demographic and population growth in relation to sea ice conditions.
U.S. Dept. of the Interior, U.S. Geological Survey Administrative Report. 46 pp.
IPCC. 2007. Climate change 2007: The physical science basis. Contribution of Working Group I to the
Fourth Assessment Report of the Intergovernmental Panel on Climate Change, Solomon, S., Qin, D.,
Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor M. and Miller H.L. (eds.), Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA.
IUCN/SSC PBSG. 2009. Press Release: 15th meeting of PBSG in Copenhagen, Denmark 2009.
http://pbsg.npolar.no/en/meetings/press-releases/15-Copenhagen.html.
Innes, S., Heide-Jørgensen, M.P., Laake, J.L., Laidre, K.L., Cleator, H.J., Richard, P.R. and Stewart,
R.E.A. 2002. Surveys of belugas and narwhals in the Canadian high Arctic in 1996. NAMMCO
Scientific Publications 4:147–190.
International Whaling Commission. 2008. Report of the Scientific Committee. Annex F. Report of the
Sub-Committee on Bowhead, Right and Gray Whales. Journal of Cetacean Research and Management
(Supplement) 10:in press.
International Whaling Commission. 2006. Whale Population Estimates. Bowhead whales off West
Greenland. www.iwcoffice.org/conservation/estimate.htm. Downloaded on 03 January, 2010.
International Whaling Commission. 2000. Report of the Scientific Committee on Small Cetaceans.
Journal of Cetacean Research and Management, Volume 2 Supplement. April 2000.

52

Irons, D.B., Anker-Nilssen, T., Gaston, A.J., Byrd, G.V., Falk, K., Gilchrist, G., Hario, M., Hjernquist, M.,
Krasnov, Y.V., Mosbech, A., Olsen, B., Petersen, A., Reid, J., Robertson, G., Strom, H. and Wohl, K.D.
2008. Magnitude of climate shift determines direction of circumpolar seabird population trends. Global
Change Biology 14: 1455-1463.
Jay, C.V., and Fischbach, A.S. 2008. Pacific walrus response to Arctic sea ice losses. U.S. Geological
Survey Fact Sheet 2008-3041. (http://pubs.usgs.gov/fs/2008/3041/)
Jay, C.V., Outridge, P.M. and Garlich-Miller, J.L. 2008. Indication of two Pacific walrus stocks from
whole tooth elemental analysis. Polar Biology 31:933–943.
Jenouvrier, S., Barbraud, C. and Weimerskirch, H. 2003. Effects of climate variability on the temporal
population dynamics of southern fulmars. Journal of Animal Ecology 72: 576-587.
Johnston, D.W., Friedlaender, A.S., Torres, L.G. and Lavigne D.M. 2005. Variation in sea ice cover on
the east coast of Canada from 1969 to 2002: climate variability and implications for harp and hooded
seals. Climate Research 29:209–222.
Karlsson, O., Härkönen, T., and Bäcklin, B.M. 2007. Seals on the increase (In Swedish -Sälar på
uppgång). Havet 2007: 84–89.
Kavry, V.I., A.N. Boltunov, and V.V. Nikiforov. 2008. New coastal haulouts of walruses (Odobenus
rosmarus) – response to the climate changes. Pages 248-251, In Collection of Scientific Papers from
the Marine Mammals of the Holarctic V conference, Odessa, Ukraine, 14-18 October 2008.
Kelly, B.P. 2001. Climate change and ice breeding pinnnipeds. Pages 43-55 in G. R. Walther, C.
A. Burga, and P. J. Edwards, editors. "Fingerprints" of Climate Change: Adapted Behavior and Shifting
Species Ranges. Kluwer Academic/Plenum Publishers, New York, NY, USA.
Kelly, B.P. 1988. Ringed Seal. Pages 57-75 in J. W. Lentfer, editor. Selected Marine Mammals
of Alaska: Species Accounts with Research and Management Recommendations. Marine
Mammal Commission, Washington, D.C.
Kelly, B. P. 1988a. Bearded Seal. Pages 77-94 in J. W. Lentfer, editor. Selected Marine
Mammals of Alaska: Species Accounts with Research and Management Recommendations. Marine
Mammal Commission, Washington, D.C.
Kiliaan, H.P. and Stirling,I. 1978. Observations on overwintering walruses in the eastern Canadian High
Arctic. Journal of Mammalogy 59:197–200.
Kingsley, M.C.S. 2002. Status of the belugas in the St. Lawrence estuary, Canada. NAMMCO Scientific
Publications 4:239–258.
Kingsley, M.C.S., Stirling, I. and Calvert, W. 1985. The distribution and abundance of seals in
the Canadian High Arctic, 1980-82. Canadian Journal of Fisheries and Aquatic Science 42:1189-1210.
Koç, N., Njåstad, B., Armstrong, R., Corell, R.W., Jensen, D.D., Leslie, K.R., Rivera, A., Tandong, Y.
and Winther, J-G. (eds.) 2009. Melting snow and ice: a call for action. Centre for Ice, Climate and
Ecosystems, Norwegian Polar Institute.
Kochnev, A.A. 2004. Warming of eastern Arctic and present status of the Pacific walrus (Odobenus
rosmarus divergens) population: Marine Mammals of the Holarctic III, Koktebel, October 11–17, 2004,
p. 280-284.

53

Koski, W.R., Davis, R.A. 1994. Distribution and numbers of narwhals (Monodon monoceros) in Baffin
Bay and Davis Strait. Medd Groenl Biosci 39:15–40.
Kovacs, K.M. and Lydersen, C. 2008. Climate change impacts on seals and whales in the North
Atlantic Arctic and adjacent shelf seas. Science Progress 91(1): 117-150.
Kovacs, K.M. 2002. Bearded seal Erignathus barbatus. Pages 84-87 in W.F. Perrin, B. Würsig,
and J.G.M. Thewissen, editors. Encyclopedia of Marine Mammals. Academic Press, San Diego,
California, USA.
Krembs, C., and Deming, J. 2006. What do we know about organisms that thrive in Arctic sea ice?
Sea ice: a refuge for life in polar seas? NOAA Arctic Theme Page.
http://www.arctic.noaa.gov/essay_krembsdeming.html. Downloaded on 03 January 2010.
Krembs, C., Gradinger, R., and Spindler, M. 2000. Implications of brine channel geometry and surface
area for the interaction of sympagic organisms in Arctic sea ice. J Exp Mar Bio Ecol 243:55–80.
Kwok, R., G. F. Cunningham, M. Wensnahan, I. Rigor, H. J. Zwally, and D. Yi, 2009. Thinning and
volume loss of the Arctic Ocean sea ice cover: 2003–2008, J. Geophys. Res., 114, C07005.
Kwok, R., and D. A. Rothrock. 2009. Decline in Arctic sea ice thickness from submarine and ICESat
records: 1958–2008, Geophys. Res. Lett., 36, L15501.
Labansen, A. L., Lydersen, C., Haug, T., and Kovacs, K.M. 2007. Spring diet of ringed seals (Phoca
hispida) from northwestern Spitsbergen, Norway. – ICES Journal of Marine Science, 64: 1246–1256.
Laidre, K.L., and Heide-Jørgensen, M.P. 2005. Arctic sea ice trends and narwhal vulnerability.
Biological Conservation 121:509–517.
Laidre, K. L., and Heide-Jørgensen, M.P. 2005a. Winter feeding intensity of narwhals (Monodon
monoceros). Marine Mammal Science 21:45–57.
Laidre, K.L. and Heide-Jørgensen, M.P. 2005b. The behaviour of narwhals (Monodon monoceros)
before, during, and after an attack by killer whales (Orcinus orca). NAMMCO/SC/13-JCNB/SWG/2005JWG/13.
Laidre, K.L., Stirling, I., Lowry, L.F., Wiig, Ø., Heide-Jørgensen, M.P. and Ferguson, S.H., 2008.
Quantifying the sensitivity of Arctic marine mammals to climate-induced habitat change. Ecological
Applications 18, Supplement: Arctic Marine Mammals, S97–S125.
Laidre, K.L., Heide-Jorgensen, M.P., Nyeland, J., Mosbech, A., and Boertmann, D. 2008a. Latitudinal
gradients in sea ice and primary production determine Arctic seabird colony size in Greenland. Proc R
Soc Lond B 275:2695–2702.
Laidre, K.L., Heide-Jørgensen, M.P., Jørgensen, O.A. and Treble, M.A. 2004a. Deep ocean predation
by a high Arctic cetacean. ICES Journal of Marine Science 61:430–440.
Laidre, K.L., Heide-Jørgensen, M.P., Logsdon, M.L. Hobbs, R.C., Dietz, R. and VanBlaricom, G.R.
2004b. Fractal analysis of narwhal space use patterns. Zoology 107:3–11.
Laidre, K.L., Heide-Jørgensen, M.P., Logsdon, M.L., Hobbs, R.C., Heagerty, P. Dietz, R. Jørgensen,
O.A. and Treble, M.A. 2004c. Seasonal narwhal habitat associations in the high Arctic. Marine Biology
145:821–831.

54

Laidre, K.L., Heide-Jørgensen, M.P., Dietz, R., Hobbs, R.C. and Jørgensen, O.A. 2003. Deep-diving by
narwhals, Monodon monoceros: Differences in foraging behavior between wintering areas? Marine
Ecology Progress Series 261:269–281.
Larned, W. W., Tiplady, T. J., Platte, R. and R. Stehn. 1999. Eider breeding population survey, Arctic
Coastal Plain, Alaska 1997-98. Unpublished Progress Report. U.S. Fish and Wildlife Service, Office of
Migratory Bird Management, Anchorage, AK. 22pp.
Lavoie, D., Denman, K. and Michel, C. 2005. Modeling ice algal growth and decline in a seasonally icecovered region of the Arctic (Resolute Passage, Canadian Archipelago). J Geophys Res 110, C11009.
Lee, S.H., Schell, D.M., McDonald, T. and Richardson, W.J. 2005. Regional and seasonal feeding by
bowhead whales Balaena mysticetus as indicated by stable isotope ratios. Marine Ecology Progress
Series 285:271–287.
Lindqvist, C., Bachmann, L., Andersen, L. W., Born, E. W., Arnason, U., Kovacs, K. M., Lydersen, C.,
Abramov, A. V. and Wiig, Ø. 2009. The Laptev Sea walrus Odobenus rosmarus laptevi: an enigma
revisited. Zoologica Scripta 38, 113-127.
Lønne, O.J., Gulliksen, B. 1991. On the distribution of sympagic macro-fauna in the seasonally ice
covered Barents Sea. Polar Biol 11: 457-469.
Lønne, O.J. and Gulliksen, B. 1989. Size, age and diet of polar cod, Boreogadus-Saida (Lepechin
1773), in ice covered waters. Polar Biol. 9: 187–191.
Lovvorn, J.R., Richman, S.E., Grebmeier, J.M. and Cooper, L.W. 2003. Diet and body condition of
spectacled eiders wintering in pack ice of the Bering Sea. Polar Biol 26:(4)259–67.
Lowry, L. 2000. Marine mammal–sea ice relationships. Pages 91–96 in H. P. Huntington, editor.
Impacts of changes in sea ice and other environmental parameters in the Arctic. Report of the Marine
Mammal Commission Workshop, 15–17 February 2000, Girdwood, Alaska. Marine Mammal
Commission, Besthesda, Maryland, USA.
Lowry, L.F. 1984. The Pacific Walrus (Odobenus rosmarus divergens). Pages 1-9 in J.J. Burns, editor.
Marine Mammal Species Accounts. Alaska Department of Fish and Game.
Lowry, L.F. 1993. Foods and feeding ecology. Pages 201-238 in J.J. Burns, J.J. Montague and C.J.
Cowles, eds. The bowhead whale. Special Publication No. 2. Society for Marine Mammalogy,
Lawrence, KS.
Lowry, L.F., and Fay, F.H. 1984. Seal eating by walruses in the Bering and Chukchi Seas. Polar
Biology 3:11-18.
Lowry, L., Kovacs, K. and Burkanov, V. 2008. Odobenus rosmarus. In: IUCN 2009. IUCN Red List of
Threatened Species. Version 2009.2. <www.iucnredlist.org>. Downloaded on 03 January 2010.
Lowry, L.F., Sheffield, G., and George, J.C. 2004. Bowhead whale feeding in the Alaskan Beaufort Sea,
based on stomach contents analyses. J. Cetacean Res. Manage. 6(3):215-223.
Lowry, L.F., Burns, J.J. and Nelson, R.R. 1987. Polar bear, Ursus maritimus, predation on belugas,
Delphinapterus leucas, in the Bering and Chukchi Seas. Canadian Journal of Zoology 101:141–46.
Lowry, L.F., Frost, K.J. and Burns, J. J. 1980. Variability in the diet of ringed seals, Phoca hispida, in
Alaska. Canadian Journal of Fisheries and Aquatic Science 37:2254-2261.

55

Lydersen, C., and Kovacs, K.M. 1999. Behavior and energetics of ice-breeding, North Atlantic phocid
seals during the lactation period. Marine Ecology Progress Series 187:265-281.
Lydersen, C., Aars, J. and Kovacs, K.M. 2008. Estimating the number of walruses in Svalbard based on
aerial surveys and behavioural data from satellite telemetry. Arctic 61: 119–128.
Lydersen, C., Martin, A.R., Kovacs, K.M. and Gjertz, I. 2001. Summer and autumn movements of white
whales Delphinapterus leucas in Svalbard, Norway. Marine Ecology Progress Series 219:265–274.
Lydersen, C., Hammill, M.O. and Kovacs, K.M. 1994. Diving activity in nursing bearded seal
(Erignathus barbatus) pups. Canadian Journal of Zoology-Revue Canadienne De Zoologie 72:96-103.
Lyngs, P. 2003. Migration and winter ranges of birds in Greenland. Dansk Ornithologisk Forenings
Tidsskrift 97, 167.
Mallory, M.L., Woo, K., Gaston, A. J., Davies, W. E. and Mineau, P. 2004. Walrus (Odobenus
rosmarus) predation on adult thick-billed murres (Uria lomvia) at Coats Island, Nunavut, Canada. Polar
Research 23:111-114.
Mehl, K.R., Alisauskas, R.T., Hobson, K.A., and Merkel, F.R. 2005. Linking breeding and wintering
areas of king eiders: making use of polar isootopic gradients. Journal of Wildlife Management 69:3,
1297-1304.
Melnikov, I.A. 2009. Recent sea ice ecosystem in the Arctic Ocean: a review. In: Nihoul, J.C.J. and
Kostianoy, A.G. (eds.), Influence of Climate Change on the Changing Arctic and Sub-Arctic Conditions.
Springer Science, Netherlands, pp 57-71.
Melnikov, I.A. 2008. Recent Arctic Sea-Ice Ecosystem: Dynamics and Forecast. Doklady Akademii
Nauk, 423(5): 817–820.
Melnikov, I. A. 1989. Ecosystem of Arctic Sea-Ice. Inst. Oceanol. RAS, Moscow [in Russian].
Meier, W., Stroeve, J. and Fetterer, F. 2007. Whither Arctic sea ice? A clear signal of decline
regionally, seasonally and extending beyond the satellite record. Annals of Glaciology 46:428-434.
Merkel, F., Mosbech, A. Jamieson, S. and Falk, K. 2007. The diet of king eiders wintering in Nuuk,
Southwest Greenland, with reference to sympatric wintering common eiders. Polar Biology 30:15931597.
Michel, C., Nielsen, T.G., Nozais, C., Gosselin, M. 2002. Significance of sedimentation and grazing by
ice micro- and meiofauna for carbon cycling in annual sea ice (northern Baffin Bay). Aquat Microb Ecol
30:57-68.
Miyazaki, N. 2002. Ringed, Caspian, and Baikal seals Pusa hispida, P. caspica, and P. sibirica. pp.
1033–1037 In Encyclopedia of marine mammals, (W.F. Perrin, B. Wursig, and J.G.M. Thiewissen,
eds.). Academic Press, London.
Moline, M.A., Karnovsky, N.J., Brown, Z., Divoky, G.J., Frazer, T.K., Jacoby, C.A., Torres, J.J. and
Fraser, W.R. 2008. High latitude changes in ice dynamics and their impact on polar marine
ecosystems. Annals of the New York Academy of Sciences 1134: 267-319.
Monnett, C. and Gleason, J.S. 2006. Observations of mortality associated with extended open water
swimming by polar bears in the Alaskan Beaufort Sea. Polar Biology DOI 10.1007/s00300-005-0105-2.

56

Moore, S.E. 2008. Climate Change. pp. 238–241 In Encyclopedia of marine mammals, (W.F. Perrin, B.
Wursig, and J.G.M. Thiewissen, eds.). Academic Press, London.
Moore, S.E. and Huntington, H.P. 2008. Arctic marine mammals and climate change: impacts and
resilience. Ecological Applications 18(2) Supplement: S157–S165.
Moore, S.E. and Laidre, K. L. 2006. Analysis of sea ice trends scaled to habitats used by bowhead
whales in the western Arctic. Ecological Applications 16:932–944.
Moore, S.E. and Reeves, R.R. 1993. Distribution and Movement. Pages 313-386 in J.J. Burns, J.J.
Montague and C.J. Cowles, eds. The bowhead whale. Special Publication No. 2. Society for Marine
Mammalogy, Lawrence, KS.
Moore, S.E., Overland, J.E. and Jay, C.V. 2010. Marine Mammals and Sea Ice Loss in the Pacific
Arctic. Abstract, Alaska Marine Science Symposium 2010, January 18-22, 2010 Anchorage Alaska.
Moore, S.E., DeMaster, D.P. and Dayton, P.K. 2000. Cetacean habitat selection in the Alaskan Arctic
during summer and autumn. Arctic 53(4):432-447.
Mosbech, A. and Boertmann, D. 1999. Distribution, abundance and reaction to aerial surveys of postbreeding king eiders (Somateria spectabilis) in western Greenland. Arctic 52: 188-203
Mosbech, A. and Johnson, S.R. 1999. Late Winter Distribution and Abundance of Sea-Associated Birds
in Southwest Greenland, Davis Strait, and Southern Baffin Bay. Polar Research 18: 1-17.
Mosbech, A., Danø, R.S., Merkel, F., Sonne, C., Gilchrist, G. and Flagstad, A. 2006. Use of satellite
telemetry to locate key habitats for King Eiders Somateria spectabilis in West Greenland. Waterbirds
around the world. Eds. G.C. Boere, C.A. Galbraith and D.A. Stroud. The Stationery Office, Edinburgh,
UK. pp. 769-776.
Mundy, C.J., Barber, D.G., Michel, C. 2005. Variability of snow and ice thermal, physical and optical
properties pertinent to sea ice algae biomass during spring. J Mar Syst 58:107–120.
Mymrin N.I. 2006. Belukha whales (Delphinapterus leucas P.) in the ice trap. Bering Strait, Chukotka: in
Collection of Scientific Papers from the Marine Mammals of the Holarctic IV, St. Petersburg, September
10-14, 2006, p. 377-380. http://2mn.org/downloads/bookshelf/mmh4_book/374-472.pdf.
NAMMCO. 2009. Report of the Joint Meeting of the NAMMCO Scientific Committee Working Group on
the population status of narwhal and beluga in the North Atlantic and the Canada/Greenland Joint
Commission on Conservation and Management of Narwhal and Beluga Scientific Working Group,
Winnipeg, Canada, 17-20 February 2009.
NAMMCO. 2005. Report of the Joint Meeting of the NAMMCO Scientific Committee Working Group on
the population status of narwhal and beluga in the North Atlantic and the Canada/Greenland Joint
Commission on Conservation and Management of Narwhal and Beluga Scientific Working Group,
Nuuk, Greenland, 13–16 October 2005.
NAMMCO. Undated. Status of marine mammals in the North Atlantic: the Atlantic walrus. Available at:
http://www.nammco.no/webcronize/images/Nammco/654.pdf.
National Snow and Ice Data Center (NSIDC). http://nsidc.org

57

Nettleship, D.N., Evans, P.G.H. 1985. Distribution and status of the Atlantic Alcidae. In: The Atlantic
Alcidae (eds Nettleship, D.N., Birkhead, T.R.), pp. 53–154. Academic Press, London.
Neve, P.B. 1995. Life history of narwhals (Monodon monoceros) in West Greenland, Part II, p. 1-12. In
P.B. Neve (ed). Narhvalen Monodon monoceros L. I Vest Grønland. Specialeafhandling ved
Københavns Universitet.
North Pacific Fishery Management Council (NPFMC) 20009. Arctic Fishery Management Plan.
(http://www.fakr.noaa.gov/npfmc/fmp/arctic/ArcticFMP.pdf).
Nozais, C., Gosselin, M., Michel, C. and Tita, G. 2001. Abundance, biomass, composition and grazing
impact of the sea-ice meiofauna in the North Water, northern Baffin Bay. Mar Ecol Prog Ser 217:235–
250.
Obbard, M.E., McDonald, T.L., Howe, E.J., Regehr, E.V. and Richardson, E.S. 2007. Polar Bear
Population Status in Southern Hudson Bay, Canada. Administrative Report, United States Geological
Survey.
Oppel, S., Dickson, L.D. and Powell, A.N. 2009. International importance of the eastern Chukchi Sea as
a staging area for migrating king eiders. Polar Biology 32:5, 775-783.
Oppel, S., Powell , A.N. and Dickson, L.D. 2008. Timing and Distance of King Eider Migration and
Winter Movements. The Condor 110:2, 296-305.
Overland, J. E., and Wang, M. 2007. Future Climate of the North Pacific Ocean, Eos Trans. AGU,
88(16).
Overland, J.E., Bond, N.A., Wang, M. and Stabeno, P.J. 2010. When will the Bering Sea be warm
again? Abstract, Alaska Marine Science Symposium 2010, January 18-22, 2010 Anchorage Alaska.
Ovsyanikov, N.G., Menyushina, I.E., and Bezrukov, A.V. 2008. Unusual Pacific walrus mortality at
Wrangel Island in 2007. Pages 413-416, In Collection of Scientific Papers from the Marine Mammals of
the Holarctic V conference, Odessa, Ukraine, 14-18 October 2008.
Pabi, S., van Dijken, G.L. and Arrigo, K. 2008. Primary production in the Arctic Ocean, 1998–2006.
Journal of Geophysical Research 113, C08005.
Perovich, D., R. Kwok, W. Meier, S. V. Nghiem, and J. Richter-Menge, 2009: Sea Ice Cover [in Arctic
Report Card 2009], http://www.arctic.noaa.gov/reportcard.
Petersen, M.R. and Douglas, D.C. 2004. Winter Ecology of Spectacled Eiders: Environmental
Characteristics and Population Change. The Condor 106(1):79-94.
Petersen, M.R., Larned, W.W. and Douglas, D.C. 1999. At-sea distribution of Spectacled Eiders: a 120year-old mystery resolved. Auk 116:1009- 1020.
Phillips, L.M., Powell, A.N., Rexstad, E.A. 2006. Large-scale movements and habitat characteristics of
king eiders throughout the nonbreeding period. Condor 108:887–900.
Ponomarenko, V.P. 2000. Eggs, larvae, and juveniles of polar cod Boreogadus saida in the Barents,
Kara, and White Seas. J Ichthyol 40:165–173.
Poulin, M., Cardinal, A. and Legendre, L. 1983. Réponse d‘une communauté de diatomées de glace à
un gradient de salinité (baie d‘Hudson). Marine Biology 76:191-202.

58

Pungowiyi, C. 2000. Native observations of change in the marine environment of the Bering Strait
region. Pages 18-20 in H. P. Huntington, editor. Impacts of Changes in Sea Ice and Other
Environmental Parameters in the Arctic. Report of the Marine Mammal Commission Workshop 15-17
February 2000, Girdwood, Alaska. Marine Mammal Commission, Bethesda, Maryland. 98 pp.
Ragen, T.J., Huntington, H.P. and Hovelsrud, G.K. 2008. Conservation of arctic marine mammals faced
with climate change. Ecol Appl 18 (Suppl):S166-S174.
Raven, G. H., and D. L. Dickson. 2006. Changes in distribution and abundance of birds on western
Victoria Island from 1992-1994 to 2004-2005. Technical Report 31 Series No. 456, Canadian Wildlife
Service Technical Report Series No. 456, Edmonton, Canada.
Ray, G.C., and McCormick-Ray, J. 2004. Bering Sea: marine mammals in a regional sea. Pages 172204 in Coastal-Marine Conservation: Science and Policy, Blackwell Publishing.
Ray, G.C., McCormick-Ray, J., Berg, P. and Epstein, H.E. 2006. Pacific walrus: benthic bioturbator of
Beringia. Journal of Experimental Marine Biology and Ecology 330:403-419.
Reeves, R.R. 2009. IUCN Fact Sheet Beluga whales and climate change.
(http://cmsdata.iucn.org/downloads/fact_sheet_red_list_beluga_v2.pdf).
Reeves, R.R., and Mitchell, E. 1987. Distribution and migration, exploitation, and former abundance of
white whales (Delphinapterus leucas) in Baffin Bay and adjacent waters. Canadian Special Publications
of Fisheries and Aquatic Science 199:1–34.
Reeves, R.R., Stewart, B.S. and Leatherwood, S. 1992. The Sierra Club handbook of seals and
sirenians. Sierra Club Press, San Francisco, California, USA.
Regehr, E.V., Lunn, N.J., Amstrup, S.C. and Stirling, I. 2007. Survival and population size of polar
bears in western Hudson Bay in relation to earlier sea ice breakup. Journal of Wildlife Management
71:2673–2683.
Regehr, E.V., Lunn, N.J. Amstrup, S.C. and Stirling, I. 2007a. Effects of earlier sea ice breakup on
survival of polar bears in Western Hudson Bay. Journal of Wildlife Management 71(8):2673–2683.
Regehr, E.V., Hunter, C.M., Caswell, H., Amstrup, S.C. and Stirling, I. 2007b. Polar bears in the
southern Beaufort Sea: survival and breeding in relation to sea ice conditions, 2001–2006. U.S. Dept.
of the Interior, U.S. Geological Survey Administrative Report, Reston, Virginia. 45pp.
Regehr, E.V., Amstrup, S.C. and Stirling, I. 2006. Polar bear population status in the Southern Beaufort
Sea. Report Series 2006-1337, U.S. Department of the Interior, U.S. Geological Survey, Anchorage,
Alaska. 55pp.
Regehr, E.V., Lunn, N.J., Amstrup, S.C., and Stirling, I. 2005. Population decline of polar bears in
western Hudson Bay in relation to climactic warming. Abstract submitted for the 16th Biennial
Conference on the Biology of Marine Mammals, 12–16 December 2005, San Diego, California: Society
for Marine Mammalogy.
Richard, P.R. 2005. An estimate of the Western Hudson Bay beluga population size in 2004.
Department of Fisheries and Oceans Canadian Science Advisory Research Document, 2005/017.
Richard, P.R. 1991. Abundance and distribution of narwhals (Monodon monoceros) in northern Hudson
Bay. Canadian Journal of Fisheries and Aquatic Science 48:276–283.

59

Richard, P.R., Laake, J.L., Hobbs, R.C., Heide-Jørgensen, M.P., Asselin, N.C. and Cleator, H. Baffin
Bay narwhal population distribution and numbers: aerial surveys in the Canadian High Arctic, 2002–
2004. Arctic in press.
Richard, P.R., Heide-Jørgensen, M.P., Orr, J., Dietz, R. and Smith, T.G. 2001. Summer and autumn
movements and habitat use by belugas in the Canadian high Arctic and adjacent waters. Arctic 54:207222.
Richard, P.R., Heide-Jørgensen, M.P. and St. Aubin, D. 1998a. Fall movements of belugas
(Delphinapterus leucas) with satellite-linked transmitters in Lancaster Sound. Arctic 51:5–16.
Richard, P.R., Orr, J.R., Dietz, R. and Dueck, L. 1998b. Sightings of belugas and other marine
mammals in the North Water, late March 1993. Arctic 51:1–4.
Richard, P.R., Orr, J. and Barber, D.S. 1990. The distribution and abundance of belugas,
Delphinapterus leucas, in eastern Canadian sub-Arctic waters: a revision and update. Canadian
Bulletin of Fisheries and Aquatic Sciences 224: 23–38.
Richter-Menge, J., and J.E. Overland, Eds., 2009: Arctic Report Card 2009,
(http://www.arctic.noaa.gov/reportcard).
Riedel, A., Michel, C. and Gosselin, M. 2007a. Grazing of large sized bacteria by sea-ice heterotrophic
protists on the Mackenzie Shelf during the winter–spring transition. Aquat Microb Ecol 50:25–38.
Riedel, A., Michel, C., Gosselin, M. and LeBlanc, B. 2007b. Enrichment of nutrients, exopolymeric
substances and microorganisms in newly formed sea ice on the Mackenzie shelf. Mar Ecol Prog Ser
342:55–67.
Riedel, A., Michel, C., Gosselin, M. and LeBlanc, B. 2008. Winter–spring dynamics in sea-ice carbon
cycling in the coastal Arctic Ocean. J Mar Syst 74:918–932.
Robertson, G.J., Gilchrist, H.G. and Mallory, M.L. 2007. Colony dynamics and persistence of Ivory Gull
Breeding in Canada. Avian Cons Ecol 2:1–18.
Rode, K. D., S. C. Amstrup, E. V. Regehr. 2007. Polar bears in the southern Beaufort Sea III: Stature,
mass, and cub recruitment in relationship to time and sea ice extent between 1982 and 2006.
Administrative report, US Geological Survey, Alaska Science Center, Anchorage, AK.
Różańska, M., Gosselin, M., Poulin, M., Wiktor, J.M., and Michel, C. 2009. Influence of environmental
factors on the development of bottom ice protist communities during the winter–spring transition.
Marine Ecology Progress Series 386: 43-59.
Różańska, M., Poulin, M. and Gosselin, M.. 2008. Protist entrapment in newly formed sea ice in the
Coastal Arctic Ocean. Journal of Marine Systems 74: 887-901.
Rugh, D., DeMaster, D., Rooney, A., Breiwick, J., Shelden, K., and Moore. S. 2003. A review of
bowhead whale (Balaena mysticetus) stock identity. J. Cetacean Res and Manage. 5:267–279.
Runge, J.A. and Ingram, R.J. 1988. Underice grazing by planktonic, calanoid copepods in relation to a
bloom of ice microalgae in southeastern Hudson Bay. Limnol Oceanogr 33:280–286.
Sakshaug, E. and Skjoldal, H.R. 1989 Life at the ice edge. Ambio 18, 60–67.

60

Sakshaug, E., Bjørge, A. Gulliksen, B. Loeng, H. and Mehlum, F. 1994. Structure, biomass distribution,
and energetics of the pelagic ecosystem in the Barents Sea: A synopsis. Polar Biology 14:405-411.
Salomonsen, F. 1968. The moult migration. Wildfowl 19: 5-24.
Schnack-Schiel, S.B. 2003. The macrobiology of sea ice. In: Thomas, D.N., Dieckmann, G.S. (eds.)
Sea Ice: An Introduction to its Physics, Biology, Chemistry, and Geology. Blackwell Science, Oxford pp
211-239.
Sexson, M., Powell, A.N. and Petersen, M.R. 2010. Preliminary results from ongoing Spectacled Eider
satellite telemetry. Poster, Alaska Marine Science Symposium 2010, January 18-22, 2010 Anchorage
Alaska.
Siegstad, H., and Heide-Jørgensen, M.P. 1994. Ice entrapments of narwhals (Monodon monoceros)
and white whales (Delphinapterus leucas) in Greenland. Meddeleser om Grønland Bioscience 39:151–
160.
Siegstad H., Neve P.B., Heide-Jørgensen M.P. and Härkönen T. 1998. Diet of ringed seal (Phoca
hispida) in Greenland. 1. NAMMCO Scientific Publications. 229–241.
Sime-Ngando, T., Gosselin, M., Juniper, S.K. and Levasseur, M. 1997. Changes in sea-ice
phagotrophic microprotists (20–200μm) during the spring algal bloom, Canadian Arctic Archipelago.
J Mar Syst 11:163–172.
Simpkins, M. 2009: Marine Mammals [in Arctic Report Card 2009], www.arctic.noaa.gov/reportcard.
Simpkins, M., Kovacs, K.M., Laidre, K. and Lowry, L.A. Framework for Monitoring Arctic Marine
Mammals - Findings of a Workshop Sponsored by the U.S. Marine Mammal Commission and U.S. Fish
and Wildlife Service, Valencia, March 2007. CAFF International Secretariat, CAFF CBMP Report No.
16.
Simpkins, M. A., Hiruki-Raring, L. M., Sheffield, G., Grebmeier, and Bengtson. J.L. 2003.
Habitat selection by ice-associated pinnipeds near St. Lawrence Island J. M., Alaska in March
2001. Polar Biology 26:577-586.
Sipilä, T., and Kokkonen,T. 2008: Saimaannorppakannan tila vuonna 2007. Ilmaston muutoksen
vaikutus sekä sen aiheuttaman haitan kompensoinnista. Metsähallitus, Etelä- Suomen Luontopalvelut,
julkaisematon asiakirja nro 657/41/2008.
Sjare, B. and Stirling, I. 1996. The breeding behavior of Atlantic walruses, Odobenus rosmarus
rosmarus, in the Canadian High Arctic. Canadian Journal of Zoology, 74, 897-911.
Smetacek, V. and Nicol, S. 2005. Polar ecosystems in a changing world. Nature 437: 362–368.
Smith, T.G. 1985. Polar bears, Ursus maritimus, as predators of belugas, Delphinapterus leucas.
Canadian Field Naturalist 99:71–75.
Smith, T.G. 1980. Polar bear predation of ringed and bearded seals in the landfast sea ice habitat.
Canadian Journal of Zoology 58:2201–2209.
Smith, T.G., and Hammill, M.O. 1981. Ecology of the ringed seal, Phoca hispida, in its fast-ice breeding
habitat. Can. J. Zool. 59:966-981.

61

Smith, T.G. and Sjare, B. 1990. Predation of belugas and narwhals by polar bears in nearshore areas
of the Canadian High Arctic. Arctic 43:99–102.
Smith, A.T. and Stirling, I. 1975. The breeding habitat of the ringed seal (Phoca hispida). The
birth lair and associated structures. Canadian Journal Of Zoology 53:1297-1305.
Snow, D.W., and Perrins, C.M. 1998. The Birds of the Western Palearctic. New York: Oxford University
Press.
Speckman, S.G., Chernook, V., Burn, D.M., Udevitz, M.S., Kochnev, A., Vasilev, A., Benter, R.B. and
Lisovsky, A. 2009. Range-wide survey of Pacific walruses in 2006: Estimated number of walruses on
sea ice. Progress Report. U.S. Fish and Wildlife Service and U.S. Geological Survey, Anchorage,
Alaska. 55 pp.
Speckman, S.G., Chernook, V., Burn, D.M., Udevitz, M.S., Kochnev, A., Vasilev, A., Jay, C.V.,
Lisovsky, A., Fischbach, A.S., and Benter, R.B. 2010. Estimated size of the Pacific Walrus Population,
2006. Abstract submitted for the 2010 Alaska Marine Science Symposium, 18-22 January 2010,
Anchorage, Alaska.
Stewart, R.E.A. 2007. Redefining walrus stocks in Canada. Arctic 61:292-308.
Stirling, I. 2005. Reproductive rates of ringed seals and survival of pups in Northwestern Hudson
Bay, Canada, 1991-2000. Polar Biology 28:381-387.
Stirling, I. 1988. Polar bears. University of Michigan Press, Ann Arbor, Michigan, USA. 220 pp.
Stirling, I. and Archibald, W.R. 1977. Aspects of predation of seals by polar bears. Journal of the
Fisheries Research Board of Canada 34:1126–1129.
Stirling, I. and Derocher, A.E. 1993. Possible impacts of climatic warming on polar bears. Arctic
46:240–45.
Stirling, I. and Øritsland, N.A. 1995. Relationships between estimates of ringed seal and polar bear
populations in the Canadian Arctic. Canadian Journal of Fisheries and Aquatic Sciences 53:2594-2612.
Stirling, I. and Parkinson, C.L. 2006. Possible effects of climate warming on selected populations of
polar bears (Ursus maritimus) in the Canadian Arctic. Arctic 99(3):261–275.
Stirling, I. and Smith, T.G. 2004. Implications of warm temperatures and an unusual rain event
for the survival of ringed seals on the coast of southeastern Baffin Island. Arctic 57:59-67.
Stirling, I., Andriashek, D. and Calvert, W. 1993. Habitat preferences of polar bears in the western
Canadian Arctic in late winter and spring. Polar Record 29:13–24.
Stirling, I., Lunn, N.J. and Iacozza, J. 1999. Long-term trends in the population ecology of polar bears in
western Hudson Bay in relation to climate change. Arctic 52:294–306.
Stirling, I., McDonald, T.L., Richardson, E.S. and Regehr, E.V. 2007. Polar bear population status in the
northern Beaufort Sea. Administrative Report, United States Geological Survey.
Stroeve, J., Holland, M.M., Meier, W., Scambos, T. and Serreze, M. 2007. Arctic sea ice decline: Faster
than forecast. Geophysical Research Letters 34.

62

Strøm, H. and Gavrilo, M.V. (eds.) 2008. Survey of ivory gull colonies in the Norwegian and Russian
Arctic 2006-2007. - NP Report series. – Tromsø.
Suydam, R.S., Lowry, L.F., Frost, K.J., O‘Corry-Crowe, G.M. and Pikok, D. 2001. Satellite tracking of
eastern Chukchi Sea beluga whales into the Arctic Ocean. Arctic 54:237–243.
Suydam, R.S., Dickson, D.L. Fadely, J.B. and Quakenbush, L.T. 2000. Population declines of King and
Common Eiders of the Beaufort Sea. Condor 102:219-222.
Taylor, M.K., Akeeagok, S., Andriashek, D., Barbour, W., Born, E.W., Calvert, W., Cluff, H.D.,
Ferguson, S., Laake, J., Rosing-Asvid, A., Stirling, I. and Messier, F. 2001. Delineation of Canadian
and Greenland polar bear (Ursus maritimus) populations using cluster analysis of movements.
Canadian Journal of Zoology 79:690–709.
Trukhin, A.M. 2009. Current status of pinnipeds in the Sea of Okhotsk. Proceedings of the Fourth
Workshop on the Okhotsk Sea and Adjacent Areas North Pacific, eds. Kashiwai, M., and G.A.
Kantakov. PICES Sci. Rep. No. 36. p. 82-89.
Thiemann, G.W., Derocher, A.E. and Stirling, I. 2008. Polar bear Ursus maritimus conservation in
Canada: an ecological basis for identifying designatable units. Oryx 42:504–515.
Thomas, D.N., Fogg, G.E., Convey, P., Fritsen, C.H., Gili, J.M., Gradinger, R., Laybourn-Parry, J.,
Reid, K., Walton, D.W.H. (Eds.), 2008. The Biology of Polar Regions, second ed. Oxford University
Press, U.K, 394 pp.
Tynan, C.T., and DeMaster, D.P. 1997. Observations and predictions of Arctic climate change: potential
effects on marine mammals. Arctic 50:308–322.
U.S. Fish and Wildlife Service. 2010a. Stock Assessment Report Polar Bear (Ursus maritimus):
Chukchi/Bering Seas Stock.
U.S. Fish and Wildlife Service. 2010b. Stock Assessment Report Polar Bear (Ursus maritimus):
Southern Beaufort Sea Stock.
U.S. Fish and Wildlife Service. 2010c. Stock assessment for Pacific Walrus (Odobenus rosmarus
divergens): Alaska Stock. Anchorage, AK.
U.S. Fish and Wildlife Service. 2009a. Endangered and Threatened Wildlife and Plants; Designation of
Critical Habitat for the Polar Bear (Ursus maritimus) in the United States; Proposed Rule. 50 CFR Part
17.
U.S. Fish and Wildlife Service. 2009b. Polar Bear News April 2009.
U.S. Fish and Wildlife Service. 2009c. Press release: Trampling Likely Cause of Icy Cape Walrus
Deaths. Anchorage, AK. (http://alaska.fws.gov/index_walrus.pdf).
U.S. Fish and Wildlife Service. 2001. Final determination of critical habitat for the spectacled eider.
Anchorage, AK.
U.S. Fish and Wildlife Service. 1996. Spectacled eider recovery plan. Anchorage, AK.
Vader, W., Barrett, R.T., Erikstad, K.E. and Strann, K.-B. 1990. Differential responses of Common and
Thick-billed Murres to a crash in the Capelin stock in the southern Barents Sea. Studies in Avian
Biology 14: 175-180.

63

Vézina, A.F., Demers, S., Laurion, I., Sime-Ngando, T., Juniper, S.K. and Devine, L. 1997. Carbon
flows through the microbial food web of first-year ice in Resolute Passage (Canadian High Arctic). J
Mar Syst 11:173–189.
Vibe, C. 1950. The marine mammals and the marine fauna in the Thule district (Northwest Greenland)
with observations on the ice conditions 1939–1941. Meddelelser om Grønland 150:1–115.
Volkov, A. E., and de Korte, J. 1996. Distribution and numbers of breeding Ivory Gulls Pagophila
eburnean in Severnaja Zemlja, Russian Arctic. Polar Research 15: 11-21.
Walker, D.A., Bhatt, U.S., Raynolds,M.K., Comiso, J.E., Epstein, H.E., Jia, G.J., Pinzon, J. and Tucker, ,
C.T., 2009:Vegetation [in Arctic Report Card 2009], http://www.arctic.noaa.gov/reportcard.
Wang, M. and Overland, J. 2009. A sea ice free summer Arctic within 30 years? Geophysical Research
Letters 36, L07502.
Weissenberger, J., Dieckmann, G., Gradinger, R. and Spindler, M. 1992. Sea ice: A cast technique to
examine and analyze brine pockets and channel structure. Limnol Oceanogr 37: 179-183.
Welch, H.E., Bergmann, M.A., Siferd, T.D., Martin, K.A., Curtis, M.F., Crawford, R.E., Conover, R.J.,
and Hop, H. 1992. Energy flow through the marine ecosystem of the Lancaster Sound Region, Arctic
Canada. Arctic 45: 343 –357.
Witting, L., and Born, E. 2005: An assessment of Greenland walrus populations. ICES Journal of
Marine Science 62: 266–285.

64

