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Abstract The distribution and thickness of sea ice in the Arctic is changing rapidly, resulting in changes
to Arctic marine ecosystems. Seabirds are widely regarded as indicators of marine environmental change,
and understanding their distribution patterns can serve as a tool to monitor and elucidate biological
changes in the Arctic seas. We examined the at-sea distribution of seabirds in the North American Arctic in
July and August, 2007–2012, and marine areas of high density were identified based on bird densities for
four foraging guilds. Short-tailed shearwaters (Puffinus tenuirostris) were the most abundant species
observed. Northern fulmars (Fulmarus glacialis), thick-billed murres (Uria lomvia), and dovekies (Alle alle)
were also sighted in large numbers. Few birds were sighted between Dolphin and Union Strait and King
William Island. Areas of high density over multiple years were found throughout the entire western portion
of the study area (Bering Sea, Bering Strait, and Chukchi Sea), Lancaster Sound, Baffin Bay, Davis Strait, and
the low Arctic waters off Newfoundland. These waters are characterized by high primary productivity. This
study is the first to document the marine distribution of seabirds across the entire North American Arctic
within the same time period, providing a critical baseline for monitoring the distribution and abundance of
Arctic seabirds in a changing Arctic seascape.

1. Introduction

Climate change is altering patterns of distribution, extent, and thickness of sea ice in the Arctic [ACIA, 2005;
Serreze et al., 2007; Stroeve et al., 2011], leading to changes in Arctic marine ecosystems [Wassmann et al.,
2011]. As warming temperatures lead to longer, ice-free conditions in the Arctic, allowing for further devel-
opment and tourism [ACIA, 2005], understanding these changes is crucial for managers and policy makers
responsible for the Arctic marine ecosystem. Seabirds are top predators in the ocean environment, and
have proven to be effective bioindicators of the health and status of marine ecosystems [Cairns, 1987; Fur-
ness and Camphuysen, 1997]. It has been argued that protection of hotspots, defined as areas of high spe-
cies diversity and large concentrations of endemic species, should be a conservation priority [Myers et al.,
2000; Worm et al., 2003]. Identifying the timing and location of seabird marine areas of high density, and
understanding the underlying oceanographic processes driving these areas, are needed for sound conserva-
tion and management strategies [Cairns, 1987; Nur et al., 2011; Suryan et al., 2012]. Consequently, studying
the at-sea distribution of seabirds provides a better understanding of the linkages between important
marine habitats, seabird populations, and environmental conditions, allowing us to predict responses to
marine ecosystem change [Furness and Camphuysen, 1997; Piatt et al., 2007].

Waters of the Canadian Arctic support more than 10 million pairs of breeding seabirds, including large pro-
portions of the world populations of some species [Mallory and Fontaine, 2004] and more than 20 million
breeding seabirds are found in the Bering Sea [Stephensen and Irons, 2003]. Arctic seabirds occupy a wide
range of trophic levels, ranging from planktivores that feed mainly on zooplankton (e.g., copepods such as
Calanus sp.) to piscivores that feed on fish (such as Arctic cod, Boreogadus saida), as well as some species
that scavenge the remains of dead animals. Arctic seabird species also use different foraging modes, includ-
ing (1) surface feeders, which seize or filter prey at the surface; (2) plungers, which seize prey from shallow
or deep plunges into the water from flight; and (3) divers, which dive into the water from the surface using
their wings or feet to propel them [Ashmole, 1971]. The wide range of ecological niches used by Arctic sea-
birds make them especially effective as indicators of ecosystem change because they sample most parts of
the Arctic marine environment when feeding. However, we still know relatively little about the at-sea
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distribution of seabirds in the North American Arctic away from colonies, and previous work, more than 30
years old, is spatially and temporally limited [Brown et al., 1975; McLaren, 1982; McLaren and Renaud, 1982].

Canada’s Three Oceans (C3O) program, initiated in 2007 to understand the physical, chemical, and biologi-
cal oceanography of Subarctic and Arctic waters in Canada, provided an opportunity from which to examine
the marine distribution of seabirds in these waters. Our objective was to examine the at-sea distribution of
seabirds in the North American Arctic and identify range extents for species and marine areas of highest
density, at a basin level, based on foraging mode and diet. We considered ‘‘seabirds’’ to be from the follow-
ing families: Alcidae, Procellaridae, Hydrobatidae, Laridae, and Scolopacidae, as sightings of other groups of
birds that use the marine environment (e.g., loons, grebes, and eiders) were very few. These results provide
a framework from which to explore the physical and biological processes driving the marine distribution of
seabirds in the North American Arctic and can be used not only as a baseline for future monitoring but also
as a tool for sound management decisions.

2. Methods

2.1. Data Collection
Seabird surveys were conducted in July and August from two vessels that transited between (1) Victoria,
British Columbia (BC; 48� 25.250N, 123� 220W) and Kugluktuk, Nunavut (NU; 67� 49.750N, 115� 060W) (2007–

2012) and (2) St John’s, Newfound-
land and Labrador (NL; 47� 330N,
52� 430W) and Kugluktuk (2007,
2008, 2010–2012) (Figure 1 and
Table 1). The study area was defined
as ‘‘low’’ and ‘‘high’’ Arctic waters, as
characterized by temperature-
salinity profiles [Salomonsen, 1965;
Nettleship and Evans, 1985], thus
analyzes were restricted to those
surveys that occurred between St
John’s, NL and the Aleutian Islands,
Alaska (AK).

Seabird surveys followed the stand-
ardized survey protocol developed
by Gjerdrum et al. [2012]. Surveys
were conducted from a moving

Figure 1. Map of survey area showing the general location of (1) Aleutian Islands, Alaska, (2) Bering Sea, (3) Bering Strait, (4) Chukchi Sea,
(5) Barrow Canyon, (6) Beaufort Sea, (7) MacKenzie Shelf, (8) Amundsen Gulf, (9) Kugluktuk, Nunavut, (10) Dolphin and Union Strait, (11)
Victoria Strait, (12) King William Island, Nunavut, (13) Peel Sound, (14) Barrow Strait, (15) Lancaster Sound, (16) Baffin Bay, (17) Davis Strait,
(18) Labrador Sea, and (19) St John’s, Newfoundland. The vertical line that cuts through Kugluktuk (9) is the boundary between ‘‘western’’
and ‘‘eastern’’ Arctic.

Table 1. Summary of Surveys Conducted in the Western Arctic (Victoria, BC to
Kugluktuk, NU) and the Eastern Arctic (St John’s, NL to Kugluktuk, NU)a

Year Start Date End Date
Total Distance
Surveyed (km)

Total Number of
5 min Transects

Western Arctic
2007 11 Jul 7 Aug 1808 1048
2008 12 Jul 11 Aug 2260 1305
2009 16 Jul 9 Aug 1327 791
2010 13 Jul 8 Aug 1778 1125
2011 13 Jul 7 Aug 1684 1071
2012 12 Jul 6 Aug 1245 750
Mean 1684 1015
Eastern Arctic
2007 7 Jul 20 Jul 1303 679
2008 6 Jul 17 Jul 1387 765
2010 20 Jul 1 Aug 1693 837
2011 12 Jul 21 Jul 1795 818
2012 20 Jul 1 Aug 2040 984
Mean 1644 817

aWhen the ship was transiting within the defined study area.
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vessel, traveling at a minimum speed of 4 knots (7.4 km/h), and scanning forward at a 90� angle from the
port or starboard side of the vessel. Observations were limited to a 300 m wide transect bandwidth and sur-
veys consisted of continuous 5 min transects. Positions (latitude and longitude) were recorded automati-
cally with an external Global Positioning System (GPS). We recorded all birds sighted on the sea surface
within each transect. To avoid overestimating abundance of flying birds, we used instantaneous counts to
record flying birds observed within 300 m, the frequency of which were determined by the speed of the
vessel [Gjerdrum et al., 2012].

2.2. Analysis
For each species, we calculated relative bird density by multiplying the total number of individuals sighted
by the total area surveyed (length of transect 3 300 m width). Note that these densities were uncorrected
for distance sampling error [Buckland et al., 2001], which would likely have increased estimated densities
[Ronconi and Burger, 2009]. A subset of the total number of seabird species encountered were classified as
‘‘key Arctic species’’; these were species that were most commonly encountered (e.g., the most numerous
species sighted in at least one survey year and/or making up at least 3% of the total number of birds
sighted). The exception to this was the inclusion of Arctic terns (Sterna paradisaea) and Sabine’s gulls (Xema
sabini), as they are exclusively found in the Arctic in the summer and had sufficient sightings (in the western
Arctic). Species that occupied a very similar ecological niche as a commonly encountered species were also
included as ‘‘key Arctic species’’ (e.g., common murres, Uria aalge, were included with thick-billed murres,
U. lomvia). Distribution maps of key Arctic species were made by mapping the uncorrected densities of the
5 min transect segments using Geographic Information Systems (ArcMap 10.1).

To identify marine areas of high density, seabirds were divided into the following foraging guilds based on forag-
ing mode and diet: diving piscivores, diving planktivores, surface piscivores, and surface planktivores [Petersen
et al., 2008] (Table 2). Species that could only be identified to genus (e.g., unidentified murre, auklet, storm-petrel,
or phalarope) were classified into the appropriate foraging guild for the analysis. Diving birds included both divers
and plungers, as described above [see Ashmole, 1971]. Some bird species that utilize other foraging methods
(such as the kleptoparasitic jaegers) were present in numbers too low to warrant inclusion in the analyzes. We
used Kernel density analysis to identify marine areas of high density by guild. The density of each guild (number
of individuals/km2) was calculated for each 5 min transect and data from all years were pooled. Kernel densities
convert point data (in this case, density of each guild per transect segment) into a continuous surface grid show-
ing relative bird densities per grid cell. The resulting density of each cell is weighted according to the distance
from the starting features. Kernels were calculated in ArcGIS 10.1. To delineate the area of used habitat, 10%,
50%, and 90% volume contours were used. The percent volume contour represents the contour of the area that
contains x% of the volume of a probability density distribution [Beyer, 2004]. For example, 50% volume contour
contains 50% of the points used to generate that probability density distribution.

The abundance of seabirds in the western Arctic was much higher than the eastern Arctic (Table 2), drown-
ing out any areas of high density in eastern waters; consequently, we performed the kernel density analysis
on the western Arctic (defined as west of 113.4�W: the longitude where the vessels leaving from Victoria
and St John’s end) and eastern Arctic (defined as east of 113.4�W) separately. The cell size used in the analy-
sis was 1.8 km; this was chosen to match the mean transect length. We ran the analysis with bandwidths of
25, 50, 75, 100, and 150 km and found that a bandwidth of 100 km was the value that best fit the survey
boundaries without overgeneralizing areas of high density: smaller bandwidths produced density maps
that were more reflective of the survey track, whereas the 150 km bandwidth overexaggerated the areas of
high density given the limited spatial coverage of the surveys.

To examine the interannual persistence of marine areas of high density by foraging guild, we ran the kernel
density analysis described above on all years separately using a cell size of 1.8 km and a bandwidth of 75
km (the chosen bandwidth was smaller as a result of reduced spatial coverage). We defined a marine area
of high density as the 10% utilization distribution. In some years, there were few sightings of some foraging
guilds (e.g., planktivores in the eastern Arctic). For these foraging guilds, we conducted analyzes on years
with at least 35 data points, as the number of data points for years with less than 35 data points fell dramat-
ically (e.g., to 10 data points or less) and produced spurious kernel density maps. For the western Arctic, all
years for diving piscivores, diving planktivores, and surface piscivores were analyzed, but only 5 years were
compared for surface planktivores (2012 was excluded from the analysis due to having <35 data points).
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For the eastern Arctic, all years for diving piscivores and surface piscivores were analyzed, but only 2010
and 2012 had sufficient data points to use in the analysis for diving planktivores and surface planktivores.

3. Results

3.1. Species Composition and Density
Between 2007 and 2012, 6090 5 min transects, over a linear distance of 10,102 km, and 4083 5 min transects
over a linear distance of 8218 km, were surveyed in the western Arctic and the eastern Arctic, respectively
(Table 1). We recorded 35,910 birds (42 species) from 2007 to 2012 (Table 2). Species richness was higher in
the western Arctic (32 species) than the eastern Arctic (25 species). Short-tailed shearwaters (Puffinus tenuir-
ostris) were the most abundant seabird recorded (Table 2, western Arctic only) with a mean density of 5.14
birds/km2 6 9.28 SD, but mean densities were significantly different between years (Kruskal Wallis:
v2 5 20.16, df 5 4, p< 0.001) with densities ranging from 0 in 2012 to 23.83 birds/km2 in 2010. Also
recorded in high numbers throughout the study area were northern fulmars (Fulmarus glacialis) and thick-
billed murres. Dovekies (Alle alle) were one of the most numerous seabirds recorded in the eastern Arctic
(mean density 5 0.65 birds/km2 6 0.67 SD). Mean densities were significantly different among years (Kruskal
Wallis: v2 5 18.72, df 5 4, p< 0.001) with very high densities in 2010 (1.40 birds/km2) and 2012 (1.36 birds/
km2), and much lower densities in 2007 (0.07 birds/km2) and 2011 (0.09 birds/km2). Note that these den-
sities are uncorrected for distance sampling error and should be interpreted with caution.

3.2. Species Distribution
Seabirds were most numerous from the northern Bering Sea to the southern Chukchi Sea, in waters off NL,
and from Davis Strait through Lancaster Sound (Figures 2–6). In marked contrast, seabirds were nearly
absent between Dolphin and Union Strait to King William Island (see Figure 1).

Table 2. Summary of the Seabirds Sighted During the North American Arctic Surveys in July-August, 2007–2012a

Species
(Common Name) Scientific Name

Overall
Count

Overall
(%)

East Count
(St. John’s, NL to
Kugluktuk, NU)

West Count
(Victoria, BC to

Kugluktuk)

Diving Piscivores
Thick-billed murre Uria lomvia 4159 11.6 2248 1911
Great shearwater Puffinus gravis 283 0.8 283 0
Atlantic puffin Fratercula arctica 245 0.7 245 0
Tufted puffin Fratercula cirrhata 224 0.6 0 224
Common murre Uria aalge 114 0.3 50 64
Horned puffin Fratercula corniculata 89 0.3 0 89
Black guillemot Cepphus grylle 62 0.2 58 4
Sooty shearwater Puffinus griseus 45 0.1 45 0
Razorbill Alca torda 16 < 0.1 16 0

Diving Planktivores
Short-tailed shearwater Puffinus tenuirostris 16,925 47.1 0 16,925
Dovekie Alle alle 1761 4.9 1761 0
Crested auklet Aethia cristatella 1146 3.2 0 1146
Least auklet Aethia pusilla 803 2.2 0 803
Parakeet auklet Aethia psittacula 89 0.3 0 89
Ancient murrelet Synthliboramphus antiquus 24 0.1 0 24

Surface Piscivores
Northern fulmar Fulmarus glacialis 5724 15.9 1694 4030
Black-legged kittiwake Rissa tridactyla 794 2.2 509 285
Glaucous gull Larus hyperboreus 195 0.5 60 135
Red-legged kittiwake Rissa brevirostris 77 0.2 0 77
Sabine’s gull Xema sabini 75 0.2 0 75
Arctic tern Sterna paradisaea 60 0.2 3 57
Northern gannet Morus bassanus 45 0.1 45 0
Mottled petrel Pterodroma inexpectata 34 0.1 0 34
Herring gull Larus argentatus 15 < 0.1 13 2
Thayer’s gull Larus thayeri 11 < 0.1 8 3

Surface planktivores
Red phalarope Phalaropus fulicarius 1159 3.2 395 764
Fork-tailed storm-petrel Oceanodroma furcata 1008 2.8 0 1008
Red-necked phalarope Phalaropus lobatus 175 0.5 7 168
Wilson’s storm-petrel Oceanites oceanicus 51 0.1 51 0
Leach’s storm-petrel Oceanodroma leucorhoa 32 0.1 22 10
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Alcids (i.e., murres, auklets, puffins, dovekies, etc.) were common off NL, from Davis Strait to Lancaster
Sound and from the shelf edge of the Bering Sea to the southern Chukchi Sea (Figures 2 and 3). Thick-billed
murres (Figure 2a) were the most widely distributed alcid, absent only between Peel Sound and Dolphin
and Union Strait. Other alcids had a much more restricted range. In the eastern Arctic, the common murre
and Atlantic puffin (Fratercula arctica) were restricted to areas off NL (Figures 2a and 2b). In the western Arc-
tic, several species were found mainly in the Bering Strait and northern Bering Sea (common murre, Figure
2a; least auklet, Aethia pusilla, Figure 3a; parakeet auklet, A. psittacula, Figure 3b); and some had distribu-
tions that included the southern edge of the Bering Sea (horned puffin, F. corniculata, Figure 2b; tufted puf-
fin, F. cirrhata, Figure 2b). Dovekies were found in large densities in Davis Strait and Baffin Bay (Figure 3a).

In contrast to alcids, gulls were primarily found in regions where alcids were rare (Figures 4 and 5). For
example, Arctic tern (Figure 4a), Sabine’s gull (Figure 4a), and glaucous gull (Larus hyperboreus, Figure 4b),
were common in Barrow Canyon, the Chukchi Sea, and also along the MacKenzie Shelf in the Canadian
Beaufort Sea. Glaucous gulls were also abundant in Barrow Strait, Peel Sound, and Victoria Strait (Figure 4b).
Black-legged kittiwakes (Rissa tridactyla) were the most widely distributed gull species, only absent between
Dolphin and Union Strait and the southern part of Peel Sound (Figure 5a). Red-legged kittiwakes (R. brevir-
ostris), however, were only found in the southern Bering Sea, between the central Aleutian Islands and the
Pribilof Islands (Figure 5a). Red-necked phalaropes (Phalaropus lobatus) were only found on the MacKenzie
shelf (Figure 5b), but red phalaropes (P. fulicarius) were most common in the Bering Strait, off NL and to a
lesser extent, Davis Strait and Lancaster Sound (Figure 5b).

Northern fulmars were the most widely distributed species of Procellariiformes (i.e., shearwaters and pet-
rels); they were common throughout most of the survey range, except between the Beaufort Sea and Victo-
ria Strait (Figure 6a), where they were essentially absent. Great shearwaters (Puffinus gravis) and sooty
shearwaters (P. griseus) were common off NL (Figure 6b), as were Leach’s storm-petrels (Oceanodroma leuco-
rhoa) and Wilson’s storm-petrels (Oceanites oceanicus, Figure 6c). Short-tailed shearwaters were most

Figure 2. Distribution of large alcids: (a) murres: common murre (COMU) and thick-billed murre (TBMU) and (b) puffins: tufted puffin
(TUPU), horned puffin (HOPU), and Atlantic puffin (ATPU), in July and August, 2007–2012. Known colonies in the North American Arctic are
indicated. Note that some TBMU individuals could be from breeding colonies in western Greenland, but these colonies are not plotted.
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numerous where the survey route followed the shelf edge of the Bering Sea (Figure 6b), similar to the distri-
bution pattern observed for fork-tailed storm-petrels (Oceanodroma furcata, Figure 6c).

3.3. Foraging Guild Marine Areas of High Density
Several regions in the Arctic, such as Davis Strait, Baffin Bay, Lancaster Sound, southern Chukchi Sea, Bering
Strait, and the northern Bering Sea, were frequently important regions across foraging guilds (Figure 7).
Using the 10% volume contour to represent marine areas of high density, we found that piscivores (both
diving and surface) were more widely distributed (Figures 7a and 7c) compared to planktivores (both diving
and surface), which were more restricted to the western and eastern ends of the study area, such as the
shelf edge of the Bering Sea, Bering Strait, the Labrador Sea, Davis Strait, and for surface planktivores, parts
of Lancaster Sound (Figures 7b and 7d). Although we observed some interannual variability in the locations
of areas of high density, some areas were consistently locations of high densities for foraging guilds, when
more than 2 years of data were available (Table 3). These included: the Bering Sea and Bering Strait for
diving piscivores (Figure 8a) Lancaster Sound for surface piscivores (Figure 8c) and the Bering Sea for
surface planktivores (Figure 8d). No region was consistently an area of high density for diving planktivores
(Figure 8b).

4. Discussion

This study is the first to document the marine distribution of seabirds across the entire North American Arc-
tic within the same seasonal period, and provides critical baseline data for monitoring how the avifauna
responds to changing Arctic environmental conditions, and to increased development in the region. How-
ever, our results should be interpreted with caution, since they are derived from limited spatial and tempo-
ral coverage relative to the massive scale of our study area (e.g., 300 m strip-width transect over an
opportunistic route conducted once annually).

Figure 3. Distribution of small alcids: (a) dovekie (DOVE) and least auklet (LEAU) and (b) parakeet auklet (PAAU) and crested auklet (CRAU)
in July and August, 2007–2012. Known colonies in the North American Arctic and Greenland are indicated.
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The nonrandom route of some transect segments (i.e., following the shelf edge in the southern Bering Sea)
may have introduced biases in species occurrence and composition. This is especially evident in the western
Arctic where species that tend to occur along the shelf edge (shearwaters in this case) were observed in
large numbers in the southern Bering Sea because the transit followed the shelf edge but dropped off once
the transit crossed the shelf to the strait (Figure 6b). Furthermore, while surveys were conducted in the
same seasonal period, they were mainly conducted during a narrow window between mid-July and early
August, coinciding with the chick-rearing phase for most Arctic breeding species, when, in the case of
alcids, they are more tied to the colony. Distribution during incubation and postbreeding was therefore
missed. The narrow window of the surveys may also explain the large interannual variation in the occur-
rence of some nonbreeding species (e.g., short-tailed shearwaters) which may vary in timing of migration
and staging amount areas.

We identified several areas that appear to be annually consistent areas of high density in the summer for
many seabird species and multiple foraging guilds. In the eastern Arctic, these include: Lancaster Sound
and Davis Strait. Baffin Bay and waters off Newfoundland were also areas of high density for surface pisci-
vores nearly every year (Table 3). During the 1970s and 1980s, aerial and ship-based surveys identified sev-
eral important marine areas for seabirds from early spring to late fall/winter, which included Hudson Strait
(not surveyed in this study), Baffin Bay, eastern Lancaster Sound, and the Labrador shelf [e.g., McLaren,
1982; McLaren and Renaud, 1982]. Seabird surveys conducted in the fall of 2005 found that mean density
indices were highest off the coast of northern NL and the southern part of the east coast of Baffin Island,
with northern fulmars, dovekies, and thick-billed murres being the dominant species [Mckinnon et al., 2009].
Decades earlier (1970–1983) the same suite of species were similarly found in high densities in the same
areas [Mckinnon et al., 2009]. Using environmental and seabird data, Huettmann et al. [2011] ran predictive
seabird models to predict the summer occurrence of many pelagic seabirds in the North American Arctic.
The distributions of some species, such as dovekies, black-legged kittiwakes, and thick-billed murres, in our
current study was similar to that predicted by Huettmann et al. [2011].

Figure 4. Distribution of (a) Arctic tern (ARTE) and Sabine’s gull (SAGU) and (b) glaucous gull (GLGU), in July and August, 2007–2012.
Known GLGU colonies are indicated, but ARTE and SAGU colonies are not plotted as current information is incomplete.
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Our study demonstrates that the entire western extent of our study area—from the southern edge of the
Bering Sea to the southern Chukchi Sea—is a region of high density for all foraging guilds. These waters are
important foraging areas for a number of species and support large densities of both piscivorous and plank-
tivorous species [Piatt and Springer, 2003; Drew and Piatt, 2005; Piatt et al., 2006]. Barrow Canyon and the
MacKenzie Shelf are also areas of high density for some seabirds in the western Arctic.

At a broad scale, several factors are likely responsible for the occurrence and persistence of marine areas of
high seabird density, including: proximity to colonies, areas of enhanced primary productivity, distribution
of sea ice, as well as the underlying physical processes that drive the ice and productivity patterns. Our spe-
cies maps (Figures 2–6) show patterns consistent with the relationship between colony location and marine
distribution of seabirds, as noted in other studies [e.g., Huettmann and Diamond, 2001]. This is especially
true for many of the alcid species, which typically forage closer to their colony compared to other species
such as gulls and fulmars [Sigler et al., 2012; Thaxter et al., 2012]. For example, high densities of auklets were
found in the Bering Sea, where some of the largest colonies in the world are located [Piatt and Springer,
2003]. In the eastern Arctic, the at-sea concentrations of thick-billed murres observed in this study reflected
the location of large thick-billed murre colonies on the east coast of Baffin Island, in Lancaster Sound [Gas-
ton et al., 2012] (Figure 2a). Likewise, the at-sea distribution of Atlantic puffin was associated with locations
of their breeding colonies off NL (Figure 2b).

While small colonies of dovekies (< 300 pairs) occur in the eastern Canadian Arctic in Home Bay, Baffin
Island [Mallory and Fontaine, 2004], the majority breed in Greenland, Svalbard, and Franz Joseph Island in
Russia [Boertmann and Mosbech, 1998]. An estimated 80% of the global dovekie breeding population is
located on the northwest coast of Greenland [Nettleship and Evans, 1985]. Dovekies may make provisioning
trips 150 km away from colonies [Steen et al., 2007], but unless dovekies forage significantly farther than
estimated and the number of breeding birds on Baffin Island has increased substantially, the high densities

Figure 5. Distribution of (a) kittiwakes: red-legged kittiwake (RLKI) and black-legged kittiwake (BLKI) and (b) phalaropes: red-necked phala-
rope (RNPH) and red phalarope (REPH) in July and August, 2007–2012. Known kittiwake colonies in the North American Arctic are indi-
cated. Note that some individuals could be from breeding colonies in western Greenland, but these colonies are not plotted.
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found in Baffin Bay and Davis Strait during the summer (Figure 3a) are too far from colonies to be breeding
and are likely nonbreeding individuals.

In addition to colony location, seabird abundance is influenced by marine primary productivity [e.g., Block
et al., 2011; Nur et al., 2011]. However, the link between seabird distribution and productivity is not direct,
but mediated through many trophic levels (from zooplankton to fish), thus this relationship is more readily
observed at larger scales [e.g., Hyrenbach et al., 2007]. About 50% of the Arctic Ocean overlies the continen-
tal shelf [Carmack and Wassmann, 2006], an area that contributes approximately two-thirds of total primary
production of the Arctic Ocean [Sakshaug, 2004]. The consistently higher seabird densities in the western
Arctic, such as the Bering Sea, Bering Strait, the southern Chukchi Sea, and Barrow Canyon (Figures 2–8) are
all areas of high primary productivity. The area between the northern Bering Sea and the southern Chukchi
Sea, including the Bering Strait, is one of the most productive shelf regions in the world [e.g., Grebmeier

Figure 6. Distribution of (a) northern fulmar (NOFU), (b) shearwaters: sooty shearwater (SOSH), great shearwater (GRSH), and short-tailed
shearwater (STSH), and (c) storm-petrels: leach’s storm-petrel (LESP), Wilson’s storm-petrel (WISP), and fork-tailed storm-petrel (FTSP) in
July and August, 2007–2012. Known colonies in the North American Arctic are indicated. Note that some NOFU individuals could be from
breeding colonies in western Greenland, but these colonies are not plotted.
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et al., 2006]. Nutrient-rich Bering Sea water flows through the Bering Strait into the Chukchi Sea and
coupled with advected organic matter, makes the northern Bering Strait and southern Chukchi Sea highly
productive [Sakshaug, 2004; Carmack and Wassmann, 2006]. Likewise, at a smaller scale, Barrow Canyon, in
the Chukchi Sea, supports some of the highest primary production in the western Arctic [Grebmeier et al.,
2006].

Figure 7. Kernel density plots showing the distribution of (a) diving piscivores, (b) diving planktivores, (c) surface piscivores, and (d) surface
planktivores. The 10%, 50%, and 90% utilization distributions are shown. Location of colonies indicated.
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Compared to the Bering and Chukchi seas, the Beaufort Sea supports lower primary productivity [Dunton
et al., 2005]; however, areas on the Canadian Beaufort Shelf (bordered by the Amundsen Gulf and the MacK-
enzie Canyon), do experience upwelling events that increase primary productivity. One such area is the
MacKenzie Shelf [Tremblay et al., 2009], an area we identified as an area of high density for surface plankti-
vores (Figure 7d).

Primary production in the eastern Arctic is generally lower than the western Arctic [Sakshaug, 2004]. In the
eastern Arctic, Barrow Strait, Lancaster Sound, Baffin Bay, and Davis Strait were identified as areas of high
seabird density (Figures 2–8) and these regions support locally high primary productivity [Michel et al., 2006;
Tremblay et al., 2012]. The Canadian Arctic Archipelago is a transit zone for nutrient-rich Pacific waters,
which enter the Arctic Ocean through the Bering Strait and are advected eastwards, flowing southward
through the channels of the Archipelago until reaching Baffin Bay [Michel et al., 2006]. Recent estimates sug-
gest that primary production in the Archipelago makes up 32% of the total primary production of Arctic
waters lying over the continental shelf [Michel et al., 2006]. Indeed, recent net community production esti-
mates by Codispoti et al. [2012] found levels in the Canadian Arctic Archipelago (which included most of Baf-
fin Bay) to be very high—equivalent to estimates in the Barents Sea and only surpassed by estimates in the
Chukchi and Bering Seas. It is therefore not surprising that these regions support such high densities of
seabirds.

Sea ice distribution is another factor known to influence the abundance and distribution of seabirds [Hunt,
1991; Stirling, 1997]. Ice algae found under the sea ice forms the foundation of the Arctic food web [Horner,
1985], linking the organisms found on the undersurface of sea ice [Horner, 1976] to the higher trophic level
organisms such as amphipods and Arctic cod [Bradstreet and Cross, 1982; Gradinger and Bluhm, 2004], which

Table 3. Annual Variability in Occurrence of Marine Areas of High Density, for Each Seabird Foraging Guilda

Marine Area of High Density 2007 2008 2009 2010 2011 2012
Total Years Used/

Total Years Available

Diving Piscivores
Bering Sea Yes Yes Yes Yes Yes Yes 6/6
Davis Strait Yes Yes NA Yes Yes Yes 5/5
Lancaster Sound Yes Yes NA Yes Yes No 4/5
Bering Strait Yes Yes Yes No Yes No 4/6
S. Chukchi Sea No Yes Yes Yes No No 4/6
Baffin Bay Yes No NA No Yes No 2/5
Off Newfoundland No No NA Yes No Yes 2/5
Barrow Strait No No NA No Yes No 1/5
Off Newfoundland No No NA Yes No Yes 2/5

Diving Planktivores
Baffin Bay/Davis Strait NA NA NA Yes NA Yes 2/2
Bering Sea Yes Yes Yes Yes No No 4/6
Bering Strait No No Yes No Yes Yes 3/6

Surface Piscivores
Lancaster Sound Yes Yes NA Yes Yes Yes 5/5
Bering Sea Yes Yes Yes Yes Yes No 5/6
Peel Sound Yes No NA Yes Yes Yes 4/5
Baffin Bay Yes Yes NA No Yes Yes 4/5
Off Labrador Yes No NA Yes Yes Yes 4/5
Bering Strait No Yes No Yes Yes No 4/6
Barrow Strait Yes Yes NA No Yes No 3/5
Davis Strait Yes Yes NA No No Yes 3/5
S. Chukchi Sea No Yes No No Yes Yes 3/6
Barrow Canyon No No No Yes Yes Yes 3/6
Off Newfoundland No No NA Yes No Yes 2/5

Surface Planktivores
Bering Sea Yes Yes Yes Yes Yes NA 5/5
Off Labrador NA NA NA Yes NA Yes 2/2
Off Newfoundland NA NA NA Yes NA Yes 2/2
Bering Strait No Yes No Yes Yes NA 3/5
MacKenzie Shelf No No No No Yes NA 1/5

aMarine areas of high density were defined as the 10% utilization distribution from kernel density analysis. No 5 not an area of high
density, and Yes 5 area of high density. Bering Sea also includes the shelf edge. Waters south of Davis Strait and north of 52�N were
considered ‘‘Off Labrador’’ and waters south of 52�N were considered ‘‘Off Newfoundland’’. No surveys were conducted in 2009 in the
Eastern Arctic. Not all years had sufficient data points (< 35) for kernel density analysis and are marked as NA.
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are prey for many species of Arctic seabirds [Bradstreet, 1979; Bradstreet and Cross, 1982; Welch et al., 1992;
Matley et al., 2012]. Diving piscivores, such as thick-billed murres, are often associated with offshore ice
edges and coastal landfast ice edges [Bradstreet, 1979], which are also critical in the breeding distribution
and timing of this species in the high Arctic [Laidre et al., 2008]. During our surveys, black guillemots

Figure 8. Annual variability of marine areas of high seabird density (hotspots) by foraging guild as defined by the 10% utilization distribu-
tion from the kernel density analysis. The eastern Arctic was not surveyed in 2009. All years were included in the analysis for diving pisci-
vores and surface piscivores and surface piscivores in the western Arctic. 2012 was excluded from the analysis for diving planktivores in
the western Arctic. Only 2010 and 2012 were analyzed for diving planktivores and surface planktivores in the eastern Arctic.
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(Cepphus grylle), which are known to exploit prey in small open leads in landfast ice [Bradstreet, 1980], were
recorded in Peel Sound where landfast ice occurred. Diving planktivores, such as dovekies, are also known
to forage on copepods at the ice edge and the extent and distribution of the ice edge is critical for breeding
success [Joiris and Falck, 2010].

5. Implications

Climate change is leading to changes in the duration and extent of sea ice in the Arctic [Serreze et al., 2007;
Stroeve et al., 2011]. The timing of sea ice breakup, coupled with the distribution of ice edges, is critical for
the ecology and food web in Arctic waters [Welch et al., 1992]. For many piscivorous species, such as thick-
billed murres, the timing of sea ice breakup is closely related to the arrival of seabirds to their colonies [Lai-
dre et al., 2008]. However, earlier ice breakup is creating a mismatch between timing of breeding and peak
prey availability in some high Arctic regions [Mallory et al., 2010]. Limited evidence to date suggests that
some species (e.g., some populations of thick-billed murres) have been unable to adjust their breeding phe-
nology to match the advancing date of peak food supplies, which could ultimately lead to declines in some
populations [Gaston et al., 2009; Mallory et al., 2010].

Shifts in phenology and behavioural flexibility will be necessary for seabirds to adapt to the changing cli-
mate in the Arctic, but it is too early to determine on a species-specific basis their ability to meet these chal-
lenges [Sigler et al., 2011]. However, it is most certain that changing ice conditions and warming sea surface
temperatures will cause large changes in seabird communities [Mallory et al., 2010] and thus, continued
monitoring of both seabird colonies and their marine distribution is critical.

This study examined the marine distribution of seabirds at a broad scale—spanning the entire North Ameri-
can Arctic—and provides current information on the range extent of Arctic seabirds and marine regions of
high seabird density. These data serve as a baseline, from which we can monitor any changes caused by a
warming Arctic and provides critical information to managers and policy makers responsible for the Arctic
marine ecosystem.
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