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Abstract Sea ice now forms later and melts earlier than it

did 4 decades years ago, and it now melts completely in all

parts of the Chukchi Sea. This decline in sea ice is expected

to have repercussions on the trophic structure in this envi-

ronment, and there are indications that changes already have

taken place in the seabird community. We compared boat-

based densities of seabirds in the eastern Chukchi Sea

between July and October during 1975–1981 (historical

data) with densities during 2007–2012 (recent data). We

related the composition of the seabird community to sea-ice

cover to explore how the community may be responding to

changes in oceanography. The seabird community histori-

cally was composed predominantly of piscivorous Black-

legged Kittiwakes (Rissa tridactyla) and murres (Uria spp.).

In contrast, the seabird community now is composed pre-

dominantly of planktivorous seabirds such as Crested Auk-

lets (Aethia cristatella) and Short-tailed Shearwaters

(Puffinus tenuirostris). Total abundance of seabirds declined

in three of four strata in the eastern Chukchi Sea, largely due

to declines in densities of piscivorous and omnivorous

species. These changes in the abundance and community

composition of seabirds were associated with changes in ice

cover. Earlier ice retreat appears to contribute to an envi-

ronment that is more favorable to the sustained production

of large oceanic copepods and euphausiids. We propose that

long-term changes (4 decades) in the abundance and com-

position of the seabird community reflect an increase in the

availability of large zooplankton prey in the region.

Keywords Chukchi Sea � Sea ice � Climate change �
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Introduction

Summer ice cover in the Arctic Ocean reached the lowest

minimal extent on record in 2012 (Laxon et al. 2013).

Because sea-ice cover strongly influences habitat in the

Arctic (Mueter and Litzow 2008; Hunt et al. 2013), this

decline is anticipated to have repercussions on the trophic

structure of this environment. Pelagic ecosystems in polar

regions are particularly sensitive at multiple trophic levels to

changes in ice cover (Kitaysky and Golubova 2000; Ainley

et al. 2005; Beaugrand 2009; Kwasniewski et al. 2012). The

effects of climate change on seabirds are mostly indirect,

operating through changes in local and regional food webs

and within pelagic habitats (Sydeman et al. 2012).

The timing and patterns of ice melt can alter the pro-

ductivity of polar shelf seas by influencing water column

structure and the availability of light for supporting pho-

tosynthesis (Hunt et al. 2011; Palmer et al. 2013). For

example, in the northern Bering Sea, there has been a shift

over the past 3 decades from a benthic-dominated system

to one dominated numerically by pelagic organisms

(Grebmeier et al. 2006b). The Chukchi Sea relies on water

masses advected from the Bering Sea for much of its pri-

mary and secondary productivity (Grebmeier et al. 2006a),
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suggesting that changes observed in the northern Bering

Sea also will affect the ecology of the Chukchi Sea. A

second factor influencing productivity in the Chukchi Sea

is environmental conditions during the open-water season

that promote further growth of Pacific zooplankton once

they reach the Chukchi Sea. We anticipate that as the open-

water season begins earlier, the increase in light and water

column heating in regions formerly covered with ice will

promote further development of zooplankton biomass

(Questel et al. 2013) that then is available as prey for

higher trophic levels such as seabirds.

Historical studies of the avifaunal communities of the

northeastern Chukchi Sea conducted in the late 1970s and

early 1980s provided a snapshot of the community compo-

sition and density of seabirds (Divoky 1987, unpublished

report) but did not address the variability of this community

or link species to their habitat. Recent efforts to describe the

circumpolar species diversity and distribution of marine

birds (Bluhm et al. 2011; Huettmann et al. 2011) do not

include regionally important taxa such as auklets and pha-

laropes that are critical to understanding energy flow in this

ecosystem (Piatt and Springer 2003). Fortunately, many of

the historical seabird surveys were conducted as part of the

Outer Continental Shelf Environmental Assessment Pro-

gram (OCSEAP) following protocols that are similar to

those currently used to survey seabirds. The data from those

historical surveys were archived by the U.S. Geological

Survey (USGS) in the North Pacific Pelagic Seabird Data-

base (NPPSD) and now offer a rare opportunity to combine

historical data with surveys that have been conducted

recently to assess the effects of climate change in Alaskan

Arctic waters on a multi-decadal scale.

We compared boat-based survey data collected in the

Chukchi Sea during 1975–1981 (historical period) with

surveys conducted during 2007–2012 (recent period) to

determine how the seabird community has responded to

changes in the physical and biological oceanography of the

Chukchi Sea. Specifically, our objectives were to (1)

compare species composition of historical seabird com-

munities with recent ones; (2) assess changes in the relative

abundance of focal species between the two time periods;

and (3) examine relationships between the seabird com-

munity and changes in the timing and extent of sea ice in

the region over the past 4 decades that have driven changes

in the open-water pelagic habitat.

Methods

Study area

In the Chukchi Sea, the net flow of water is northward

through Bering Strait and toward the Arctic Ocean

(Coachman et al. 1975). The broad northward flow through

Bering Strait is steered by bathymetry into three main

branches—one east of Hanna Shoal that feeds into Barrow

Canyon, one west of Herald Shoal that feeds into Herald

Valley, and one between the two shoals, referred to as the

Central Channel flow (Fig. 1b; Weingartner et al. 1998,

2005). This separation also is evident in water mass

properties (Weingartner et al. 2005, 2013) that define the

oceanic habitat used by seabirds. Within the Chukchi Sea,

the Alaska Coastal Current (ACC) lies east near the Alaska

coastline and flows northward, carrying Alaskan Coastal

Water (ACW), a warm ([2 �C), low-salinity (\32.2 psu)

water mass that originates south of Bering Strait. The

currents farther offshore move Bering Sea Water (BSW;

Coachman et al. 1975), a warm ([2 �C), high-salinity

([32.4 psu) water mass, northward through the Central

Channel and Herald Valley (Weingartner et al. 2005). This

BSW is a mixture of Anadyr Water and Bering Shelf Water

from south of Bering Strait that has a higher nutrient

content and transports greater numbers of oceanic zoo-

plankton, especially larger zooplankton, than does ACW

(Walsh et al. 1989; Springer and McRoy 1993).

In addition to the warm, Bering-derived summer water

masses advected northward through Bering Strait, Chukchi

shelf waters are modified during the fall and winter by ice

formation and during the spring by ice melt. Ice formation

rejects brine that sinks to the sea floor and forms cold (-2

to ?1 �C), salty ([32 psu) Winter Water (WW) below the

ice layer. In the spring, ice melts at the surface and forms

cold (-1 to ?2 �C), low-salinity (\30 psu) Meltwater

(MW) that is depleted of nutrients. This MW eventually

becomes mixed with waters below by summer winds. In

the summer, the bottom layer of the water column often

still contains WW left over from the previous winter,

whereas the surface layer consists of either MW or BSW,

depending on location. Stratification increases from spring

to summer and typically erodes in the fall as strong winds,

cooling, and freezing enhance vertical mixing (Weingart-

ner et al. 2005).

This study was conducted in the eastern Chukchi Sea, in

an area bounded by Bering Strait to the south, the U.S.–

Russia maritime boundary (168�5803700W) to the west, and

73�N to the north and included a total area of 231,868 km2

(Fig. 1a). We divided the study area into 4 strata to account

for the effects that latitude, water masses, and currents can

have on determining oceanic habitat (Piatt and Springer

2003). The Southern Chukchi stratum has an area of

53,631 km2 and is influenced by strong flows through

Bering Strait of Bering Shelf Water and Anadyr Water to

the west and ACW to the east. The Nearshore stratum has

an area of 35,673 km2 and is influenced by coastal flows

that carry predominantly ACW, although there are episodic

flow reversals in the northern half of this stratum that
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transport slope waters up Barrow Canyon (Aagaard and

Roach 1990; Weingartner et al. 1999). This stratum also

receives waters that flow eastward from the Central

Channel that eventually enter Barrow Canyon (Weingart-

ner et al., 2005). The Offshore stratum has an area of

81,159 km2 and is influenced by both the Central Channel

flow that entrains Bering Sea Water along the western edge

and resident waters over Hanna Shoal that are character-

ized by a two-layer water column with MW on top and

WW on the bottom. The Northern stratum has an area of

61,405 km2 and includes the continental slope into the

Arctic Basin. This stratum is influenced by waters flowing

north from the Chukchi shelf and upwelling along the

continental shelf-break from the Arctic Ocean.

Data collection

Historical data were collected by researchers during

1975–1981 (Fig. 2) from ships of opportunity following

protocols developed by the U.S. Fish and Wildlife Service

(USFWS; Tasker et al. 1984; Gould and Forsell 1989).

These data were archived in the NPPSD, which is main-

tained by the USGS. We included historical data that were

collected on the Russian side of the maritime boundary

because the agreement establishing this boundary was not

signed until 1990 (U.S. Department of State 1990). We

conducted research cruises during 2007–2012 that covered

much of the open-water period (roughly July–October) of

the northeastern Chukchi Sea (Fig. 2) and followed a

sampling protocol that was comparable to methods used to

collect the historical data. We combined data sets from 4

recent studies that we conducted in the region to obtain

coverage in all strata (Table 1): the Chukchi Sea Envi-

ronmental Studies Program (CSESP; 2008–2012), the

Alaska Monitoring and Assessment Program (AKMAP;

2010–2011), surveys conducted for the USFWS near Bar-

row (2009–2010); and surveys conducted by the USFWS

on ships of opportunity (2007–2012; Kuletz and Labunski,

unpubl. data).

We surveyed continuously when the ship was moving

along a straight-line course at a minimal velocity of 9 km/

h, recording environmental conditions every 10 min. We

collected data 9–12 h/day during daylight hours, weather

and sea-ice conditions permitting. We generally stopped

surveys when sea height was Beaufort 6 (seas *2–3 m) or

higher, although we occasionally continued to sample if

observation conditions were still acceptable (e.g., if seas

were at the lower end of Beaufort 6 and we were traveling

with the wind and seas). One observer stationed on the

bridge of the vessel recorded all birds seen within a radius

of 300 m in a 90� arc from the bow to the beam on one side

of the ship (the count zone), locating and identifying

Fig. 1 The Chukchi Sea, showing (a) oceanographic strata and survey locations and (b) currents and water flow
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seabirds with 109 binoculars as needed. For each bird or

group of birds, we recorded species, total number of indi-

viduals, and behavior.

In the count zone, we counted all birds seen on the

water, taking care to avoid recounting the same individuals.

For flying birds, we conducted scans *once/min (the exact

frequency varied with ship’s speed) and recorded an

instantaneous count (or ‘‘snapshot’’) of all birds flying

within the count zone. This snapshot method reduces the

bias of overestimating the density of flying birds (Tasker

et al. 1984; Gould and Forsell 1989). We counted only

those flying birds that entered the count zone from the sides

or front and excluded flying birds that entered from behind

the ship (i.e., an area that already had been surveyed) to

avoid the possibility of counting ship-following birds.

We entered all data directly into a computer connected

to a Global Positioning System (GPS) with DLog software

(R. G. Ford Consulting, Portland, OR) or TigerObserver

software (TigerSoft, Las Vegas, NV). These computer

programs time-stamped and georeferenced every observa-

tion and recorded the survey track line in *20-s intervals.

Data analysis

Community analysis

We used multivariate analyses and descriptive statistics to

explore seasonal and interannual changes in the structure of

the seabird community. For the multivariate analysis, we

included all bird observations that were identified to species.

Fig. 2 Timing of ship-based

surveys for marine birds in the

Chukchi Sea, 1975–2012, by

year and stratum. Horizontal

dashed line separates historical

data from recent data

Table 1 Area (km2) surveyed for seabirds in the Chukchi Sea,

1975–1981 and 2007–2012

Year Stratum

Southern Nearshore Offshore Northern

1975 78 166 215 –

1976 245 210 187 55

1977 – 64 53 18

1978 – 31 – –

1980 82 20 84 –

1981 28 91 48 –

2007 294 168 116 107

2008 78 139 1907 29

2009 64 252 1890 54

2010 303 465 2316 40

2011 238 487 1916 373

2012 447 537 2461 475
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We grouped the data into sample units by stratum and year

and used ordination for analysis. We used the species

information to calculate a Bray–Curtis similarity matrix

(Bray and Curtis 1957) to which we applied non-metric

multidimensional scaling (nMDS; Clarke and Green 1988).

This ordination technique then visualizes the similarity in

overall community composition among samples as distances

mapped in two-dimensional space (Clarke and Green 1988).

The stress coefficient of the 2D ordinations was 0.177,

indicating adequate fit to the data (Clarke and Ainsworth

1993). We examined the variation in species composition

among strata and time periods with permutational multi-

variate analysis of variance (PERMANOVA), which parti-

tions variation and requires no assumptions about the

distribution or correlations among the variables (Anderson

2001). We used the package vegan (Oksanen et al. 2011) for

the MDS analysis; all statistical analyses were conducted in

R 3.0.1 (R Development Core Team 2013).

We included all bird observations that were identified at

least to family in summaries of changes in species

assemblages by stratum and year (Magurran 2004). We

aggregated species into 4 ecological groups that repre-

sented foraging guilds (Table 2): planktivores, omnivores,

piscivores, and benthivores. We examined differences

between historical and recent periods to examine the

hypothesis of a shift in community structure between

periods.

Density analysis

We compared the density of birds during the historical

period with density during the recent period in each of 4

strata of the eastern Chukchi Sea to determine whether

there have been long-term changes in the abundance of the

seabird community. For this comparison, we used total

birds and 8 focal species from among the 10 most abundant

species that represented the 4 foraging guilds, thereby

providing an overview of functional ecological groups

within the seabird community.

We pooled years within the 2 time periods and evaluated

changes in abundance on each transect by using general-

ized linear models with period, region, and the interaction

between these factors as explanatory variables (package

MASS; Venables and Ripley 2002). We modeled the error

terms with a negative binomial distribution to account for

overdispersion in count data and used the area (km2) of

each transect as an offset to account for survey effort. We

excluded the Northern region in comparisons for species

that were not recorded there during the historical time

period. Because distance data were not available for the

historical observations, we could not correct the density

estimates for detection probability.

We summarized sea-ice conditions during the years

included in our study to evaluate the direction and mag-

nitude of change in ice cover. For the years 1979–2012, we

used Special Sensor Microwave Imagery (SSM/I) passive

microwave satellite sensor data from the National Snow

and Ice Data Center (NSIDC; www.nsidc.org) to quantify

the timing of ice advance, ice retreat, and changes in per-

cent sea-ice cover in each stratum. These data are available

from the fall and winter of 1978–1979 to the present. We

use the daily data product from the standard 25-km grid

derived with the NASA Team algorithm (Cavalieri et al.

2008) for consistent data resolution throughout the analysis

period. Prior to 1979, data from satellites were less reliable,

so, for the years 1975–1978, we used data from aerial

surveys of ice cover in the Chukchi Sea. These original ice

charts were scanned and summarized 4 times/month (1st,

8th, 15th, and 23rd days of each month) to provide ice

cover (in tenths) on a grid 0.25�N 9 0.25�W. Data are

available from the Alaska Center for Climate Assessment

and Policy (http://seaiceatlas.snap.uaf.edu/).

The date of sea-ice retreat was defined as the date when

the sea-ice cover within a stratum was \10 %. Similarly,

the date of sea-ice advance was defined as the date when

sea-ice cover within a stratum was C10 %. The number of

ice-free days was defined as the number of days elapsed

between the date of sea-ice retreat and the date of sea-ice

advance.

We also assessed the influence of changing sea-ice

conditions on the density of seabirds directly by modeling

the influence of days of ice-free water on the density of 6

species of seabirds that had sufficient sample size in both

historical and recent periods. Because the 3 metrics of ice

are highly correlated (r[ 0.80), we selected only the

number of days of ice-free water as the proxy for

oceanographic change to avoid issues of collinearity. For

this analysis, the number of ice-free days was calculated

individually for each 25-km grid cell.

We built logistic regression models in which the pres-

ence of seabirds within a grid cell was the dependent

variable and the duration of ice-free water and stratum

(Southern, Nearshore, Offshore, and Northern) were inde-

pendent variables. We started with full models, including

the interaction of terms DAYS ICE-FREE and STRATUM

and used backwards-stepwise removal of terms with

P[ 0.05 from Wald tests (Hosmer et al. 2013). Because

the area sampled varied among grid cells, we included

sampling area as an offset. We evaluated strength of the

models with Akaike’s Information Criterion (AIC) and

likelihood ratio tests comparing them to the null model. We

drew inference from the model best supported by the data

(Burnham and Anderson 2002). Detailed model selection

results are provided in Online Resource 1.
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Table 2 Summary of species identified during seabird surveys in the Chukchi Sea, 1975–2012

Foraging guild/species Scientific name Period and stratum

Historical density (birds/km2) Recent density (birds/km2)

Southern Nearshore Offshore Northern Southern Nearshore Offshore Northern

Planktivores

Sooty Shearwater Puffinus griseus 0.002 – – – – 0.020 0.000 –

Short-tailed

Shearwater

P. tenuirostris 1.854 2.276 1.750 – 6.763 9.255 4.384 0.336

Red-necked

Phalarope

Phalaropus lobatus 0.009 – 0.003 – 0.173 0.151 0.210 0.066

Red Phalarope P.s fulicarius 4.400 3.097 5.713 0.805 0.630 0.127 0.105 0.019

Ross’s Gull Rhodostethia rosea 0.113 0.036 0.269 3.056 0.007 0.058 0.056 0.341

Dovekie Alle alle – 0.007 0.005 – 0.001 0.001 0.002 0.002

Kittlitz’s Murrelet Brachyramphus

brevirostris

0.025 0.036 0.003 – 0.001 0.115 0.012 0.019

Ancient Murrelet Synthliboramphus

antiquus

– – – – 0.060 0.028 0.054 0.048

Parakeet Auklet Aethia psittacula 0.510 0.360 0.412 – 0.204 0.031 0.044 –

Least Auklet Aethia pusilla 0.171 0.012 0.131 – 3.830 0.274 0.804 0.266

Crested Auklet Aethia cristatella 0.182 0.036 0.531 0.014 0.702 0.961 7.031 3.653

Piscivores

Red-throated Loon Gavia stellata 0.009 0.024 – – 0.004 0.003 0.002 0.001

Pacific Loon G. pacifica 0.251 0.613 0.155 0.014 0.021 0.216 0.084 0.006

Common Loon G. immer 0.104 0.010 0.036 – – 0.001 0.002 –

Yellow-billed Loon G. adamsii 0.002 0.040 – – – 0.008 0.010 –

Pelagic Cormorant Phalacrocorax pelagicus – – – – – 0.001 – –

Black-legged

Kittiwake

Rissa tridactyla 2.622 7.937 1.880 0.682 1.005 0.554 0.503 0.635

Ivory Gull Pagophila eburnea – 0.002 0.235 0.587 0.005 – 0.001 0.006

Mew Gull Larus canus – – – – 0.001 – – –

Iceland Gull L. glaucoides – 0.002 – – – – – –

Aleutian Tern Sterna aleutica – – – – 0.001 – – –

Arctic Tern Sterna paradisaea 0.055 1.161 0.012 0.027 0.005 0.034 0.015 0.001

Common Murre Uria aalge 0.150 0.028 0.080 – 0.562 0.219 0.085 0.006

Thick-billed Murre U. lomvia 0.717 0.721 0.965 – 0.951 0.760 0.613 0.096

Black Guillemot Cepphus grylle 0.005 0.105 0.117 0.177 0.009 0.011 0.006 0.024

Pigeon Guillemot C. columba – – – – 0.004 0.001 0.001 –

Marbled Murrelet Brachyramphus

marmoratus

– – – – 0.001 – – –

Horned Puffin Fratercula corniculata 0.424 0.014 0.037 – 0.155 0.021 0.012 0.001

Omnivores

Northern Fulmar Fulmarus glacialis 0.311 0.007 0.175 0.014 0.546 0.261 0.248 0.141

Fork-tailed Storm

Petrel

Oceanodroma furcata – – – – 0.003 0.004 – –

Red-legged

Kittiwake

Rissa brevirostris 0.007 – 0.005 – – – – –

Sabine’s Gull Xema sabini 0.012 1.003 0.019 0.027 0.011 0.020 0.036 0.007

Herring Gull Larus argentatus – 0.007 0.009 – 0.004 0.006 0.008 –

Thayer’s Gull L. thayeri – 0.019 – – – 0.001 – –

Slaty-backed Gull L. schistisagus – 0.019 – – 0.001 – – –

Glaucous-winged

Gull

L. glaucescens 0.037 0.005 0.007 – 0.001 – – –
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Results

Community composition

We compiled seabird data collected in the eastern Chukchi

Sea on 1,675 km2 of surveys during 1975–1981 and on

15,157 km2 of surveys during 2007–2012 (Table 1). These

surveys recorded 58,905 birds during the historical period

and 225,948 birds during the recent period. Mean densities

ranged 0–19.9 birds/km2 in the historical period and 0–9.3

birds/km2 in the recent period (Table 2).

Over the past 37 years, the seabird community has

included a total of 50 species, of which 39 were recorded in

both historical and recent time periods (Table 2). Four

species (Iceland Gull, Red-legged Kittiwake, Harlequin

Duck, and Black Scoter) were recorded only during

1975–1981, and 7 species (Ancient Murrelet, Pelagic

Cormorant, Mew Gull, Aleutian Tern, Pigeon Guillemot,

Marbled Murrelet, and Fork-tailed Storm Petrel) were

recorded only during 2007–2012.

Multivariate analyses of the seabird community indi-

cated that species composition varied primarily between

the two periods (Fig. 3a), shifting from a community

dominated by piscivorous birds to one dominated by

planktivorous birds (Fig. 4); this shift was evident in all

strata (Fig. 3b). The MDS ordination separated into 2

groups, with overlap caused primarily by differences

among strata (Table 3). The Northern stratum showed the

biggest shift in community structure over time (Fig. 3b),

converging in composition with the other regions in the

recent years in which it was sampled.

The patterns in species composition identified in the

multivariate analyses were reflected in changes in the rel-

ative abundance of each of the 4 feeding guilds among

strata and years (Figs. 4, 5). Most notably, the relative

abundance of piscivores in all regions decreased from the

historical period to the recent period (Fig. 4). The Northern

stratum was dominated numerically by planktivores in

1976 and 2009–2012, but planktivores were absent from

there in 1977 and rare in 2007, suggesting high variability

in species composition (Fig. 5). The relative abundance of

planktivores in the Offshore stratum increased from the

1970s to the 1980s, with planktivores dominating numeri-

cally in 2007–2012. In the historical period, the Nearshore

and Southern strata were dominated numerically by

planktivores in some years and by piscivores and benthic-

feeding birds in other years; however, in the recent period,

species composition was less variable, with planktivores

dominating numerically in both strata in most years from

2007 to 2012. Benthic-feeding birds (primarily eiders)

composed 2–85 % of all birds, depending on the stratum

and year, because they sometimes occurred in large groups

(up to 1,500 birds). Similarly, planktivores composed

67–90 % of all birds in some strata and historical years

because Short-tailed Shearwaters also occurred sporadi-

cally and in large groups.

Table 2 continued

Foraging guild/species Scientific name Period and stratum

Historical density (birds/km2) Recent density (birds/km2)

Southern Nearshore Offshore Northern Southern Nearshore Offshore Northern

Glaucous Gull L. hyperboreus 0.408 7.218 0.531 0.600 0.079 0.201 0.129 0.123

Pomarine Jaeger Stercorarius pomarinus 0.048 0.814 0.121 0.027 0.065 0.022 0.029 0.010

Parasitic Jaeger S. parasiticus 0.021 0.188 0.063 0.027 0.027 0.009 0.004 0.006

Long-tailed Jaeger S. longicaudus 0.014 0.088 0.046 – 0.004 0.002 0.002 0.000

Tufted Puffin Fratercula cirrhata 0.062 0.010 0.003 – 0.107 0.008 0.007 –

Benthivores

Steller’s Eider Polysticta stelleri 0.007 – – – – 0.003 – –

Spectacled Eider Somateria fischeri 0.012 2.583 – – 0.027 0.023 0.001 –

King Eider S. spectabilis 1.391 0.466 0.005 – 0.057 0.144 0.017 0.007

Common Eider S. mollissima 0.233 2.626 0.009 – 0.072 0.236 0.011 0.002

Harlequin Duck Histrionicus histrionicus 0.002 – – – – – – –

Surf Scoter Melanitta perspicillata 0.023 – 0.005 – – 0.001 – –

White-winged Scoter M. fusca – 0.040 – – 0.023 0.011 0.004 –

Black Scoter M. americana 0.021 1.139 – – – – – –

Long-tailed Duck Clangula hyemalis 0.267 1.838 0.507 – 0.030 1.008 0.055 0.002
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Changes in seabird density

The total density of seabirds has declined significantly in 3

of the 4 strata in the eastern Chukchi Sea over the past

37 years (P\ 0.0001 for PERIOD*STRATUM), with the

largest declines occurring in the Nearshore stratum

(Fig. 6). Only the Northern stratum showed no significant

difference in density between the two time periods. These

declines are driven primarily by declines in the density of

piscivorous and omnivorous species. Piscivorous Black-

legged Kittiwakes and omnivorous Glaucous Gulls were

less abundant in all strata during the recent period than

during the historical period (Fig. 7). Declines of both

species were greatest in the Nearshore stratum, with mean

decreases of 16.5 birds/km2 for Black-legged Kittiwakes

and 20.2 birds/km2 for Glaucous Gulls. Northern Fulmars

were present in low abundance (\0.6 birds/km2) both

historically and recently. Their density increased in the

Northern, Nearshore, and Southern strata but showed no

significant change in the Offshore stratum. Thick-billed

Murres now are less abundant in the Offshore and Southern

strata than they were in the historical period and showed no

significant change in abundance in the Nearshore stratum

during the recent period.

Planktivorous Crested and Least auklets and Short-tailed

Shearwaters were more abundant in recent years than they

were in historical years (Fig. 7), with the largest increases

for Crested Auklets in the Offshore stratum (estimated

mean increase 6.1 birds/km2), for Least Auklets in the

Southern stratum (estimated mean increase 3.6 birds/km2),

and for Short-tailed Shearwaters in the Nearshore stratum

(estimated mean increase 7.1 birds/km2). Further, Least

Auklets and Short-tailed Shearwaters were not recorded in

the Northern Stratum in the historical period. In contrast,

phalaropes were less abundant in the Southern stratum in

recent years than they were in historical years (Fig. 7) and

showed no significant change in abundance in the other

strata.

Changes in sea-ice cover

The duration of open water (defined as 25-km2 grid cells

with \10 % ice cover) in the Northern, Offshore, and

Nearshore strata of the eastern Chukchi Sea has increased

by C50 days over the past 3 decades (Fig. 8). Sea ice now

forms later and melts earlier than it did 30 years ago, and it

now melts completely in all strata of the eastern Chukchi

Sea. Prior to 1990, there were years in which only the

Southern stratum would be considered ice-free. During the

1990s, the ice retreated from all but the Northern stratum in

every year; since 2002, the entire eastern Chukchi Sea has

been ice-free for at least 50 days each year.

These changes in ice cover are associated with changes in

the presence of seabirds, although the relationships between

ice cover and seabird abundance varied among taxa and strata

(Fig. 9). Black-legged Kittiwakes, Glaucous Gulls, and pha-

laropes were more likely to occur in years with few ice-free

days. The negative association with ice-free days was stron-

gest for these three species in the Southern and Nearshore

strata. In the Northern stratum, Black-legged Kittiwakes and

Glaucous Gulls also were more likely to occur in years with

few ice-free days, whereas phalaropes had a low probability

of occurrence, regardless of ice conditions. In the Offshore

stratum, however, there was little evidence of a negative

relationship with ice-free days for any of these species.

Crested Auklets, Northern Fulmars, and Short-tailed

Shearwaters were more likely to occur in years with many

ice-free days; this relationship was consistent in all strata

(Fig. 9). The probability of occurrence for these three

species generally was highest in the Offshore stratum. In

the Northern stratum, the probability of occurrence for

Fig. 3 Non-metric multidimensional scaling (nMDS) ordination plot

of Bray–Curtis similarities for seabirds recorded in the Chukchi Sea

during 1975–2012. Each point represents one stratum–year, and

distance between points represents similarity in composition. Points

are identified (a) by year, with period centroids labeled; and (b) by

stratum, with arrows indicating the vector of change in composition

by year for each stratum
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Crested Auklets was similar to that in the Offshore stratum

in years with [50 ice-free days, whereas Short-tailed

Shearwaters had a lower probability of occurrence than in

the Offshore and Northern Fulmars were least likely to

occur there. In the Nearshore stratum, probabilities of

occurrence for all three species paralleled and were lower

than probabilities in the Offshore stratum. In the Southern

stratum, Northern Fulmars and Short-tailed Shearwaters

had similar probabilities of occurrence, whereas Crested

Auklets were least likely to occur there.

Discussion

Over the past 40 years, we found an increase in the pro-

portion of subarctic seabirds, and particularly planktivorous

species, in the eastern Chukchi Sea during the open-water

period of late July to early October. Many species that breed

or summer in the Bering Sea historically have moved

northward into the Chukchi Sea during periods of maximal

ice retreat (G. Divoky, unpubl. data). Our recent data indicate

that, as summer ice cover has declined, a suite of planktiv-

orous species, including Short-tailed Shearwaters, Least and

Crested auklets, and Northern Fulmars, now occurs farther

north and in higher abundance than it did historically.

Although they penetrated beyond Cape Lisburne only in late

August and early September in the 1970s and 1980s, we now

see these species regularly as far as 72�N and remaining into

late October. Other species such as Kittlitz’s and Ancient

murrelets are more episodic in their use, showing up in large

numbers in some years but rarely or not at all in others.

Nonetheless, all of these Bering Sea species have become

common throughout the eastern Chukchi Sea, suggesting that

seabird distributions have changed in response to a warming

and increasingly ice-free Arctic.

Changes in community composition

The seabird community of the Chukchi Sea contains a list

of species that has changed little over the past 40 years, but

Fig. 4 Relative abundance of foraging guilds that compose the

seabird community in the Chukchi Sea during historical (1975–1981)

and recent (2007–2012) periods, by stratum

Table 3 Results of PERMANOVA testing for differences in species

composition of seabirds among strata and time periods in the Chukchi

Sea, 1975–1981 and 2007–2012. Analysis was based on Bray–Curtis

dissimilarities from log-transformed data. Each term was tested by

using 1000 random permutations of the stratum–year samples

Source df Mean squares F R2 P

Time period 1 1.18 3.80 0.09 \0.001

Stratum 3 0.63 2.01 0.13 0.002

Residuals 35 0.31 0.78

Total 39 1.00
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the relative abundance of species has shifted toward

planktivorous seabirds that are primarily coming north

from the Bering Sea. Based on only the historical data,

phalaropes were thought to replace auklets as the dominant

planktivorous birds north of Bering Strait (Piatt and

Springer 2003); in fact, planktivorous seabirds in general

were assumed to be insignificant consumers in the Chukchi

Sea as a whole (Piatt and Springer 2003; Hunt et al. 2013).

The data presented here and in other recent studies indicate

that, although planktivorous seabirds did not dominate the

seabird community in the 1970s and early 1980s, they have

become the numerically dominant feeding guild of the

2000s and 2010s, particularly those species common in the

Bering Sea such as Crested Auklets and Short-tailed

Shearwaters (Sigler et al. 2011; Gall et al. 2013; Wong

et al. 2014; Kuletz et al. 2015).

Species typically associated with the high Arctic and sea

ice include Ivory and Ross’s gulls and Black Guillemots.

Historically, they occurred consistently in the Chukchi Sea,

but in low numbers (Watson and Divoky 1970 [unpubl.

report]; Divoky 1987 [unpubl. report]). They rarely have

been recorded in recent years, despite a large increase in

effort relative to historical surveys. Ice has retreated

entirely from the Chukchi Shelf in every summer since

1996 and is delayed in re-forming in the fall, restricting the

habitat available for these birds.

Fig. 5 Relative abundance of foraging guilds that compose the seabird community in the Chukchi Sea, 1975–2012, by year and stratum
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Species recorded in the eastern Chukchi Sea only

recently are ones that either nest in the Bering Sea and/or

North Pacific or have made the transit from the Atlantic

Ocean. The Short-tailed Albatross, Rhinoceros Auklet,

Ancient Murrelet, Mew Gull, and Fork-tailed Storm Petrel

all are Pacific species that have been able to extend their

ranges northward into the Chukchi, presumably in response

to reductions in ice and warming climatic conditions (Day

et al. 2013a). Incidental observations recently recorded off-

transect included the Northern Gannet (Morus bassanus),

an Atlantic species that was recorded in the Pacific for the

first time in 2010 (Day et al. 2013a). It presumably tra-

versed the Northwest Passage during a period of open

water. If so, it is one of three seabird species from the

North Atlantic recorded in the Pacific in recent years (At-

lantic Puffin [Fratercula arctica]—Kharitonov 2009; Great

Black-backed Gull [Larus marinus]—Day et al. 2013a). Of

the species recorded only during the historical period, Red-

legged Kittiwakes are considered endemic to the Bering

Sea and Iceland Gulls are a northwestern Atlantic species.

These species may have been vagrant individuals or may

have been misidentified: Red-legged Kittiwakes are very

similar to the more common Black-legged Kittiwake, and

Iceland Gulls are very similar to Thayer’s Gulls, which

migrate through the Chukchi Sea (Snell 2002). We antic-

ipate that, as summer ice cover continues to decline and

ship traffic increases, incidental observations of Bering Sea

and Atlantic species will become more common in the

Chukchi Sea.

Changes in abundance

As species that breed in the Bering Sea (e.g., Crested and

Least auklets, Northern Fulmars) or even farther south in

Australia (Short-tailed Shearwaters) have become more

abundant in the eastern Chukchi Sea over the past 40 years,

species that breed along the Chukchi coast (e.g., Black-

legged Kittiwakes, Thick-billed Murres) and inland on the

Arctic Coastal Plain (e.g., Glaucous Gulls, phalaropes)

appear to be less abundant. These latitudinal shifts in

abundance are consistent with the retreat of sea ice opening

up habitat and creating conditions in the Chukchi Sea that

more closely resemble the productive areas of the northern

Bering Sea (Sigler et al. 2011). Species that rely primarily

on prey of Pacific origin (Crested Auklets, Northern Ful-

mars, and Short-tailed Shearwaters) are more likely to

occur as sea-ice cover declines, whereas those that forage

in Arctic waters (Black-legged Kittiwakes, Glaucous Gulls,

and phalaropes) are less likely to occur, suggesting that ice

cover is an ecological driver that affects variations in

seabird abundance interannually and over longer

timescales.

Birds that are surveyed at sea include both breeding and

non-breeding individuals, providing an ecosystem per-

spective that includes free-ranging animals not necessarily

restricted by central-place foraging (Ainley et al. 2012).

The distribution and abundance of seabirds within 40 km

of large breeding colonies such as the Diomede Islands,

Cape Lisburne, and Cape Thompson may be influenced by

the availability of nesting habitat (Swartz 1967; Piatt and

Springer 2003; Wong et al. 2014). Our data, however,

spanned the entire open-water season, including September

and October—after birds have left the breeding colonies.

The birds that we surveyed included non-breeding birds,

birds that may have attempted to breed but failed, and birds

that bred successfully. Regardless of their breeding status

in a given year, most birds are free of their land-bound

constraints by September, so their presence and abundance

in the study area implies that food resources are available

and energetically profitable to acquire.

Decline of piscivorous species

The decline in the density of seabirds in the eastern

Chukchi Sea was driven primarily by declines in density of

Black-legged Kittiwakes and Glaucous Gulls in the Near-

shore stratum (i.e., within 40 km of the coast). The

Southern stratum also has experienced a decline in density

of total birds, primarily due to declines of Black-legged

Kittiwakes, Thick-billed Murres, and phalaropes. Black-

legged Kittiwakes and Thick-billed Murres are more cos-

mopolitan in their distribution than are Glaucous Gulls and

phalaropes, with their summer ranges including the Pacific

Arctic and subarctic. Like Glaucous Gulls, however,

Black-legged Kittiwakes and murres are flexible foragers

that also take prey other than oceanic zooplankton and

often are associated with ACW (Swartz 1967; Piatt and

Springer 2003). Phalaropes are planktivorous, but they are

restricted to foraging at or near the surface and on Calanus

copepods that are characteristic of ACW (Brown and

Gaskin 1988; Haney and Stone 1988). The declines in

Fig. 6 Density (birds/km2) of all seabirds in the eastern Chukchi Sea

during historical (1975–1981) and recent (2007–2012) periods, by

stratum. These values are predicted from generalized linear models

that account for geographic stratum, period, and the negative binomial

distribution of the data. Error bars represent 95 % confidence

intervals
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abundance of these 4 species that rely on prey resources

associated with ACW suggest a possible reduction in the

abundance of fish species in that water mass as annual sea-

ice cover has declined. Alternatively, declines in the den-

sity of these birds may be related to the expansion of

available habitat as sea ice retreats earlier. With an increase

in the amount of available habitat, the birds can disperse

over a larger area than they could previously, decreasing

at-sea densities while the total abundance in the region

remains similar. Although the decline in density would

account for the apparent decline in abundance of piscivo-

rous birds in the Nearshore stratum, it does not account for

Fig. 7 Density (birds/km2) of eight species of seabirds in the eastern

Chukchi Sea during historical (1975–1981) and recent (2007–2012)

periods, by stratum. These values are predicted from generalized

linear models that account for geographic stratum, period, and the

negative binomial distribution of the data. Error bars represent 95 %

confidence intervals. Thick-billed Murres, Least Auklets, and Short-

tailed Shearwaters in the Northern stratum could not be modeled

because they were not recorded in the historical period
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the increase in density of planktivorous birds, particularly

Short-tailed Shearwaters.

Population trends measured at one of the two biggest

seabird colonies in the eastern Chukchi Sea provide some

additional insight into the long-term change in foraging

conditions in ACW. The productivity of Black-legged

Kittiwakes shows a long-term decline (chicks/nest start)

during the 40 years that nests have been monitored at the

Cape Lisburne breeding colony, with productivity below

the long-term (1976–2012) colony mean in all but 2 years

since 2000 (Dragoo et al. 2012). Despite this local decline

in productivity, reproductive success of colonies in the

Chukchi Sea remains higher than productivity at colonies

in the central and southern Bering Sea (Dragoo et al. 2015).

Counts of adult kittiwakes and Thick-billed Murres present

at the colony have increased during the same period, pos-

sibly because of immigration from colonies in the Bering

Sea. This decline in productivity coupled with an increase

in the number of birds loafing at the colony rather than

engaging in chick-rearing suggests that food availability

may be limiting breeding activity (Golet et al. 2004).

Because they are long-lived species, these birds may be

Fig. 8 Linear trends in (a) date of ice retreat, (b) date of ice advance,

and (c) number of days with \10 % ice cover in the Chukchi Sea,

1975–2012, by year and stratum. Lines are the least-squares linear fit,

and the gray shading is the 95 % confidence interval around the fit of

the line
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foregoing breeding to maximize their own survival (Golet

et al. 1998). Rather than traveling north to forage in the

Chukchi Sea after the breeding season, piscivorous species

may be heading south to foraging locations in the Bering

Sea where fish and other preferred prey may be more

readily available (Sigler et al. 2011; Stabeno et al. 2012,

Orben et al. 2015a, b).

Increase of planktivorous species

Shearwaters have been among the most abundant seabirds

in the Chukchi Sea since the earliest shipboard surveys

were conducted (Swartz 1967; Watson and Divoky 1970

[unpubl. report]; Divoky 1987 [unpubl. report]). In the

historical period, they were not recorded in the Northern

stratum of the Chukchi Sea and occurred irregularly in the

Beaufort Sea (Divoky 1987 [unpubl. report]), indicating

that the Chukchi represented the northernmost limit of

annual migration from breeding colonies in Australia for

most of these birds. In the past 40 years, their abundance in

the Chukchi Sea has increased, and they now are being

recorded nearly annually in the Beaufort Sea (USGS 2014).

Recent surveys determined that they continue to be among

the most abundant birds in the Chukchi Sea and that they

are most abundant within 40 km of the coast, where they

are foraging in ACW (Gall et al. 2013; Wong et al. 2014;

Kuletz et al. 2015). This increase is a contrast to the decline

in abundance of piscivorous birds within the same stratum.

The Offshore stratum that historically was dominated

numerically by Black-legged Kittiwakes and Thick-billed

Murres has been taken over by Crested Auklets, which are

now the most abundant seabirds in August and September

(Gall et al. 2013; Kuletz et al. 2015) despite not nesting

north of Bering Strait. The increase in abundance of

Crested Auklets is consistent with the hypothesis that large

numbers of euphausiids now are transported through the

Central Channel of the Chukchi Sea (Berline et al. 2008;

Ashjian et al. 2010). Not only are Crested Auklets feeding

in the Offshore stratum during and after the breeding sea-

son, it appears that they may be flightless for a few weeks

in the area as they complete their molt (AEG, RHD, KJK,

pers. obs.). The limited mobility of these birds and the

energetic demands associated with molt suggest that their

food supply is abundant and reliable enough to support

these physiological demands.

There are, of course, challenges in making comparisons

with historical data, particularly when those data were

collected opportunistically and by different researchers.

The historical data were collected from ships of opportu-

nity where the tracks were nonrandom and the survey

coverage differed among years and strata. The only stratum

that was surveyed in all 6 years of the historical period was

the Nearshore stratum, whereas survey coverage in the

Northern stratum was limited due to heavy ice cover. The

reduction in ice cover of the past 40 years means that there

has been an increase in the availability of open water and,

therefore, greater opportunity for ship-based surveys in the

northern parts of the Chukchi Sea. Survey coverage also

was greatly increased in the Offshore stratum in recent

years because of interest in areas that are currently leased

Fig. 9 Relationship between

number of days with\10 % ice

cover and predicted probability

of occurrence for 6 species of

seabirds in the eastern Chukchi

Sea, 1975–2012. Values and

95 % confidence intervals are

predicted from logistic

regression models of the effects

of the number of days with

\10 % ice cover and

geographic stratum on the

probability of seabird

occurrence
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for oil and gas exploration. Despite the uneven sampling

coverage, the trends in all areas of the eastern Chukchi Sea

consistently indicate a northward expansion of subarctic

seabirds, especially planktivorous ones, into the Chukchi

Sea.

System-wide changes and implications

Earlier ice retreat and a longer ice-free season (Wang and

Overland 2009; Wang et al. 2012) may contribute to an

environment that is more favorable to primary and sec-

ondary production. The increase of light availability

through thinner winter ice and the earlier ice retreat can

lead to higher production by ice algae along the coast and

at ice edges (Brown and Arrigo 2012; Palmer et al. 2013).

So far, models base on satellite observations suggest there

was a 65 % increase in primary productivity in the Chukchi

Sea associated with the increase in open water and the

longer growing season in 2007 than there was in

1998–2002 (Arrigo et al. 2008). In a shallow Chukchi Sea

with less ice cover, increased easterly winds could intensify

shelf-break upwelling (Carmack and Chapman 2003;

Mathis et al. 2012) that will enhance the nutrient supply

and support larger phytoplankton and zooplankton stocks

throughout the open-water season (Lane et al. 2008,

Ershova et al. 2015).

In addition to an increase of in situ production in the

Chukchi Sea, there also is evidence that northward flow

through Bering Strait is increasing (Woodgate et al. 2012),

a change that should increase the advection of phyto-

plankton and zooplankton into the Chukchi Sea (Springer

et al. 1989). These Pacific zooplankters are being advected

into a region where warming summer waters can sustain

higher growth rates and develop greater zooplankton bio-

mass (Questel et al. 2013) than they historically could.

Although the historical zooplankton community is not as

well documented as the seabird community, there is evi-

dence of higher zooplankton abundance and biomass along

the Chukchi shelf-break in the 2000s than historically

(Lane et al. 2008) and of increased biomass and abundance

of Bering-Pacific zooplankton over the northeastern

Chukchi shelf from 1946 to 2012 (Matsuno et al. 2011,

Ershova et al. 2015). Concurrently, there has been an

increase in the bowhead whale population of 3.7 %/year

during 1978–2011 (Givens et al. 2013). These whales prey

on zooplankton, especially euphausiids, that are the pri-

mary prey of Crested Auklets and Short-tailed Shearwaters,

and they transit the Chukchi Sea to feed in and near Barrow

Canyon (Berline et al. 2008; Citta et al. 2015). The steady

annual increase in the bowhead population indicates that

their preferred prey is readily available.

The Chukchi Sea is a transition zone between the highly

productive waters of the northern Bering Sea and the low

productivity of the Arctic Ocean. As recently as 2003, the

boundary between these two systems was found to lie in

the southern Chukchi Sea (Piatt and Springer 2003). As sea

ice retreats earlier in the summer and the Chukchi remains

ice-free for longer each year, the boundary between these

two systems appears to be shifting northward. These con-

nections have stretched the biogeographic province char-

acterized by zooplankton, surface fish, and seabirds

associated with Bering Sea Water so that it now extends

from the Chirikov Basin north of St. Lawrence Island to

include the eastern Chukchi Sea as far north as Barrow

Canyon (Sigler et al. 2011).

We propose that the changes in the abundance and

composition of the seabird community in the eastern

Chukchi Sea reflect an increase in the availability of zoo-

plankton prey in the region (Ershova et al. 2015). The

increase in abundance of planktivorous species of seabirds

in the Chukchi Sea suggests that large zooplankton persist

in the water column of the Chukchi Sea for longer now

than they did 40 years ago. This longer persistence allows

for the seabird community, especially planktivorous alcids,

to remain in the Chukchi Sea throughout the summer and

fall to exploit this food resource that now is available over

the wide and shallow Chukchi shelf. As long as the

Chukchi Sea continues to freeze in winter, however, the

process of ice formation will maintain a pool of cold

Winter Water that acts a thermal barrier to many Bering

Sea species of fishes, particularly in the offshore area

(Sigler et al. 2011; Hunt et al. 2013; Day et al. 2013b).

Without a diverse community of plankton-feeding fishes,

seabirds and marine mammals may remain the primary

predators on zooplankton in the Chukchi Sea.

The reduction in ice cover of the Chukchi Sea is not

only opening up habitat for birds, whales, and zooplankton,

it is providing humans the opportunity to explore for oil

and gas, develop commercial shipping routes, and consider

the viability of a commercial fishery. This study provides a

long-term perspective on the environment of the Chukchi

Sea to help inform policy-makers and managers responsi-

ble for spatial planning, permitting, and ecosystem-based

management of marine resources (Schwemmer et al. 2011;

Ainley et al. 2012). The possible effects of anthropogenic

stressors must be considered in light of the shifting baseline

of a seabird community and an entire marine ecosystem

that is actively responding to a warming and increasingly

ice-free Arctic.
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