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For wildlife species that winter at northern latitudes, harsh overwinter conditions can play
an important role in population dynamics. Recent changes in global temperatures have
resulted in distributional shifts of wildlife species, as well as amelioration of winter cli-
mates in northern landscapes. The emperor goose (Anser canagicus), an endemic migratory
bird of the Bering Sea region, winters across a large area of the subarctic, with potential
differences in migration strategies and costs among individuals. As a long-standing species
of conservation concern due to decreased population size, understanding the response of
emperor geese to changing conditions has become critical to on-going management. We
sought to evaluate changes in wintering distribution and arrival/departure dates over time,
by comparing spatial and temporal patterns of wintering emperor geese from 2015 to 2017
(using geolocator data) to satellite telemetry data collected from 1999 to 2004. Further, we
quantified changes in spatial patterns of winter abundance by comparing historical and
contemporary aerial and ground surveys at three island complexes encompassing most of
their winter distribution. Our results indicate that emperor geese are arriving at wintering
areas earlier and spending more time at these areas than in the past. Our comparisons
among historical aerial and ground surveys suggests that increasing numbers of emperor
geese are wintering closer to breeding areas in western Alaska; a change likely related to
increasing habitat availability due to shifting environmental conditions. Our results also
showed that fewer emperor geese are using an area in the core of their wintering range,
suggesting either decreased habitat quality or a reduction in migration distance via
alternative wintering locations. Overall, our study highlights a rapid response to apparent
habitat change likely due to warming temperatures and a reduction in ice cover and
emphasizes the importance of understanding complex interactions among migration
distance, the environment, and habitat in interpreting site selection.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Many species from a wide range of taxonomic groups are altering their distribution in response to a rapidly changing
world (Perry et al., 2005; Hickling et al., 2006; Thomas 2010; Chen et al., 2011). However, identifying distributional change
and their causes, can be difficult, especially for species with expansive, remote ranges. Broadly varying conditions across these
large ranges can result in disparate influences on different parts of the population (Newton 2004). For example, deteriorating
conditions in one portion of a range may cause abandonment of that area, resulting in shifts to better areas with increased
resources for growth, survival and reproduction. Distributional shifts have been associated with a variety of factors including
climate change (e.g., advanced onset of spring; Tombre et al., 2008), human disturbance (e.g., overfishing, hunting, pollution;
Rose et al., 2000; Laliberte and Ripple 2004; Francis et al., 2009), changes in resource availability (Alisauskas et al., 2011), loss
of habitat (e.g., deforestation, urbanization, sea level rise; Fish et al., 2005; Loiselle et al., 2010), competition (Case et al., 2005;
Best et al., 2007), and predation (Holt et al., 2009). Identifying the current distribution of a species and the factors influencing
it are important for understanding distribution change over time and how a species may respond to future conditions.

Though the limits of a species range can be the result of abiotic or biotic factors (Sexton et al., 2009), winter range is often
limited by abiotic factors (Butler et al., 2007; La Sorte and Thompson 2007). Winter can be a critical period in the annual cycle
of animals, especially for species that winter at high latitudes, with higher energy costs associated with colder temperatures.
In these systems temperature may be a particularly important determinate of winter range for a species (Root 1988a, 1988b),
not only in thermoregulatory costs, but in available foraging habitat due to ice cover. Because individuals in a population
distributed over a large geographic area may experience very different conditions, wintering locations can ultimately in-
fluence individual fitness (Sedinger et al., 2011), thereby playing an important role in population dynamics (Norris et al.,
2004).

The emperor goose (Anser canagicus) is a Bering Sea endemic that winters throughout the Aleutian Islands and Alaska
Peninsula (Hupp et al., 2008). It has long been a species of conservation concern, with >50% population declines documented
between the 1960s and mid-1980s (Pacific Flyway Council 2016). However, recent data suggests that the population is
increasing at a rate of approximately 1.6% per year from 2004 to 2014 (Dooley 2015). In response to this increase, sport and
subsistence harvest was opened in 2017 for the first time since 1986 (Alaska Department of Fish and Game 2017; Federal
Register 2017).

Species abundance and range size typically have a positive relationship (Gaston and Curnutt 1998), but emperor geese, like
other long-distance migrants, are continually forced to make trade-offs between energy costs related to migration distance
and varying conditions across their range. Emperor geese have historically maintained a largewinter range, despite periods of
lower abundance; with individuals wintering in thewestern Aleutian Islandsmigrating substantially farther (>2500 km) than
individuals wintering on the Alaska Peninsula (<1000 km; Hupp et al., 2008; Schmutz et al., 2020). However, recent pre-
liminary surveys have suggested increases in numbers of emperor geese wintering at the eastern periphery of their historic
range (e.g., along the Kodiak Archipelago; Corcoran et al., 2010). These increases led us to assess potential winter distribu-
tional changes in this species of conservation concern.

In this study, we examined multiple sources of data to evaluate potential changes in the winter distribution of emperor
geese. We hypothesized that the wintering distribution had changed in response to shifting physical environmental pa-
rameters. First, we used data from geolocators (i.e., global location sensors), which we deployed on nesting emperor geese in
western Alaska. Herein, our goal was to quantify current spatial and temporal patterns during winter. Second, we compared
these contemporary data to past historic satellite telemetry data collected from 1999 to 2004 (see Hupp et al., 2008) to
identify potential shifts in emperor goose wintering distribution. Our thirds source of data was a time series of replicated
aerial and ground surveys that were conducted beginning in the 1980s at three islands, encompassing most of the winter
distribution of emperor geese, to identify potential local changes in emperor goose wintering populations. At each of these
islands we also quantified body condition using abdominal profile indices (a visual scoring of condition; Owen 1981) to assess
potential differences in habitat quality or foraging conditions among wintering locations. We hypothesized that decreased
numbers of emperor geese, combined with lower body condition at historic wintering areas, would suggest that reduced
habitat quality had contributed to a range shift. Alternatively, stable to increasing numbers and higher body condition would
be representative of increasing population abundance and associated range expansion. Finally, we used trends in winter
temperatures over time as corroborating evidence of potential changes in habitat availability (i.e., ice-free nearshore areas).
Specifically, we hypothesized that warmer winter temperatures would correspond with a reduction of ice cover in the coastal
lagoons used by wintering emperor geese (Petrich et al., 2014), thereby increasing the amount of foraging habitat available.

2. Materials and methods

2.1. Capture and geolocator deployment

We captured nesting adult female emperor geese on their breeding grounds near the Manokinak River (61.19 �N,
�165.08�W) on the Yukon-Kuskokwim Delta (Fig. 1) during late-May to mid-June with bow-net nest traps (Salyer 1962) or
mist nets (Bub 1991). We attached a 2.5e3.5 g light level geolocator to a plastic leg band deployed on each goose to determine
distribution and migration patterns (Fox 2010). Geolocators are lightweight archival tracking devices that record ambient
light levels (Afanasyev 2004). Locations of animals are then derived from these light levels by determining day length (Hill
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Fig. 1. Wintering areas for individual female emperor geese that were marked with satellite transmitters (a) from 1999 to 2004 (black triangles; n ¼ 48; Hupp
et al., 2008) or geolocators (b) from 2015 to 2017 (black circles; n ¼ 58) at breeding areas along the Manokinak River on the Yukon-Kuskokwim Delta in western
Alaska. Black lines indicate boundaries between winter regions (Hupp et al., 2008). Both winter locations from two individuals with geolocators are included that
wintered along the Alaska Peninsula in 2015/2016 and in the western Aleutian Islands in 2016/2017. Surveys were conducted for numbers of wintering emperor
geese and body condition at Shemya, Adak, and Kodiak Islands.
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1994). Unlike data collected via satellite transmitters, geolocators must be retrieved to download data. We captured emperor
geese to deploy geolocators during the breeding seasons of 2015 and 2016 and retrieved geolocators by recapturing geese in
2016 and 2017. During captures we also measured attributes of body size (culmen, tarsus, wing length, and body mass), and
obtained blood and serum samples.

We used multiple geolocator models in this study. We deployed 12 MK3006 model geolocators (BioTrack, Wareham,
United Kingdom), and 88 Intigeo C250 model geolocators (Migrate Technology, Cambridge, United Kingdom) in 2015. We
deployed an additional 50 Intigeo C330 model geolocators (Migrate Technology) in 2016. Geolocators from both manufac-
turers sampled light levels once per minute with maximum light levels recorded every 5 min.

We obtained data from 60 individual emperor geese and collected multiple years of data on 23 individuals including 18
geolocators that were deployed in 2016, following recovery of a geolocator initially deployed in 2015. We used the software
BASTrak (BioTrack) or InitProc (Migrate Technology), depending on the manufacturer, to communicate with geolocators,
download the data following recovery, and to correct for clock drift. Devices with drained batteries or water intrusion were
sent to the manufacturer to extract data. Though we were unable to correct for clock drift with these data, there was little
indication of clock drift. We were unable to extract data from four geolocators due to data logger failure.
2.2. Geolocator analyses

We used the BAStag package (Wotherspoon et al., 2016) in R (R Core Team 2018) to define twilights, thereby enabling
estimation of day length and locations. We used a light threshold of 2.0 for BAS geolocators (.lig files) and a threshold of 1.5 for
Migrate Technology geolocators (.lux files) to identify all sunrises and sunsets. All. lux files were log transformed before
selecting twilights due to their high light values (Rakhimberdiev et al., 2017). We used the package FLightR to create tracks
3
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using these twilights and identify stationary locations (Rakhimberdiev et al., 2017). From these stationary locations, we were
able to determine general wintering areas and the arrival/departure dates. Because emperor geese are strictly a nearshore
marine species during the non-breeding period (Hupp et al., 2008; Schmutz et al., 2020), we restricted the distance in-
dividuals were allowed to occur inland (5 km) or offshore (30 km). Offshore wintering locations were assigned to the nearest
shoreline. For individuals that had geolocators that did not collect data for the entire winter, we used the area where they
were located during the beginning of thewinter period as their wintering location. We likely did not have the ability to detect
small scale movements throughout the winter due to the nature of geolocator data although most individuals appear to have
remained at their wintering area. Light level data supporting this publication can be found in Uher-Koch et al. (2021).

2.3. Evaluating shifts in winter distribution and timing

Emperor goose wintering locations were previously evaluated using satellite transmitters (n ¼ 48) from 1999 to 2004
(Hupp et al., 2008). We compared these past winter locations and arrival/departure dates collected via satellite telemetry to
contemporary data collected via geolocators. Emperor geese were categorized as wintering in three regions based on past
satellite telemetry data (Alaska Peninsula, eastern Aleutian Islands, andwestern Aleutian Islands; Fig.1) andwe compared the
proportion of geese wintering in these three areas between time periods (1999e2004 vs. 2015e2017; Hupp et al., 2008).
Geese that wintered east of the Alaska Peninsula (e.g., Kodiak Archipelago) were included as part of the Alaska Peninsula
region. Although satellite telemetry data has higher accuracy, light-based geolocation data is adequate for identifying broad
scale habitat preferences (Phillips et al., 2004), such as among the three wintering regions in our study. Further, location
estimates using geolocation data may have less error for stationary individuals (Hill 1994), and data from satellite trans-
mitters suggests there is little movement from emperor geese at wintering areas (Hupp et al., 2008).

We also compared historic and contemporary ground and aerial surveys during winter to determine if abundance of
emperor geese had changed since past surveys on their winter range. We hypothesized that an increase in winter temper-
atures and corresponding reduction of ice cover led to an increase in availability of winter habitat closer to breeding areas.
Evidence of this would be detected by increased numbers of emperor geesewintering closer to the breeding areas (e.g., on the
Alaska Peninsula, and Kodiak Island) and decreased numbers of geesewintering in the Aleutian Islands (farther frombreeding
areas). In contrast, if winter population counts of emperor geese increased throughout their winter range, it would suggest an
overall increase in the emperor goose population as opposed to a shift in wintering distribution.

2.3.1. Survey methodology
Surveys of wintering emperor goose populations were conducted along standardized routes at three locations throughout

their wintering range in the 1980s, 1990s, and early 2000s (Rojek et al., 1995; Meehan and Krom 1997; Wilson 2016; Uher-
Koch 2020). We replicated these historical surveys to allow comparisons between past and contemporary counts of wintering
emperor goose populations. Our survey efforts focused on three islands that span most of the wintering distribution of
emperor geese: Shemya, Adak, and Kodiak Island (Schmutz et al., 2020, Fig. 1). Contemporary surveys were conducted during
similar timeframes over two winters (2015e2016 and 2016e2017). Vehicle accessible road-based surveys were replicated on
Shemya and Adak Islands and aerial surveys were replicated on Kodiak Island.We visited each island in early winter (mid-Dec
to mid-Jan) and in late winter (March) and counted numbers of emperor geese along standardized survey routes in Adak
(Rojek et al., 1995) and Shemya (Byrd and Scharf 2003). Past surveys were conducted on Shemya Island from 1989 to 1996/97
and 1999e2002/03 (Byrd and Scharf 2003), and then replicated in 2015/16 (Uher-Koch 2020). Historical surveys were
conducted on Adak Island in 1984e1989 and 1991e1995 and replicated in 2015/16e2016/17. We performed aerial surveys in
mid to late February in 1994, 2001, 2010, and 2015 on Kodiak Island covering five major regions making up the entirety of the
eastern side of Kodiak Island and southern islets (Wilson 2016). Additional details on ground survey methodology can be
found in Rojek et al. (1995), Byrd and Scharf (2003), and aerial survey methodology in Wilson (2016).

We compared mean counts of emperor geese at each island across time periods to determine potential changes in winter
populations. Though visibility was not accounted for in historical data, survey methods at each island were consistent over
time, allowing us to directly compare changes in minimum-estimates of wintering populations. We analyzed each island
independently, lumping early and late winter periods together to get an overall mean count of emperor goose winter pop-
ulation for each location. Due to the large gaps between survey years, we summarized descriptive statistics of the count data
for each study site to compare historic and contemporary data.

2.4. Body condition

As an additional source of information to assess foraging habitat conditions, we categorized abdominal profiles (outwardly
visible fat stores) of wintering emperor geese at Shemya, Adak, and Kodiak Islands. Abdominal profile indices (API) of in-
dividual geese were scored opportunistically (during ground surveys) according to established methods (0e5; F�eret et al.,
2005), using high powered spotting scopes, by a single observer at all study sites. In addition to lack of variation in ob-
servers, we attempted to control for the effect of posture by only scoring geese that were standing upright, perpendicular to
the observer with their heads up (Owen 1981). We sought to use API as a coarse body condition index (Owen 1981; Thomas
et al., 1983), and given emperor geese feed locally in the near shore habitat, as an index of local foraging conditions. Ulti-
mately, we hypothesized that differences in foraging conditions could be the likely cause of shifts in wintering range of
4



Table 1
Median winter arrival and departure dates, and mean winter duration for Emperor Geese migrating to the Alaska Peninsula, eastern Aleutian Islands, and
western Aleutian Islands from two time periods (1999e2004 and 2015e2017). Data from 1999 to 2004 were collected using satellite transmitters (Hupp
et al., 2008), and data from 2015 to 2017 were collected using geolocators.

Alaska Peninsula E Aleutian Islands W Aleutian Islands

1999e2004 2015e2017 1999e2004 2015e2017 1999e2004 2015e2017

Arrival Date 28 Sep 25 Sep 8 Dec 4 Dec 26 Dec 14 Dec
Departure Date 23 Apr 11 Apr 30 Mar 7 Apr 23 Mar 4 Apr
Winter Duration 172 days 173 days 108 days 120 days 91 days 105 days
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emperor geese. We used analyses of variance (ANOVA) to determine potential differences in mean API among the three
wintering locations.
2.5. Weather data

We evaluated potential winter temperature change for the northwest Gulf of Alaska coastline (Alaska Climate Division 8),
which encompasses Kodiak Island, following distribution and survey results showing an eastward range expansion of
wintering emperor geese. We used the long-term winter mean (DecembereMarch) for this area from 1926 to 1998 and
compared this to the mean winter temperatures from 1999 to 2017. The contemporary timeframe encompasses the years
satellite transmitters were first deployed on emperor geese (1999; Hupp et al., 2008) and the years geolocators were used in
this study (2015e2017). We also compared the long-term winter mean temperature (DecembereMarch; 1926e1998) from
the northwest Gulf of Alaska to the Aleutian Islands (Alaska Climate Division 13). Weather data was obtained from the NOAA
National Centers for Environmental Information (2019).
3. Results

3.1. Winter distribution and timing

We identified winter locations for 58 female emperor geese using geolocators (Fig. 1b). A total of 24 females had >1 year of
winter location data and most (21/24) of these showed fidelity (i.e. used the same island) to wintering areas. Two individuals
used very different wintering locations between the two years of the study. Both individuals wintered along the Alaska
Peninsula in 2015/16 then in the western Aleutian Islands in 2016/17 and both wintering locations for each individual are
included in Fig. 1 (i.e. 60 total wintering locations).

We observed emperor geese using wintering areas farther northeast than observed in the past from satellite transmitter
data. Based on our geolocator dataset, fifteen females wintered in the western Aleutian Islands (25%), 10 in the eastern
Aleutians (17%), and 35 on the Alaska Peninsula and Kodiak Archipelago (58%; Fig. 1b). In contrast, past information from 48
females marked with satellite transmitters from 1999 to 2004 (Fig. 1a; Hupp et al., 2008) found a significant difference
(z ¼ 2.05, p ¼ 0.04) in the proportion that wintered in the western Aleutian Islands (44%), and along the Alaska Peninsula
(29%; z ¼ 3.03, p < 0.01), but not in the eastern Aleutian Islands (27%).

Similar to Hupp et al. (2008), we found that emperor geese arrive earliest on the Alaska Peninsula and latest to thewestern
Aleutian Islands (Table 1). Median dates for birds arriving to the Alaska Peninsula (the shortest migration) were much earlier
(25 September) than for those arriving to the eastern Aleutian (medium migration; 4 December) and western Aleutian
migrants (farthest migration; 14 December). For all locations, contemporary (2015e2017) arrival dates were earlier and
resulted in longer over-winter durations than those from 1999 to 2004 via satellite telemetry data (28 September, 8
December, and 26 December respectively; Hupp et al., 2008). Mean duration spent at wintering areas was longest for birds
migrating to the Alaska Peninsula, the nearest area to breeding grounds (173 days, 95% CI: 154e192), and much shorter for
birdswintering in the eastern Aleutian Islands (120, 95% CI: 86e154) andwestern Aleutian Islands (105 days, 95% CI: 94e116),
farther from breeding grounds. Similarly, individuals migrating longer distances left wintering areas first, with median de-
parture dates for the western Aleutian (4 April) and eastern Aleutian Island birds (7 April) being earlier than those departing
the Alaska Peninsula (11 April; Table 1).
3.2. Surveys of wintering goose populations

Numbers of emperor geese counted during winter surveys on Shemya Island in the western Aleutian Islands remained
relatively stable from 1989 to 2003 (Byrd and Scharf 2003), with no significant difference (t(144) ¼ 0.04, p¼ 0.97) in the mean
number of emperor geese counted during surveys on Shemya Island in 2015/16 (419.2, SE ¼ 29.7) compared with the his-
torical mean (417.7, SE ¼ 7.2) from surveys in 1989e2003 (Table 2). This contrasted with the mean number of individuals
counted during winter surveys on Adak Island, which increased from 1984 to 1989 (148.2, SE ¼ 45.4) to 1991e1995 (317.5,
SE ¼ 25.2; Rojek et al., 1995), but decreased significantly (t(44) ¼ 3.11, p < 0.05) from 1991 to 1995 to 2015e2017 (196.9,
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Table 2
Mean numbers of emperor geese (SE) counted during winter ground surveys on Shemya and
Adak Islands, and aerial surveys on Kodiak Island during two time periods (1989e2003 and
2010e2017).

Location 1989e2003 2010e2017

Shemyaa 417.7 (7.2) 419.2 (29.7)
Adakb 317.6 (25.2) 196.9 (11.4)
Kodiakc 2654 (438.0) 4646 (535.5)

a Years of ground survey data for Shemya Island include 1989e1996/97, 1999e2002/03, and
2015/16 (Byrd and Scharf 2003; Uher-Koch 2020).

b Years of ground survey data for Adak Island include 1991e1995, and 2015e2016/17 (Rojek
et al., 1995; Uher-Koch 2020).

c Years of aerial survey data for Kodiak Island include 1994, 2001, 2010 and 2015 (Wilson
2016).
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SE ¼ 11.4; Table 2). Average numbers of wintering emperor geese observed during aerial surveys on Kodiak Island increased
by 75% between the two periods (Wilson 2016).
3.3. Body condition and weather

Mean API differed significantly among study sites (F(2, 1821) ¼ 16.5, p < 0.05). Geese wintering on Kodiak Island had
significantly larger mean API (1.82, 95% CI: 1.77e1.87) than Shemya (1.68, 95% CI: 1.58e1.78, p¼ 0.03) and Adak (1.54, 95% CI:
1.46e1.62, p < 0.01). Mean API did not significantly differ between Shemya and Adak (p ¼ 0.07). Although significantly
different, overall differences among study sites were small (Fig. 2) andmean API were higher in 2016 than 2017 for both study
sites where we had multiple years of data (Adak and Kodiak Islands). Mean winter temperature from DeceMarch for the
northwest Gulf of Alaska coast from 1999 to 2017 (�3.41 �C) increased throughout the time-period (Fig. 3), and was
significantly different (t(89) ¼ 2.42, p¼ 0.02) from the historical long-term (1926e1998) meanwinter temperature (�4.56 �C).
The long-term mean winter temperature for the northwest Gulf of Alaska coast was colder than in the Aleutian Islands
(�2.17 �C).
4. Discussion

Our results indicate an increase in the number of emperor geese using wintering areas closer to the breeding areas. We
suspect that this is due to an increase in habitat availability related to warmer winter conditions and reduction of ice cover in
coastal lagoon habitats preferred by wintering emperor geese. We observed emperor geese using wintering areas farther
northeast than with past data from satellite transmitters, combined with increasing numbers of geese and winter temper-
atures in these areas. Further, as temperatures rise and ice cover decreases on the Alaska Peninsula and Kodiak Archipelago
(Zveryaev and Selemenov 2000; Hartman and Wendeler 2005; Ward et al., 2009; Petrich et al., 2014), more emperor geese
appear to be using these areas. This is important because a species ability to track climate change and adapt to changing
conditions has important population implications. Populations of species that are slow or unable to shift their ranges when
conditions change typically decline and may have increased extinction risk (Maclean andWilson 2011), while flexible species
that are able to capitalize on climate-induced changes will likely benefit (e.g., Clausen and Madsen 2016). Geese may be
Fig. 2. Mean abdominal profile indices (API) of emperor geese (95% CI) wintering at three islands in Alaska from 2015 to 2017. API of individual geese were scored
0e5.
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Fig. 3. Mean winter temperature (�C) from December to March for the northwest Gulf of Alaska coastline from 1999 to 2017 (black line) and trend (dotted line).
The grey line is the mean winter temperature from 1926 to 1998 (�4.56 �C).
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flexible and able to change their wintering locations over time in response to changing environmental conditions (Clausen
et al., 2018).

We hypothesize that the emperor goose’s pattern of migrating to the Aleutian Islands for winter likely evolved as risk
aversion, where the Aleutians historically represented the closest consistently ice free intertidal areas with adequate foraging
for blue mussels (Mytilus edulis), clams (Macoma spp.), eel grass (Zostera marina), and sea lettuce (Ulva spp.), the principal
foods of wintering emperor geese (Cottam and Knappen 1939; Schmutz et al., 2020). This is supported by warmer winter
temperatures in the Aleutian Islands than the northwest Gulf of Alaska coast from 1926 to 1998. Unlike ice-obligate species
that are negatively impacted by reduced ice cover (e.g., polar bears; Ursus maritimus; Stirling and Derocher 2012), decreasing
ice due to warming temperatures is likely opening additional areas to wintering emperor geese that were previously inac-
cessible. If the extent of intertidal icing is decreasing in coastal lagoons on the Alaska Peninsula and Kodiak Archipelago
(Petrich et al., 2014), then the balance between ice risk and migration cost is also likely changing. This would offer an
explanation as to the greater numbers of emperor geese observed in our study on Kodiak Island. Such a scenario is analogous
to the growing frequency of Pacific black brant (Branta bernicla nigricans) over-wintering at Izembek Lagoon in western
Alaska. Herein, a growing proportion of the Pacific brant population is remaining northern, in relatively ice-free conditions,
rather than undertaking the lengthy migration to the Baja California peninsula in Mexico (Ward et al. 2005, 2009;Wilson and
Larned 2020).

Choice of wintering site can also have major implications for population dynamics because winter conditions can have
carry over-effects on other periods in the annual cycle (Sedinger et al., 2011; Clausen et al., 2015). Reductions in migration
distance can lead to fitness benefits where birdswintering closer to breeding areasmay incur reduced energy costs associated
withmigration, thereby allowing them to arrive to breeding areas in better condition (Coppack et al., 2004; Mason et al. 2006,
2007). For emperor geese, the duration of staging is also related to wintering areas and migration distance, with individuals
wintering closer to breeding areas spending the least amount of time refueling at staging areas (Hupp et al., 2008). Migrants
that spend winter closer to breeding areas may also be able to better adjust migration timing in response to local conditions,
and by optimizing their timing of arrival to breeding areas, may be able to secure the best breeding sites (Marra et al., 1998;
Kokko 1999; Bêty et al., 2003).

Though utilizing movement data to identify range shifts is important for understanding impacts to wildlife populations,
spatial patterns of abundance within a species range must also be considered. Although we found a lower proportion of
marked emperor geese wintering in the western Aleutian Islands region (farthest from breeding areas) compared with
previous satellite telemetry studies, contemporary counts of emperor geese on Shemya Island (within the western Aleutian
Islands region) were similar to historic data at that site. This suggests that increasing numbers of geese wintering in areas
closer to the breeding groundsmay be related to shifting environmental conditions (i.e., more ice-free areas available closer to
breeding areas) and not necessarily decreases in habitat quality. However, our preliminary indices of body condition dif-
ferences among wintering locations did suggest unequal foraging conditions may exist. Contemporary survey counts of
emperor geese wintering on Adak Island decreased from those conducted in the 1990s but were still higher than in the 1980s.
We acknowledge that comparing two points in time may not represent long-term trends; however, body condition was also
lowest on Adak Island suggesting that poor foraging conditions could at least be contributing to the reduced number of
emperor geese wintering on Adak. Alternatively, bald eagle predation could potentially be impacting wintering emperor
goose populations at Adak (Ricca et al., 2004), though we have no data to address this. We also acknowledge that there are
issues with correlating abundance and rangemargins, because species may have lower population densities following a range
shift (Årevall et al., 2018). However, our results suggest that overall, more emperor geese are wintering closer to the breeding
areas, with fewer using an area in the core of their historical wintering range. Identifying the myriad factors influencing a
species range can be difficult, especially given the extent to which conditions can vary across an extensive range. Evaluating
the complex interactions among migration distance, the environment, and habitat are important for understanding site
selection, and our results highlight the utility of identifying changes to a species distribution using both location and
abundance data.
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For animals to expand to areas beyond their normal range limits, they need to find appropriate habitat and adequate food.
Range shifts can occur when habitat quality in one area or a proportion of the range is changed (positively or negatively). We
wanted to evaluate if changing habitat was driving a range shift in emperor geese. We attempted to determine if foraging
condition varied among wintering sites and found at least cursory differences in body condition indices. However, the overall
difference was small, and we are unsure if this difference is biologically relevant. Other studies of geese have found that an
increase of one API corresponds with ~100 g increase in body mass (Zillich and Black 2002; F�eret et al., 2005; Madsen and
Klaassen 2006). Though a useful relative scaler, API mass equivalents have not been evaluated for emperor geese. Further,
direct comparisons with other studies are not appropriate given variation in timing of data collection, abdominal scoring
measures, and observers. Anecdotally, we observed that emperor geese wintering in Kodiak have access to extensive, high-
quality mussel beds in the near-shore environment. In contrast, our observations were that mussel beds were mostly absent
from intertidal foraging areas on Adak. Our study revealed that emperor geese are now spending more time on the wintering
areas throughout their winter range (i.e., longer winter duration), suggesting that conditions are sufficient in these habitats to
support longer over winter use. Given the differences we found in body condition among study sites and migration costs, we
suggest future studies should evaluate the impact of wintering area on carry-over effects to other periods of the annual cycle
(e.g., breeding success; Ebbinge and Spaans 1995).

Many species of Arctic breeding geese winter in agricultural areas, thereby benefitting from nutritional subsidies. Not
surprisingly, populations of geese wintering in agricultural areas have increased substantially (Fox et al. 2005, 2019; Fox and
Abraham 2017), while emperor geese populations (subsisting solely on intertidal vegetation and bivalves) have been slow to
recover from historic low population numbers (Schmutz et al., 2020). Wintering emperor geese in our study generally had
lower overall API scores compared to other Arctic breeding goose species (e.g., Therkildsen andMadsen 2000; Fox et al., 2003;
Wang et al., 2013), suggesting that they may be in poorer body condition during winter. Lower API could also be related to
poorer foraging conditions or harsher winter conditions for emperor geese as comparedwith sympatric breeding species who
winter at lower, warmer latitudes. Further, because emperor geese do notmigrate south, and rely on both themarine and sub-
arctic environments, they may be more impacted by climate change than other Arctic goose species (Arctic Goose Joint
Venture Technical Committee 2008).

Distributional shifts have been found in goose species around the world with important implications for management
(Podhr�azsky et al., 2017). Given the recent opening of sport and subsistence hunting of emperor geese for the first time in 30
years (Federal Register 2017), the expansion into new areas and continued increase in numbers wintering closer to breeding
areas (e.g., Alaska Peninsula and Kodiak Archipelago) could increase opportunities for harvest of wintering emperor geese. If
warming trends persist, and the population continues to increase, we expect to see a continued increase in numbers of
emperor geese wintering closer to breeding areas. Surveys to assess emperor goose population trends and set harvest limits
have traditionally occurred during the spring staging and summer breeding seasons (Dooley 2015); however, occasional
monitoring of wintering populations and habitats may be useful for understanding conditions in the non-breeding season
that may influence population trends (Calvert et al., 2009; Morrison et al., 2013; Wilson and Larned 2020).
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