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SUMMARY
Many Arctic-breeding animals are at risk from local extirpation associated with habitat constriction and alter-
ations in phenology in their Arctic environment as a result of rapid global warming.1 Migratory species face
additional increasing anthropogenic pressures along their migratory routes such as habitat destruction,
droughts, creation of barriers, and overexploitation.2,3 Such species can only persist if they adjust their
migration, timing of breeding, and range.4 Here, we document both the abrupt (�10 years) formation of a
new migration route and a disjunct breeding population of the pink-footed goose (Anser brachyrhynchus)
on Novaya Zemlya, Russia, almost 1,000 km away from the original breeding grounds in Svalbard. The pop-
ulation has grown to 3,000–4,000 birds, explained by intrinsic growth and continued immigration from the
original route. The colonization was enabled by recent warming on Novaya Zemlya. We propose that social
behavior of geese, resulting in cultural transmission of migration behavior among conspecifics as well as in
mixed-species flocks, is key to this fast development and acts as a mechanism enabling ecological rescue in
a rapidly changing world.
RESULTS AND DISCUSSION

While many Arctic-breeding migratory animals are threatened by

global warming and other human-induced pressures, evidence

for changes inmigratory behavior that may buffer detrimental im-

pacts is accumulating. Some involve adjustments in phenology

of arrival and breeding,5,6 expansion of breeding range as well

as extension of migration routes,4 breeding in traditional

wintering areas,7 and vagrancy in response to climate change.8

Underlying mechanisms may be fast genetic adaptations,9

enhanced by assortative breeding,10 or phenotypic plasticity

allowing for adjustments of behavior. Herd or flock-forming

species, where migration routes are learned and culturally

transmitted, are particularly likely to rapidly adjust migratory

behavior.11–14 Effects of such cultural interactions between indi-

viduals on the ability of species to cope with global change are

rarely addressed,15 but some recent studies have found

evidence for its importance in changes of migration within a

traditional route.13,16

Here we report on a spectacular example of a species, namely

amigratory social high-Arctic goose species that hasboth rapidly

colonized a new breeding area far away from its traditional range

and established a totally new migratory route, including new

staging and wintering sites. A long-term population monitoring
1162 Current Biology 33, 1162–1170, March 27, 2023 ª 2023 The Au
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and Capture-Mark-Recapture (CMR) program enabled us to

follow this development from an early phase, and by deploying

GPS tags were we able to map the locations of birds and docu-

ment nesting behavior in these new remote environments.

The focal population of pink-footed geese traditionally breeds

in Svalbard and migrates via a narrow corridor to staging sites in

Norway and onward to wintering grounds in western Denmark,

the Netherlands, and Belgium.17 Abundance increased from

around 45,000 in 1990 to a level fluctuating around 80,000

individuals since 2010 (Figure 1A).

New migration route
In the 1990s, single individuals or small flocks (%100 birds) of

pink-footed geese, dispersed among taiga bean geese (Anser

f. fabalis), were reported by the goose counting networks in

southern Sweden during autumn and spring and in western

Finland during spring. Since the early 2000s, observations of

flocks have become more regular and numbers have increased

in both countries. So far, peaks of 5,970 and 4,147 individuals

were observed in Finland (spring 2020) and Sweden (autumn

2020), respectively (Figure 1A).

Pink-footed geese marked with neckbands in the traditional

range (since 1990; see STAR Methods) were only occasionally

resighted by observers in Sweden and Finland during the
thor(s). Published by Elsevier Inc.
tivecommons.org/licenses/by-nc/4.0/).
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Figure 1. Development in overall population

size and numbers of pink-footed geese using

the new migration route via Sweden-Finland,

1990–2020

(A) Development in peak numbers observed in

spring (Finland) and in autumn (Sweden), compared

to the overall population size estimated on basis of

an IPM (spring and autumn, with 95% credible in-

tervals).

(B) Numbers of neckbanded individuals observed in

Sweden, Finland, or both countries during spring

and autumn, respectively (bars), and the proportion

of neckbanded geese in the two countries out of the

total number of alive banded individuals in the

population (line).

See also Figures S1, S3 and Table S3.
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1990s and 2000s. During the 2010s, both the number of

individuals and the proportion of banded individuals observed

increased exponentially in Sweden and Finland in spring

(Figure 1B). In autumn, the number and proportion of banded

individuals seen in Sweden more than doubled (Figure 1B). The

consistency in using the new Swedish-Finnish migration route

by marked individuals also increased (Figure S1A).

Out of 87 individuals marked in the traditional range and sub-

sequently recorded using the new route, 30 were of known age

(i.e., marked in their first winter of life). These geese primarily

shifted to the new route in their second and third years of life

when they were still sexually immature (Figure S1B). Birds mak-

ing the move were disproportionately males. Five males (three

adults and two immature birds) used the traditional route for at
Current B
least 1 year after capture but then made a

permanent switch to the Swedish-Finnish

route.

In late April to early May of 2018 and

2019, we tagged a total of 21 pink-footed

geese (primarily adult females) with GPS

transmitters mounted in neckbands, near

Oulu, Finland (see STAR Methods and

Table S1). We received GPS signals from

the onward migration of 19 individuals.

Nine of these migrated to Svalbard while

10 migrated to Novaya Zemlya in northern

Russia. Most geese flew almost nonstop

to their final destinations over the boreal

and tundra zones in northern Fennoscan-

dia, followed by crossing of the Barents

Sea (Figure 2A).

In autumn, all of the GPS-tagged geese

returning from Svalbard migrated south

along the traditional migration corridor to

Norway, Denmark, the Netherlands, and

Belgium (Figure 2B), whereas nine out of

10 geese from Novaya Zemlya flew via

northern Fennoscandia (some nonstop,

others stopping on the Kanin Peninsula

and Kola Peninsula in Russia or western

Finland) to sites in southern Sweden (pri-

marily Örebro County). One individual
migrated via Russia, through the Baltic to Poland and Germany

(Figure 2B). The nine Novaya Zemlya geese stayed in Örebro

County during October–November and, following cold spells,

migrated further south to Scania in Sweden and southeast

Denmark. From southeast Denmark, most geese eventually

joined the Svalbard population on the west coast of Denmark

and some traveled to Germany, the Netherlands, and Belgium.

Among 15 individuals tracked for consecutive years (until

autumn 2020), all Novaya Zemlya individuals (n = 9) consistently

migrated via the new route. Among the Svalbard geese, one out

of six individuals consistently used the new route while the re-

maining individuals switched to the traditional route (Table S1).

The abrupt development of this new migration route follows a

recent period when the pink-footed geese have had to cope with
iology 33, 1162–1170, March 27, 2023 1163
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several anthropogenic changes in their environment along the

traditional flyway. These include the effects of increasing spring

temperatures allowing for earlier spring migration and the

establishment of spring stopover sites in mid Norway since the

1990s;18 organized scaring by farmers in key spring stopover

sites in northern Norway leading to the near-abandonment of

these key pre-nesting fueling areas;19 agricultural changes with

the introduction of winter cereals in the 1990s and maize in the

2000s in Denmark leading to shortstopping and winter range ex-

pansions, particularly in Denmark;20,21 habitat loss in the form of

large-scale nature restoration projects flooding key farmland

areas used by the geese in Denmark;22 increased food compe-

tition with barnacle geese (Branta leucopsis) in northern Norway

in spring;23 and changes in goose hunting regimes in Norway

and Denmark resulting in increased harvest.24 Geese rapidly

adjustedmigration behavior and site use to themodified environ-

mental conditions, demonstrating increasingly exploratory

behavior,25,26 most predominant among immature males but

manifested across sexes and age classes.

The migration distance from north Jutland in Denmark to

Severny Island on Novaya Zemlya (approximately 3,050 km) is

24% longer than the distance to Svalbard via the traditional route

and 9% longer than the Sweden-Finland-Svalbard route. The

additional flight energy costs associated with the use of the new

route may be critical for these high-Arctic capital breeders, which

rely on acquisition of body reserves and production of follicles on

their final spring staging areas as a prelude to nesting and chick-

rearing in the short high-Arctic summer.27 As the spring stopover

conditions on the traditional route have become less attractive

due to anthropogenic perturbations and interspecific competition

for food, it may have become advantageous to explore new

migratory routes. Shortstopping by families, e.g., in the Oulu

area in autumn, and increasing numbers observed in western

Poland in recentwinters28 indicate that the process is still ongoing.

New distinct breeding grounds
The GPS tracking provided proof of successful breeding in

Novaya Zemlya. Based on accelerometry data and GPS posi-

tions,29 we identified nest locations, nesting attempts, and nest

success. 10 geese nested (2018: none, 2019: three, 2020: seven

including two repeats from 2019), all located on Severny Island

(Figure 2C). We judged four nests to have hatched (all in 2020).

All four females were observed with young in Sweden in the

following autumn. We observed 5.2% and 26.6% juveniles in

the flocks in Örebro County in October 2019 and 2020, respec-

tively. In comparison, the proportion of juveniles in the Svalbard

population was 9.0% and 18.4% (Table S2).

For Svalbard, a positive relationship exists between spring

temperatures, calculated as the number of days in May with
Figure 2. Migration routes taken by pink-footed geesemarked and tagg

breeding records in Novaya Zemlya

(A) Spring migration routes (toward Svalbard versus Novaya Zemlya) in the year

shows individual marked with neckband GPS tag with solar panel.

(B) Autumn migration routes in the autumn after tagging (T) and in the subsequen

geese stopped (for resting, foraging, and nesting).

(C) Nest sites of individually GPS-tagged females in Novaya Zemlya, 2019 and 20

areas are shown by dotted signature. Frame shows the area used for snow cove

See also Table S1.
average daily mean temperature above 0�C (‘‘thaw days’’) and

the proportion of juveniles in the subsequent autumn flocks.30

During 1981–2020, thaw days ranged 0–27 (mean of 9) in Sval-

bard and 0–9 (mean of 2) on Novaya Zemlya (Figure 3A). For

both areas there was a significant positive trend in thaw days,

although annual thaw days were not correlated between the

two areas. Currently, spring weather conditions on Novaya

Zemlya resemble those in Svalbard decades ago (Figure 3A).

An analysis of snow cover based on MODIS satellite imageries

from western Severny Island on Novaya Zemlya, May 2008–

2020 (Figure S2), reveals a negative correlation between

thaw days and snow cover (Figure 3B), a pattern also found in

Svalbard.30 Hence, in relatively early years, suitable nest sites

are probably available in May.

Historically, pink-footed geese have occurred only incidentally

in Finland, northwest Russia, Novaya Zemlya, and Franz Josef

Land.31,32 Some observations suggest potential breeding onNo-

vaya Zemlya, but it has been confined to Yuzhny Island.33,34

However, during several summer expeditions to Yuzhny Island

in the last decade, pink-footed geese were not recorded.35

Notably, the GPS-tagged females nested exclusively on Severny

Island, and all tagged geese spent the summer there. Therefore,

it seems that Severny Island is the key breeding area. According

to climate records, spring conditions on Severny Island were

inhospitable prior to the 1990s (Figure 3A), with low probability

of successful breeding. Recently, spring conditions in Novaya

Zemlya should allow geese to breed successfully, but annual

success is likely to be variable depending on temperatures and

snow conditions. If spring temperatures continue to increase, it

is likely to enhance breeding success.36

We have no direct evidence of how the first pink-footed geese

settled in Novaya Zemlya, but we suggest that the interaction

with other goose species has been key. In the 2000s, pink-footed

geese expanded their Danish wintering range,26 starting to over-

lap with taiga bean geese in their traditional wintering areas,

particularly in one site in Jutland (Lille Vildmose; 56.88� N,

10.20� E). The first flocks of pink-footed geese were observed

there in spring 2008 (120 individuals.) and have steadily

increased since then (up to 1,800 in spring 2020). Recent GPS

tagging of taiga bean geese on that site has shown that these

migrate via Örebro in Sweden to staging areas along the Swed-

ish Bothnian coast as well as across to Oulu in Finland. From

there they go to breeding grounds in northern Fennoscandia.37

Furthermore, tracking of taiga bean geese in northern Sweden

has revealed that some birds go to Novaya Zemlya on molt

migration38 and, most strikingly, Finnish failed and non-breeding

taiga bean geese undertake a molt migration to western Severny

Island on Novaya Zemlya.39 Pink-footed geese could have fol-

lowed the taiga bean geese. Notably, two pink-footed geese
edwithGPS transmitters inOulu, Finland in spring 2018 and 2019 and

of tagging (T) and in the subsequent two years (January–August). Insert photo

t two years (September–December). A heat map is used to show areas where

20, detected via accelemometry data derived from the GPS tracking. Glaciated

r analysis based on MODIS imageries.

Current Biology 33, 1162–1170, March 27, 2023 1165



Figure 3. Development in spring climate conditions affecting

breeding by geese in Svalbard and Novaya Zemlya

(A) Spring temperature trends, Svalbard and Novaya Zemlya, 1981–2020,

expressed by the number of days with daily average temperatures above 0�C
in May (thaw days) and averaged for two meteorological stations on Svalbard

and two sites on western Severny Island, Novaya Zemlya. For both areas there

was a significant positive trend in thaw days (Svalbard: t = 0.320, p = 0.005;

Novaya Zemlya: t = 0.325, p = 0.006). The annual thaw days were, however,

not correlated between the Svalbard and Novaya Zemlya (r = 0.125).

(B) Relationship between thaw days and snowcover in late May on Admirality

Peninsula, western Severny Island, Novaya Zemlya, 2008–2020 (r = �0.72,

p < 0.01). Shading shows 95% confidence intervals.

See also Figure S2 and Table S2.
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tagged in Oulu have subsequently stayed in Lille Vildmose in

spring, and one individual took off from there on the new route

to Novaya Zemlya via Örebro and Oulu. The molt migration of

taiga bean geese mainly takes place throughout June39 at a

timewhen almost all pink-footed geese have already left western

Finland (GPS-tagged pink-footed geese departed from Oulu on

average on 13 May ± SD 2.0 days, range 9–18 May, n = 31 in

2018–2020). However, some pink-footed geese, presumably
1166 Current Biology 33, 1162–1170, March 27, 2023
non-breeding individuals, might leave later, as corroborated by

an observation of a flock of 17 birds in eastern Finland (7 June

2017), including a 2cy neckbanded female, marked in Norway

in the same spring. Furthermore, the pink-footed goose has

incidentally been observed on pre-breeding sites of taiga bean

geese on bogs in eastern Finland, even apparently in a mixed-

species pair (A. Piironen, personal communication). Assuming

that late immature pink-footed geese joined taiga bean geese,

this may have provided a pathway to Novaya Zemlya. Taiga

bean geese on molt migration arrive to Novaya Zemlya mainly

throughout June,39 which is still before the initiation date of about

half of the nests of pink-footed geese (average 1 June ± SD

6.3 days, range 27 May–17 June, n = 10 in 2018–2020). Further,

following taiga bean geese may take the pink-footed geese back

to Örebro County in the autumn because this is the route that

taiga bean geese take on their return migration from Novaya

Zemlya.39 This possibility implies interspecific transmission of

information, a phenomenon also implied in songbirds.40,41

Other phenomenamay have contributed to the colonization as

well. Pink-footed geese may have drifted on adverse westerly

winds to Novaya Zemlya during crossing of the Barents Sea on

spring migration (which was observed in two tagged individuals,

although they eventually returned to Svalbard; Figure 2A).42 This

possibility assumes that pairs settled, found suitable breeding

conditions in Novaya Zemlya, and were able to establish a new

migration route south and then back.

Population size, demographics, and immigration
Assuming that around half of the geese observed in Oulu in

spring migrate to Novaya Zemlya as suggested by the GPS

tags, the current Novaya Zemlya population constitutes around

3,000 individuals in spring. Recent resightings of banded geese

and GPS tracking suggest that the geese observed in southern

Sweden in autumn are almost all Novaya Zemlya birds. Hence,

the current autumn population is estimated at approximately

4,000 individuals, i.e., including juveniles. Based on peak autumn

counts in Sweden, the Novaya Zemlya population increased

annually by 24% between 2000 and 2020, faster than the entire

population (2%).

We analyzed the likely demographic variables behind this dif-

ference in growth rates by use of an integrated population model

(IPM).43 In recent years, the harvest rate in the total population

has reached a level (0.12) that is likely controlling population

size,43 but we can only indirectly estimate the harvest rate for

the Novaya Zemlya population. The pink-footed goose is pro-

tected in Sweden and Finland but hunted in Denmark

(September–January), and we assume that no geese are shot

in remote Novaya Zemlya. The mean arrival time of GPS-tagged

Novaya Zemlya individuals to Denmark was 13 December;

hence, the hunting exposure period was 49 days (SD 23.26).

Assuming that the Novaya Zemlya geese were exposed to the

same daily level of harvest as the as the entire population while

in Denmark during these months, this results in a mean annual

adult harvest rate of 0.022 (SD 0.003). At this harvest rate, the

Novaya Zemlya population must have had values of natural sur-

vival and productivity well above the IPM estimates if it were to

follow the observed growth rate without immigration; if natural

survival was 0.931 (i.e., IPM estimate), productivity has to be

0.374. If productivity was 0.224 (i.e., IPM estimate), the Novaya



Table 1. Summary of population status, demography, migration distances, and environmental factors that have affected geese in the

ranges of the traditional versus newly established population

Variable Traditional route and breeding area Newly colonized route and breeding area

BE - NL - DK - NO - Svalbard SE - FI - Novaya Zemlya

Population status and demography

Population size 68,000 (spring), 105,000 (autumn) 3,000 (spring), 4,000 (autumn)

Population increase per year (2000–2020) 2% 24%

Survival (IPM) 0.931 Not available

Reproduction (IPM) 0.224 Not available

Proportion of juveniles in autumn, 2019 and 2020 9.0% and 18.4 % 5.2% and 26.6 %

Exchange between routes during 2000–2020 immi- and emigration 1,309 geese net immigration

Migration distances

Distance from Jutland (wintering area Denmark) 2,450 km 3,050 km

Length of sea crossing 670 km 590 km

Environment

Recent climate on breeding grounds

(number of thaw days in May; 2018–2020)

14 (SD 5) days 4(SD 3) days

Climate change on breeding grounds

(trend in thaw days in May)

+10 days over 40 years +4 days over 40 years

Agricultural change on stopovers

and wintering grounds

Cultivation of winter cereal

(1990s) and maize (2000s)

Nonea

Habitat destruction Wetland restoration,

Denmark (1990–2010)

Nonea

Organized scaring Vesterålen, Norway (1990s–2000s) Nonea

Increased competition with

other goose species

Barnacle geese, north Norway,

spring (2000s–2010s)

Nonea

Harvest impact (annual adult

harvest rate, based on IPM)

0.12 0.02

aBased on expert judgment (J. Pessa for Finland and K. Halttunen for Sweden).
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Zemlya population could not grow at the observed rate (Fig-

ure S3). Thus, the growth of the Novaya Zemlya population

was likely partly due to net immigration, resulting from the ex-

change between the traditional and new route, as evidenced

by neckbanded birds. We can estimate this immigration,

assuming that the Novaya Zemlya population follows the same

year-specific estimated median values of natural survival and

productivity as in the IPM, as well as a constant median differen-

tial harvest vulnerability, while using the estimated annual har-

vest rates of the Novaya Zemlya birds. Hence, from 2000 to

2019 we estimated a total net immigration of 1,309 (SD 213;

range 615–2,344) birds, or an average annual emigration rate

of 0.001 (SD 0.011) from the total flyway population to the

Novaya Zemlya population. In Table 1 we summarize the main

characteristics of the demography and geography of the two

populations, including environmental changes that may have

affected the development of the new population.

This case study shows that range expansions can be fast and

far (not only gradual and short) when conditions allow and

prompt for it, likely facilitated by social information transmission

among flocking birds. This probably makes such species more

adaptable to a rapidly changing world. Younger individuals

copying older individuals has been shown in two recent studies

describing changes in migration within the traditional routes. In

whooping cranes (Grus americana), flocks containing older

individuals were more likely to winter about halfway through
the original route than flocks just consisting of young individuals,

suggesting that experience drove this innovation.16 Similarly, a

recent northward expansion of a sping staging area bymigratory

barnacle geese, which has happened in response to global

warming and food competition, was largely explained by young

individuals switching, copying older individuals.13,23 Our study

shows that these migratory changes can also happen over

longer distances and include the formation of new routes and

breeding areas outside the traditional annual range, possibly

partly through the cultural transmission across (closely related)

species.

The observed rapid development is relevant for conservation

and population management. On the one hand, breeding

numbers at newly colonized sites are small, rendering them

potentially vulnerable to adverse conditions. On the other

hand, the species as a whole may become more resilient, as in-

dividuals face different circumstances by occupying a wider

range. Cultural adjustments are likely the first steps in a process

that can expose individuals to new selection pressures, favoring

specific phenotypes, potentially leading to the prevalence of

certain genetic adaptations and ultimately speciation. In the

case of pink-footed geese, the colonization has happened over

few generations and with an immigration from the original flyway

population. Hence, we are still in the early phase of a potential

speciation process. Nevertheless, according to conservation

definitions, the newNovaya Zemlya group qualifies as a separate
Current Biology 33, 1162–1170, March 27, 2023 1167
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biogeographic population.44 Our observations also make a case

for preserving local biodiversity (i.e., multiple species sharing

common foraging areas and roosts) because migratory social

species, like geese, ungulates, or whales, can learn new migra-

tion routes from each other,45 thereby enabling rescue from local

extirpation in a rapidly changing world.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Survey data Zenodo https://doi.org/10.5281/zenodo.7501015

Software and algorithms

R Statistical Software R Project https://www.r-project.org

Contributed R packages Comprehensive R Archive Network (CRAN) https://cran.r-project.org

R Code Zenodo https://doi.org/10.5281/zenodo.7501015
RESOURCE AVAILABILITY

Lead contact
Further information and requests should be directed to and will be fulfilled by the lead contact, Jesper Madsen (jm@ecos.au.dk).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d All data used for demographic and climate data analyses in this paper has been deposited at Zenodo and is publicly available as

of the date of publication. DOIs are listed in the key resources table. GPS-GSM tracking data on pink-footed geese are available

at www.movebank.org (ID: 676425507). The Capture-Mark-Resighting data for pink-footed geese that support the findings of

this study are deposited in www.geese.org and are available from the lead contact upon reasonable request.

d All original code used for demographic and climate data analyses has been deposited at Zenodo and is publicly available as of

the date of publication. DOIs are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study population
The pink-footed goose is an Arctic breeding species which is divided into two flyway populations: a western population breeding in

Iceland and East Greenland and wintering in the British Isles, and an eastern population breeding in Svalbard and wintering in

Denmark, the Netherlands and Belgium. The two populations are genetically distinct with low degree of gene flow in both direc-

tions,46 in concordance with observations of low rates of exchange of marked individuals, suggesting that the two populations

are almost demographically separate.47 Both the western and the eastern populations have increased during the last 4–5 decades,

in the late 2010s reaching a total of approximately 500,000 (https://app.bto.org/webs-reporting/numbers.jsp) and approximately

80,000 individuals (Figure 1A), respectively. The focal Svalbard-breeding population has remained relatively stable during the last

decade. This is largely a result of the implementation of an internationally-coordinated harvest-management programwith the objec-

tive to maintain a stable population in order to reduce damage to agricultural crops and vulnerable tundra vegetation.24

METHOD DETAILS

Field surveys
Monitoring of the population size of the Svalbard-breeding pink-footed geese has been coordinated since 1991, based on synchro-

nized counts carried out by a network of experienced observers on all known staging areas on specific dates in November and May

(since 2012) (https://calm-dune-07f6d4603.azurestaticapps.net/) and supplemented by citizen science portals (www.dofbasen.dk,

www.artsobservasjoner.no). Productivity of the population has beenmonitored annually since 1981, using counts of juveniles versus

older birds in randomly selected flocks observed on the autumn staging grounds in Norway, Denmark, the Netherlands and Belgium;

juveniles were discriminated based on plumage characteristics. The age counts were done by experienced observers (annually be-

tween 12 October and 4 November).48 In October 2019 and 2020, productivity was also recorded for the Novaya Zemlya population

during their stay in Örebro County, Sweden (Table S2). It should be noted that the proportion of juveniles from Sweden are pre-har-

vest estimates, whereas some harvest will have occurred when the age counts are carried out in Norway, Denmark, the Netherlands
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and Belgium. For both populations the proportion of juveniles was assessed usingmaximum likelihood estimation. We used a gener-

alized linear model with a logit-link function using a beta-binomial error distribution for the proportion of juveniles.49 A beta-binomial

error distribution was used to account for over-dispersion in the counts.

In Sweden, regular mid-monthly counts of geese have been undertaken in south Sweden in October, November and January since

1977/78 covering all known staging areas for geese by a network of experienced observers50 and supplemented by accidental

observations (www.artportalen.se). In Finland, periodical counts of geese have been undertaken in April and May by a network of

experienced observers in the Oulu staging area since 1978. Because the pink-footed goose was a very rare migrant in Finland

until 2000, all observations have been reported to the bird observation databases (www.tiira.fi and www.birdlife.fi/havainnot/

harvinaisuudet/rk/). Weekly targeted pink-footed goose counts were carried out during peak migration time in April and May

since 2000.

CMR and GPS-tagging
ACapture-Mark-Recapture (CMR) program using individually coded neckbands has been operating since 1990. Almost on an annual

basis, pink-footed geese were caught, either using cannon-netting on the spring staging grounds in Denmark and Norway or round-

ing up of flightless flocks during their molt of flight feathers on the Svalbard breeding grounds. Geese were aged and sexed based on

plumage characteristics and cloacal examination. Resightings of banded geese, recording of their status (mated/unmated) and

breeding output (number of juveniles in the family) were carried out in the field by a network of voluntary and professional observers

on thewintering grounds in Denmark, the Netherlands and Belgium aswell as on the stopover sites in Norway.47 Since 1990, a total of

4950 geese have been marked with neckbands, including 71 with GPS-tags (of which 21 were tagged in Finland in 2018 and 2019).

Neckbands have produced a total of 414,000 resightings. All marking data and resightings have been stored online on www.geese.

org. Based on the CMR program, the number of banded individuals alive each spring can be estimated.51 If we add the number

of newly marked individuals in the spring or summer of a given year, the total number of marked geese in the population in the

subsequent autumn can be calculated. The proportion of banded geese going to Sweden and Finland in the autumn and spring,

respectively, was calculated as the number of marked individuals resighted in the two countries divided by the total number of

marked geese alive in a given season of a year. The consistency ofmarked individuals using the newSwedish-Finnishmigration route

was expressed by the number of times they used this alternative route during their life time (number of years observed). Due to the low

numbers of resightings, it was not possible to estimate resighting probability as a measure of observer effort in the calculations.

However, in both Sweden and Finland there is a long tradition for CMR programs particularly with regard to taiga bean goose since

the 1980s, with active observer networks in the field searching for neckbanded geese. Thus, the sites used by bean geese and pink-

footed geese have been regularly covered for the last three decades. Therefore, we assume that the observer effort has been stable

over time, but the number of banded individuals and the proportion of banded geese using the new flyway may be too low.

On 28 April 2018, 27 April and 1May 2019, we caught pink-footed geese in Tyrn€av€a, south of Oulu, western Finland (64.83 N, 25.56

E) by use of a cannon-net. In 2018, we tagged 10 and in 2019 11 geese, primarily adult females but also two first-winter males and

three adult males. We used solar-powered GPS-GSM transmitter neckbands, type OrniTrack-N38 (Ornitela UAB, Lithuania) with a

weight of 38 g (c. 1.5% of body mass). At high battery voltage, the tags recorded a GPS-fix every 10 min.29 From studies of newly

tagged geese caught during molt in Svalbard it is observed that the geese will be temporarily affected behaviorally (particularly more

preening activity) by the neckbands but that the effect will be minimal less than one week after marking.52

Temperatures and snow cover on Svalbard and Novaya Zemlya
For Svalbard it has been shown that there is a negative relation between the number of days with temperatures above 0� C (thaw

days) in May and snow cover in late May.30 May temperatures, as a proxy for the onset of spring/snow melt, were examined for

Svalbard and Novaya Zemlya for the period 1981–2020. For Svalbard mean daily temperatures were derived from Ny-Ålesund

and Svalbard Airport meteorological stations, where a mean between the two stations was used. For Novaya Zemlya ERA5-Land

model based temperature estimates were derived from a mean of two points on Severny Island, Novaya Zemlya (75.1 N, 55.8 E

and 74.1 N, 55.4 E) where nest sites of GPS-tagged pink-footed geese had been identified (https://cds.climate.copernicus.eu/

cdsapp#!/home) (Table S2). A Mann-Kendall trend test was used to determine whether or not a trend exists in the two time series

of thaw days in May. Furthermore, the year to year correlation between the two areas was investigated by de-trending the two

time series and using a cross correlation function.53

To analyze if thaw days and snow cover were also negatively related on Novaya Zemlya, distribution of snow cover was analyzed

using MODIS satellite images with a resolution of 500 m (MODIS/Terra Surface Reflectance 8-Day L3 Global 500m from https://

earthdata.nasa.gov/). These images contain the best possible observation during an 8-day period (centered around day 145/25

May, regarded as the time of egglaying) as selected on the basis of high observation coverage, low view angle, the absence of clouds

or cloud shadow, and aerosol loading. We analyzed snow cover for the Admirality Peninsula and mainland east of the peninsula

(502 km2 non-glaciated land area), western Severny Island (Figure S2), which has been identified as a nesting area for pink-footed

geese (Figure 2C). Across the three years of tracking, spring arrival times of GPS-tagged geese on Severny Island, Novaya Zemlya

and on Svalbard were 19 May (sd 2.8 days) and 16 May (sd 4.7 days) (two-tailed t-test, p > 0.05), respectively. This suggests that

using 25 May for analysis of snow conditions is representative for the onset of nesting in both areas.

Snow cover classification was done using visually interpreted training points and amaximum likelihood classification. No less than

50 points were used for the class’s snow and water, whereas it was only possible to get 15 points for the land class, due to high
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degree of snow cover. However, for the years 2009, 2014, 2017 and 2019 the classification was performed for only snow and water,

as no land class pixels where identified (using the spectral profile). Accuracy assessment points independent from the training points

were selected using visual interpretation of the scenes. The same number of points was used as for the training points. A standard

confusion matrix was constructed for each classification result, resulting in a classification accuracy between 93-100%. The corre-

lation between thaw days and snow cover was analyzed using Pearson’s correlation coefficient.

QUANTIFICATION AND STATISTICAL ANALYSIS

Estimation of growth rates
A finite, mean growth rate based on autumn count data from Sweden (peak autumn numbers between 2000-2020; Table S3) was

calculated using a log-linear model:

logðNtÞ = a + bðtÞ+ εt
εt � Normalð0; sÞ
where N = peak numbers and t = year. The estimated, average growth rate per year is then l = eb+

s2

2 . The growth rate of the total

population, including those migrating to Novaya Zemlya, was derived from an integrated population model (IPM),43 and arises

from year-specific values of natural survival rate (qt; mean of 0.931, sd 0.024), reproductive rate (pre-hunting ratio of young to adults)

(rt, mean of 0.224, sd 0.011), adult harvest rate (ht, mean of 0.085, sd 0.009) and a constant ratio of young to adult harvest rates

(referred to as differential vulnerability) of d = 2.083 (sd 0.172). The population state equation for the IPM is:

Nn;t + 1 =

�
Nn;t

�
1 � rt

ð1+ rtÞ
�
qtð1 � htÞ + Nn;t

rt
ð1+ rtÞqtð1 � dhtÞ

�
ð1 + rt + 1Þ

where, Nn is autumn population size.

Length of exposure to hunting and harvest rate
Exposure of the Novaya Zemlya population to hunting in Denmark was derived using the mean number of days between the first

observation in Denmark of GPS-marked geese until 31 January (when the hunting season closes). In Denmark, the birds from the

Novaya Zemlya population were assumed to be hunted at the same rate as the total population. In Denmark, reporting of harvest

is mandatory and compiled by the Danish Bag Statistics. Furthermore, wings are submitted to a national wing survey, which gives

a measure of the temporal distribution of the bag through the hunting season. The temporal distribution was used to calculate the

annual harvest rate of the Novaya Zemlya population during its stay in Denmark ðhrtÞ. This was done by multiplying the total annual

harvest rate in Denmark ðhdt Þwith the annual proportion of wings retrieved from themean arrival date in Denmark until 31 January ðatÞ:
hr
t = hd

t at

To account for uncertainty in these estimates, the annual harvest rates of the Novaya Zemlya population were described as

beta-distributed random variables hrt � betaðat;btÞ, using themethods of moments to estimate the beta parameters. The annual pro-

portion of wings retrieved from the mean arrival date in Denmark until 31 January ðatÞwas described as binomial-distributed random

variables at � binomial ðWt;wtÞ, whereWt is the total number of wings received during the Danish hunting season andwt is the num-

ber of wings received from the mean arrival date in Denmark until 31 January.

Natural survival and productivity under varying and fixed harvest rates
To investigate what changes in natural survival rate and reproductive rate are needed to duplicate the observed growth rate (l) in

Sweden, the following equation was solved:

l = D1q½ð1 � h
rÞ + D2rð1 � dh

rÞ�
for D1;2 by cycling through potential values of both D1 (0.05-q

� 1
), by increments of 0.05) and D2 (0–2, by increments of 0.02), while

using the estimatedmean harvest rate of the Novaya Zemlya population aged >1 years (hr , mean of 0.022). We set q and r at themean

of year-specificmedian values from the IPM and dwas set at themedian constant. The outcome of the analysis is shown in Figure S3.

Estimation of growth rates and net immigration/emigration
Weestimated the level of emigration/immigration needed to replicate the observed growth rate in Sweden. This was done using year-

specific values of qt and rt; a constant median d derived from the IPM and the estimated annual harvest rate of the Novaya Zemlya

population in Denmark. To account for uncertainty in the estimates, the survival rate was described as a beta-distributed random

variable qt � betaðat;btÞ; using the method of moments to estimate the beta parameters, based on year specific median values

of qt and sdt from the IPM. The reproductive rates were described as a gamma-distributed random variable rt � gamma
�
m2

s t
; m
st

�
;
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using themethod ofmoments to estimate the shape and rate parameters, based on year-specificmedian values of rt and sdt from the

IPM. Annual mean values of qt, rt and hrt are presented in Table S4.

Using these parameters, the pre-harvest autumn population size in Sweden (Nn;t) was projected for a 20-year period, starting from

the population size in year 2000 (using the population state equation from the IPM).

At the beginning of each annual cycle, the population size was re-set at the observed year-specific count, which then allowed us to

compare the annual differences between the observed population size and the projected population size; hence the amount ofmigra-

tion needed to arrive at the observed population size.

The estimated annual migration needed to reach the observed number of geese in a given year is presented in Table S3. To arrive at

a net migration across years, the replicates of each year’s number of migrants was summed across years for each replicate. Thus, for

each replicate, this represents the net migration over the time frame (Figure S4). The estimation of net exchange is conditional on

annual productivity estimates matching between the two breeding areas, which remains uncertain. Finally, we estimated the emigra-

tion rate by taking the geometric mean over years of the absolute net migration divided by the flyway population in November.
e4 Current Biology 33, 1162–1170.e1–e4, March 27, 2023
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