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Can arctic migrants adjust

their phenology based on
temperature encountered during
the spring migration? The case
of the greater snow goose

Cynthia Reséndiz-Infante and Gilles Gauthier*

Département de Biologie, and Centre d'études Nordiques, Université Laval, Quebec, QC, Canada

The reproductive phenology of many long-distance migrants breeding at high
latitudes remains unresponsive or responds only slightly to climate warming. In
order to adjust migration speed and arrival time on the breeding grounds,
environmental cues encountered during the migration must be related to
conditions prevailing at the breeding site. However, heterogeneity in rate of
climate warming across latitudes may hamper the ability of birds to adjust their
migration speed adequately. We examined to what extent temperatures
encountered at stopovers were a good predictor of temperatures at
subsequent stopovers and at the breeding site in greater snow geese (Anser
caerulescens atlanticus), an Arctic species that showed little change in its
breeding phenology over the past 3 decades. We also examined temperature
trends at various stopovers used by geese and at the breeding site over a 40-year
period. We found that warming was stronger at the Arctic stopovers and the
breeding site than at southern staging areas. The mean temperature and rate of
temperature change encountered at the southern stopover, where this species
accumulates most of its body reserves, was weakly correlated to temperatures
prevailing at more northern stopovers and the breeding site located 3,000 km
further north. Correlations in temperatures between stopovers and the breeding
site increased with decreasing distance between sites and as geese moved
further north. Lastly, laying date was strongly related to temperature during the
arrival and pre-laying period on the breeding grounds but not to temperatures
encountered at stopovers during migration. Temperatures encountered along
the migratory route are thus a poor predictor of temperatures prevailing at the
breeding site in any given year except when geese are getting close to their
breeding grounds. This may be a major constraint preventing geese from
adjusting their migratory schedule to conditions on their breeding grounds and
may explain why their reproductive phenology did not change despite a warming
trend at the breeding site.
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1 Introduction

Migrating animals often travel over long distances to exploit
seasonal resource pulses occurring at high latitudes during the
summer (Alerstam et al, 2003; Shaffer et al., 2006). In birds,
environmental conditions encountered during spring migration
can influence the timing of breeding and reproductive success due
to carry-over effects (Studds and Marra, 2005; Legagneux et al.,
2012; Harrison et al., 2013). Bird migration requires a considerable
amount of energy and most long-distance migrants have to make
multiple stops along the route in order to rest and replenish energy
stores (Shaffer et al., 2006). Staging areas typically provide birds
with abundant and high-quality food resources, but their timing
and availability depend on inter-annual fluctuation in
environmental conditions (Tottrup et al., 2008).

Departure time of long-distance migrants from wintering
grounds is mainly triggered by the photoperiod, a fixed cue
independent from environmental conditions (Gwinner, 1996;
Bauer et al, 2008). As migrating birds approach their breeding
grounds, they should fine-tune their movements using
environmental cues such as temperature and food availability to
cope with inter-annual variation in conditions (Marra et al., 2005;
Tottrup et al,, 2008). Although many weather-related factors can
influence migration speed, temperature remains one of the most
important (Bauer et al., 2008; Tottrup et al., 2010; Haest et al., 2018;
Burnside et al., 2021). Temperature is a key determinant of
biological processes such as the onset of plant growth or insect
emergence (Ovaskainen et al,, 2013) and thus influences refueling
opportunities at stopovers. It was proposed that herbivorous birds
moving northwards in spring surf on a “green wave” as they
continuously encounter nutritious young plants at successive
stopovers due to the staggered onset of vegetation growth with
latitude (Shariatinajafabadi et al., 2014; Kolzsch et al., 2015; Lameris
et al., 2018; but see Wang et al., 2019). Birds should time their
migratory movements in order to benefit from optimal feeding
conditions because individuals arriving too early or too late at
staging areas may face reduced feeding opportunities.

Arrival time on the breeding grounds has a strong influence on
timing of breeding and reproductive success of migratory birds
(Saino et al., 2004). This is especially true in Arctic ecosystems due
to the short breeding season and narrow peak of food availability in
summer. Arriving at the optimal time depends on the capacity of
birds to anticipate environmental conditions on the breeding
grounds using available information along the flyway (Marra
et al.,, 2005). Because seasonality increases with latitude,
environmental cues such as temperature and food availability are
likely to become more reliable to anticipate conditions further
north, when birds approach their breeding grounds (Bauer et al.,
2008). As birds advance in their migration, potential adjustments in
migration speed will be increasingly constrained by staging
duration and departure time from previous stopovers (Nilsson
et al., 2013; Schmaljohann and Both, 2017). Therefore,
temperature and feeding conditions encountered at successive
staging areas and upon arrival in the Arctic may both influence
the timing of breeding.
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Migrating birds have experienced climate warming across much
of the northern hemisphere in recent decades, but the rate of
warming has been faster at higher than lower latitudes (Francis
etal, 2017; Rantanen et al., 2022). Uneven rates of climate warming
along the flyway may create a mismatch between conditions
encountered at successive stopovers (Both and Marvelde, 2007).
For herbivores, this means that their migration schedule may no
longer be in phase with the ‘green wave’, leading to a mismatch
between feeding requirements of migrants and vegetation
availability at staging areas. This may have important
consequences on their body condition and future reproduction.

The greater snow goose is a long-distance migrant that must
accumulate large fat stores at spring stopovers for migration and
subsequent reproduction. Despite a warming trend on the breeding
grounds, its mean laying date has remained constant over the last
three decades (Gauthier et al.,, 2013; Resendiz-Infante et al., 2020),
leading to potential mismatch between hatching of goslings and the
timing of peak food availability (Doiron et al., 2015). We examined
factors that could explain the lack of response in breeding
phenology of this goose population to warming temperatures.
First, we determined to what extent warming trends differ among
spring staging areas and the breeding grounds, which could limit
the ability of migrating geese to adjust their breeding phenology.
Secondly, we hypothesized that conditions encountered at their
temperate staging areas could be a poor predictor of conditions
prevailing at their Arctic staging and breeding sites, which would
prevent birds from adjusting their migration schedule and arrival
time to conditions on the breeding grounds. To test this idea, we
examined if mean temperature or its rate of change encountered at
any given stopover during the migration was correlated with
temperatures at subsequent stopovers and ultimately during the
arrival and pre-laying period on the breeding grounds in the same
year. We expected these correlations to be weak, especially between
temperate and Arctic staging areas, because birds move across
different climate zones. Lastly, previous studies had shown that
laying date in this population was related to temperature prevailing
during the pre-laying and laying period on the breeding grounds
(Dickey et al., 2008). We tested if laying date could also be affected
by temperatures encountered at various stopovers during
spring migration.

2 Materials and methods
2.1 Study species and study areas

The greater snow goose winters along the Atlantic coast of the
United States (Gauthier et al., 2005). At the end of the winter, in late
March, they migrate to the St. Lawrence Valley in southern Quebec
where they stage for 6 to 8 weeks (Figure 1; Bechet et al., 2003).
During that period, they gradually move downriver and
northeastward. Geese accumulate most of their body reserves for
the subsequent migration to the Arctic and reproduction while
staging along the St. Lawrence River (Gauthier et al., 1992). In these
areas, geese feed on waste corn, new growth in hayfields and on
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FIGURE 1
Map of the spring stopovers and the breeding grounds of the
greater snow goose.

coastal marsh plants (bulrush, Schoenoplectus americanus and
cordgrass, Spartina alterniflora; Gauthier et al., 2005).

Greater snow geese breed across the eastern Canadian Arctic
Archipelago, north of ca. 68°N (Gauthier et al., 2005). The largest
colony is located on Bylot Island (73°N, 80°W), where the breeding
ecology of the population has been studied for the past 30 years
(Gauthier et al., 2013; Resendiz-Infante et al., 2020). Geese depart
from the St. Lawrence Valley for the Arctic in mid-May (see below)
and migrate to the Bylot Island colony, a distance of ca. 3,000 km
covered in 1 to 2 weeks (Gauthier et al., 1992; Béty et al., 2003).
Geese are known to stop in two regions in between. A first area is
along river valleys throughout a large portion of Nunavik above the
tree line (LeHenaff et al.,, 1995), a low Arctic region dominated by
low shrubs, mainly dwarf birch (Betula nana) and willows (Salix
spp). A second area is located further north in low-lying coastal
areas of north Foxe Basin and further inland on Baffin Island (Matt
Evans, personal communication, 2007), an area where some birds
also breed. Duration of staging at these two Arctic sites is likely
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variable among individuals and years (see below) and it is unknown
if all birds stop at both sites or if one may be overflown. Average
distances traveled by geese between these stopovers are 1,470 km
from the St. Lawrence Valley to Nunavik, 1,300 km from Nunavik
to Baffin Island and 400 km from Baffin Island to the breeding
colony of Bylot Island (distance based on the centroid of area used
at each site).

When geese arrive in these northern areas in late May, most of
the ground is still covered by snow and feeding opportunities may
be limited. Upon arrival on Bylot Island, geese concentrate on the
few snow-free patches located on south-facing slopes where they
can feed prior to laying (Gauthier, 1993). Egg production relies on a
combination of nutrient stores accumulated by females at southern
staging areas and food acquired locally in the Arctic during the pre-
laying period (Gauthier et al., 2003). Reproductive success is
strongly related to the timing of breeding, being highest in early
breeders (Lepage et al., 2000).

2.2 Definition of stopover areas and
periods of use by geese

Areas used by geese during their stopover in the St. Lawrence
Valley are well known. We delimited this stopover based on the
citizen science database eBird (Sullivan et al., 2009) and on scientific
studies (Reed et al., 1998; Béchet et al., 2003; Gauthier et al., 2005).
Although geese gradually move downriver along the St. Lawrence
Valley as spring progresses, the area was considered as a single
stopover because the whole area is used by geese during spring and
temperatures are highly correlated among different sites within this
area. Stopover areas in Nunavik and on Baffin Island were delimited
using: (1) locations of birds (n = 54) marked on Bylot Island with
satellite transmitters and tracked from 2008 to 2011 (Joél Beéty,
unpubl. data), (2) data from aerial surveys conducted in 2006
during environmental assessment studies for industrial projects in
Nunavut (Matt Evans, personal communication, 2007) and (3) the
literature (LeHenaff et al., 1995). In these two regions, stopovers
were defined as the area where groups of radio tracked geese (n > 2
birds) were observed to stay >2 days. Although not all marked birds
migrated to the breeding colony of Bylot Island, data was still
adequate to coarsely delimit staging areas used by snow geese
during spring migration. Polygons for the three stopover areas
were refined according to known goose habitat preferences using
vegetation and elevation digital layers in shapefile format obtained
from Natural Resources Canada (2018). Finally, the breeding area
for this study was defined as the south plain of Bylot Island where a
large snow goose colony is located (Gauthier et al, 2013). See
Figure 1 for the delimitation of the stopovers and breeding area used
in this study.

To extract temperature data, we had to define periods when
geese were most likely to be present at each stopover and during the
period of arrival and pre-laying on the breeding grounds. Geese
gradually arrive in the St. Lawrence Valley during the last two weeks
of March and are present until mid-May (Bechet et al., 2003;
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Gauthier et al, 2005). Departure of geese from the St. Lawrence
occurs rather synchronously in mid-May (Supplementary Material
1, Supplementary Table S1). We thus defined the period of goose
presence in the St. Lawrence estuary from 1 April to 15 May.
Ground observations at the Bylot Island colony over a 30-year
period as well as radio-tracking of geese in some years show that
peak arrival of geese at the site occurs in early June although some
geese are already present in late May (Supplementary Material 1,
Supplementary Table S2; Choiniére and Gauthier, 1995). We thus
defined the arrival and pre-laying period of geese at the colony from
30 May to 15 June.

Information regarding the timing of goose presence in Nunavik
and on Baffin Island is more fragmentary. During caribou surveys
conducted in spring in Nunavik, 75 snow goose flocks were
observed between 29 May-8 June 1975, 20 flocks between 29
May-3 June 1977 and 28 flocks between 31 May-4 June 1983
(LeHenaff et al., 1995). All goose flocks were observed in tundra
habitat, which corresponds to the southern limit of the goose
staging area delimited on Figure 1. In the north Baffin region,
surveys conducted for an industrial project detected geese in the
area during the first two weeks of June in the early 2000s (Matt
Evans, personal communication, 2007). Finally, some geese were
individually tracked with satellite transmitters in the northern areas
in 2008-2010 (Supplementary Material 1, Supplementary Tables S3,
S§4). Based on that, and the known departure date of geese from the
St. Lawrence estuary and arrival date at Bylot Island, we defined the
period of presence of geese in Nunavik as 10 to 31 May and on
Baffin Island as 20 May to 5 June. More recent radio-tracking
studies of snow geese (2019-2022) provided additional information
on their migration phenology at the individual level. Information
extracted from these data largely confirmed the dates used to
determine the period of goose presence in these two regions
(Supplementary Material 1, Supplementary Tables S3, S4).

2.3 Temperature and laying date data

We obtained daily temperature data from 1979 to 2018 for each
of the delimited stopover areas and the breeding site on Bylot Island
from the high-resolution North American Regional Reanalysis
(NARR, pixel = 32 km) produced by the National Centers for
Environmental Prediction (https://psl.noaa.gov/data/gridded/
data.narr.html; Mesinger et al., 2006). Temperature data from
weather stations are very scarce for the Arctic region. Reanalysis
methods integrate remote sensing data with observational ground
data into multidimensional datasets that provide a continuous
spatial and temporal time series of temperature. We nonetheless
validated temperature data from the reanalysis with observational
data from weather stations at a few sites (see Supplementary
Material 2, Supplementary Table S5).

We extracted temperature data for the time periods defined
above at each stopover and the breeding site. Because of the lengthy
period that geese stage in the St. Lawrence Valley, we also used a
shorter sub-period similar in length to other sites, from 1-15 May,
which corresponds to the end of the staging there. There was some
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overlap between successive periods due to inter-individual
differences in the time that geese arrive and depart at each site.
Daily mean temperatures were extracted from reanalysis data to
create subsets for each of the areas and time periods. Datasets and
digital layers were processed in ArcGIS 10.4 and R 3.2.3 (R Core
Team, 2015). Data on laying dates of the population breeding on
Bylot Island were collected from 1991 to 2018 (for details, see
Resendiz-Infante et al., 2020; data source: Gauthier and
Cadieux, 2020).

2.4 Statistical analyses

We calculated average annual temperature for each area defined
above and time period based on daily values. A preliminary analysis
revealed the presence of autocorrelation in most time series.
Because of that, we first fitted auto-regressive integrated moving
average (ARIMA) models for each period and study site
(methodological details are provided in Supplementary Material
3). We calculated temperature trends for each area and time period
when geese are present during spring migration (mean annual
values) for the years 1979-2018 using ARIMA models.

We measured the degree of correlation in temperatures between
areas and periods for the same year from 1979 to 2018. We used the
residuals from the models selected in the ARIMA analyses to
conduct the correlation analyses. We first correlated mean
temperatures in the St. Lawrence Valley (both periods, ie. 1
April - 15 May or 1 - 15 May) to mean temperatures in Nunavik,
Baffin Island and Bylot Island for the same time periods and for
later periods (10 - 31 May, 20 May - 5 June, and 30 May - 15 June).
In the next analysis, we correlated Nunavik mean temperatures for
the period 10 - 31 May to Baffin Island and Bylot Island mean
temperatures during the same period and during 20 May - 5 June
and 30 May - 15 June. Finally, we correlated Baffin Island mean
temperature for the period 20 May - 5 June to those on Bylot Island
during the same period and during 30 May - 15 June. We also
calculated the annual rate of change in temperatures at each site.
Using daily temperature data, we conducted linear regression
analyses for each year, site and time period. The slope of these
annual relationships was correlated to the slope from another area
for the same or the subsequent period following the same logic as
for mean temperatures (see above).

When examining correlations, we must consider not only
statistical significance but also the strength of the correlation,
which provides an index of effect size. Here, we considered
correlation coefficients (r) weak when <0.4, moderate when
between 0.4 and 0.7 and strong when >0.7.

Finally, we examined the influence of temperatures encountered
by geese at various stopovers and during the arrival and pre-laying
period at the breeding site on laying dates with regression analysis
for the period 1991-2018. To do so, we built a set of models using
different combinations of stopover areas along with the breeding
site. Model selection and model averaging was based on AIC using
the R package AICmodavg (Mazerolle, 2019).
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3 Results
3.1 Temporal trend in temperatures

Over the period 1979-2018, temperatures between 1 April and 15
May increased by 0.5°C in the St. Lawrence Valley (slope = 0.013°C/
yr, 95% CI = -0.022, 0.470; Figure 2; Supplementary Table S6), 2.1°C
in Nunavik (slope = 0.053°C/yr, 95% CI = 0.001, 0.106), 3.4°C on
Baffin Island (slope = 0.085°C/yr, 95% CI = 0.049, 0.120), and 2.6°C at
the breeding site (slope = 0.065°C/yr, 95% CI = 0.030, 0.099). During
the staging of geese in the Arctic, temperatures warmed by 1.6°C in
Nunavik between 10 and 31 May (slope = 0.039°C/yr, 95% CI =
-0.044, 0.122) and 1.1°C on Baffin Island between 20 May and 5 June
(slope = 0.028°C/yr, 95% CI = 0.007, 0.050). Finally, at Bylot Island,
temperatures warmed by 0.85°C between 30 May and 15 June
(slope = 0.021°C/yr, 95% CI = -0.002, 0.044).

10.3389/fbirs.2024.1307628

3.2 Correlation in temperatures
between stopovers

We first examined if temperatures at the various stopovers and
during the arrival and pre-laying period on the breeding grounds
were correlated for the same time periods (Table 1; Supplementary
Figure S1). Mean temperature during the whole staging period
along the St. Lawrence Valley was significantly correlated to mean
temperatures in Nunavik and Baffin Island at the same time,
although in the latter case the correlation coefficient was weak
(r = 0.31). However, when restricting the analysis to the last two
weeks of staging in the St. Lawrence (1-15 May), the correlation
with Baffin Island was no longer significant and became weak with
Nunavik (r = 0.33). Mean temperatures between Nunavik, Baffin
Island and Bylot Island were all significantly correlated (Table 1;
Supplementary Figure S1), but the correlation coefficient was strong
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FIGURE 2

Warming trends in mean temperatures over 40 years (1979-2018) at stopovers and the breeding site of the greater snow goose
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TABLE 1 Pairwise correlations in temperature between stopovers or the breeding site (Bylot Island) of greater snow geese for the same time periods
over a 40-year time span (1979-2018).

Time period Nunavik Baffin Island Bylot Island

St. Lawrence Valley 1 April - 15 May 0.47 0.31 0.23
(0.002) (0.048) (0.162)

1-15 May 0.33 0.18 0.20
(0.036) (0.256) (0.209)

Nunavik 10-31 May 0.41 0.42
(0.008) (0.008)

Baffin Island 20 May - 5 June 0.80
(<0.001)

For the St. Lawrence Valley stopover, we used the whole staging period (1 April to 15 May) and only the last two weeks (1-15 May). Temperatures are the residuals from a time series analysis of
mean annual temperature based on an ARIMA (see Supplementary Table 2). Correlation coefficients. r, and p-values (in parentheses) are provided, df = 38. Values in bold are significant at the

0.05 level.

(r = 0.80) only between the last two sites, which were the
closest ones.

Next, we examined how temperatures encountered at each
stopover were a good predictor of temperatures encountered by
geese at the next time period in areas further north. In all cases,
correlations were weaker than in the previous analysis (Table 2;
Supplementary Figure S2). Mean temperature along the St. Lawrence
was significantly correlated with mean temperature at the next time
period in Nunavik, although the correlation coefficient was relatively
weak (r = 0.37), and not correlated with temperatures in areas further
north (Supplementary Figure S2A). All correlation coefficients were
weak and non-significant when restricting the analysis to the last two
weeks of staging in the St. Lawrence (Supplementary Figure S2B).
Mean temperature in Nunavik was significantly correlated with

temperature at the next time period on Baffin Island but not
during the arrival and pre-laying period on Bylot Island (Table 2;
Supplementary Figure S2C). Mean temperature on Baffin Island was
also significantly correlated to temperature during the arrival and
pre-laying period on Bylot Island. In both cases, correlation
coefficients were relatively weak (r = 0.35).

Analyses based on the rate of change of temperature revealed
the same pattern as with mean temperatures except that most
correlations were weaker (all » < 0.33) and almost all were non-
significant, either for the same or the next time periods between
sites (Supplementary Figures S3, S4). The only strong correlation
was for the rate of temperature change between Baffin and Bylot
Islands for the same time period (r = 0.77. P < 0.001), but it
disappeared when comparing successive periods for those sites.

TABLE 2 Pairwise correlations in temperature between stopovers or the breeding site (Bylot Island) of greater snow geese for subsequent time

periods over a 40-year time span (1979-2018).

Subsequent time period Nunavik Baffin Island Bylot Island
St. Lawrence Valley 10-31 May 0.37 0.17 0.15
(1 April - 15 May) (0.019) (0.291) (0.162)
20 May - 5 June 0.30 0.13
(0.059) (0.432)
30 May - 15 June 0.03
(0.835)
St. Lawrence Valley 10-31 May 0.28 -0.07 -0.11
(1-15 May) (0.084) (0.688) (0.487)
20 May - 5 June 0.07 0.02
(0.670) (0.896)
30 May - 15 June 0.25
(0.116)
Nunavik 20 May - 5 June 0.35 0.24
(10-31 May) (0.026) (0.128)
30 May - 15 June 0.11
(0.501)
Baffin Island 30 May - 15 June 0.35
(20 May - 5 June) (0.029)

For the St. Lawrence Valley stopover, we used the whole staging period (1 April - 15 May) and only the last two weeks (1 - 15 May). Temperatures are the residuals from a time series analysis of
mean annual temperature based on an ARIMA (see Supplementary Table 2). Correlation coefficients. r, and p-values (in parentheses) are provided, df = 38. Values in bold are significant at the
0.05 level.
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3.3 Laying date and temperature

In our analysis of the effect of temperatures encountered by geese
at stopover sites on laying date, there were five competitive models
(AAIC < 2) with various effects (Supplementary Table S7). All these
models retained an effect of temperature on Bylot Island during the
arrival and pre-laying period, but three models including the top one
also retained an effect of temperature at the Baffin Island staging site.
The multi-model inference on the 5 models with AAIC < 2 showed
that laying date was negatively related to temperature during the
arrival and pre-laying period on Bylot Island (model-averaged
estimate = -1.34, 95% CI = -2.04, -0.65; Figure 3; Supplementary
Table S8). However, laying date was not significantly related to
temperatures encountered by geese on Baffin Island despite a
negative trend (model-averaged estimate = -0.63, 95% CI -1.39,
0.13). Repeating the analysis using temperatures only during the

last part of the staging period along the St. Lawrence (1-15 May)
instead of the full period yielded the same results (Supplementary
Tables S9, S10).

4 Discussion

We used a 40-year temperature dataset to determine if
conditions along the migratory route could be used by greater
snow geese to anticipate those at sites further north. We found that
all sites used by geese in spring experienced recent warming trends
but that they were generally more intense in the Arctic than at
temperate staging areas, as expected. Mean temperature and rate of
change in daily temperatures at spring stopovers were weakly
related to those at the next stopover, and generally not related to
those at more distant areas or at the breeding site. Therefore, geese
would only be able to vaguely predict temperatures to be expected at
their next stopover at best. Lastly, the largest influence on laying
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Relationship between annual mean laying date of greater snow

geese and temperature during the arrival and pre-laying period (30

May to 15 June) at the Bylot Island colony
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date was from the temperature encountered during the arrival and
pre-laying period at the breeding site.

4.1 Warming and other changes along the
migration route

Warming trends along the spring migratory route were
heterogeneous across latitudes and time periods, and warming
was generally stronger at northern than at lower latitudes
(Rantanen et al,, 2022). The weakest warming trend occurred in
the temperate region of the St. Lawrence Valley, the most southern
stopover. In that region, greater snow geese accumulate most of
their body reserves for spring migration and subsequent
reproduction (Gauthier et al., 1992). Over the last 40 years,
departure dates of geese from the St. Lawrence Valley for the
Arctic did not change as most geese depart between 15 and 22
May (Supplementary Material 1, Supplementary Table SI). Due to
human-related modifications along the St. Lawrence Valley, geese
have switched their feeding behavior from predominantly marsh
plants (bulrush, cordgrass) to one dominated by agricultural plants
(waste corn, new growth in hayfields), which allowed geese to
depart in better condition for the Arctic (Gauthier et al., 2005).
However, since 1999 a spring hunt combined with efforts from
farmers to scare geese away from croplands has increased
disturbance on birds along the St. Lawrence Valley. This has
changed their distribution, habitat use and reduced their body
condition (Béchet et al., 2003; Feret et al., 2003; Bechet et al,,
2004; LeTourneux et al., 2021). In contrast to the temperate region,
the Arctic staging areas used by geese in Nunavik and on Baffin
Island have not been directly affected by human activities although
they have experienced a strong warming trend and an increase in
primary productivity (Berner et al., 2020). During the short period
when geese are present in spring, these Arctic stopovers have
warmed by at least 1 to 2°C, enough to potentially advance
snowmelt and improve feeding conditions for geese.

Considering all these changes along the migratory route, we
could have expected an advance in departure date of geese for the
Arctic to escape human disturbance at lower latitudes and benefit
from climate warming effects at northern latitudes. However, this
apparently did not occur. Our analysis suggests that the weak
warming trend experienced by geese at their temperate stopover
may be one of the factors preventing them from departing earlier
for the Arctic. Similar to geese, purple martins (Progne subis), and
pied flycatchers (Ficedula hypoleuca) have experienced uneven
warming across their migratory routes (Ahola et al., 2004; Both
and Marvelde, 2007; Fraser et al., 2013), which apparently limited
their ability to adjust to conditions prevailing at the breeding site.
Nonetheless, the positive warming trends found at all staging
areas may have improved feeding conditions for geese, especially
for early migrants which often face the harshest weather
conditions (Tottrup et al., 2010), thus enhancing their body
condition. Improved body stores in early migrants may in turn
be an important factor that allow them to breed early (Resendiz-
Infante and Gauthier, 2020).
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4.2 Predicting future conditions from those
encountered at the current location

Not surprisingly, distance was an important factor in
explaining the strength of correlations in temperatures between
paired sites during the same time period. Indeed, temperatures
between north Baffin Island and Bylot Island, two sites ca. 400 km
apart, where highly correlated whereas temperatures between the
St. Lawrence Valley and Nunavik or between Nunavik and north
Baffin Island, each separated by ca. 1,500 km, were weakly
correlated. Considering that the St. Lawrence Valley is in a
temperate climate zone whereas Nunavik and Baffin Island are
in the Arctic, we could have expected a greater correlation
between the two sites within the same climate zone than
between sites in different zones (temperate vs Arctic) but this
was not the case. The gradual decay of correlations in
temperatures with distance means that temperature encountered
by geese while staging in the temperate St. Lawrence Valley does
not provide much information on temperature prevailing in the
Arctic and especially at their breeding site. Therefore, an early
spring at a southern staging site does not imply an early spring
also at a distant northern site. The same applies for geese that have
entered the Arctic climate zone and are staging in Nunavik.

In order to adjust their migration schedule based on conditions
encountered along the route, local conditions experienced by geese
must provide reliable information on conditions to be expected at the
next staging site in the coming days/weeks. However, we found that
the predictive power of future conditions was very low, either when
using mean temperature or its rate of change over time. This supports
our prediction that temperature encountered at temperate staging
areas or even low Arctic ones in spring are a weak predictor of those
to be expected at or near the Arctic breeding site. Without reliable
environmental information, it is difficult for geese to anticipate future
temperature and time their migration schedule accordingly. This lack
of predictability may explain why several goose populations
apparently do not surf on the green wave as previously suggested
(Wang et al., 2019). Under these circumstances, photoperiod may
remain the best cue to use for a good part of the migration. Other less
predictable local conditions (e.g. favorable tail wind) may control
departure date from stopover sites within a suitable time window
determined by photoperiod, like in the long-distance migrant wood
thrush (Hylocichla mustelina, Stanley et al., 2012).

The difficulty to anticipate conditions to be encountered at
upcoming staging sites based on current conditions, combined
with generally weaker warming occurring at lower compared to
higher latitudes, has the potential to lead to mistimed arrival on
the breeding grounds. This will limit the ability of geese of
benefiting from favorable nesting conditions early in the season,
especially in years with an early snow-melt. When this happens,
goslings experience a trophic mismatch with the food quality peak,
which advances due to early spring, and results in reduced growth
and survival of goslings (Doiron et al., 2015; Ross et al., 2018). It is
only when geese are getting close to the breeding site (Baffin Island
in our case) that local temperature can be informative of
temperature on the breeding grounds. Based on that, geese may
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either overfly their last staging area to speed up migration when
spring is early or stop and wait if spring is late. However, if spring
is early, overflying their last staging area should result only in a
minor advance in arrival time on the breeding grounds, which
would prevent birds from taking full advantage of suitable feeding
conditions. Because females need time to recover body condition
to start laying eggs (Béty et al., 2003), this would explain why in
early springs geese lay after the 50% snow melt date, contrary to
the situation in late years (Gauthier et al., 2013). Ground counts
conducted on Bylot Island for the past 25 years supports this idea
as they show no temporal trend in goose arrival date
(Supplementary Material 1, Supplementary Table S2).

4.3 Laying date and temperature

The most important predictor of laying date was temperature
during the arrival and pre-laying period at the breeding site. This is
likely because resources acquired on the breeding grounds account
for a large part of the energy invested in egg production due to a
mixed capital/income breeding strategy (Gauthier et al, 2003).
Temperatures prevailing at that time will determine snow-melt,
which will have a direct effect on food availability and also on nest
site availability, another factor that can affect laying date (Dickey
et al., 2008).

We would have expected that temperatures encountered at
other stopovers, and especially in the St. Lawrence Valley where
accumulation of most body reserves takes place in spring (Gauthier
et al,, 1992), would have an influence on laying date. Other studies
had documented carry-over effects of environmental conditions in
spring on the breeding performance in this population (Béty et al.,
2003; Legagneux et al,, 2012). However, these carry-over effects
appear to be more important when conditions on the breeding
grounds are less favorable for breeding (Legagneux et al., 2012;
Grandmont et al., 2023). Thus, it is possible that geese evolved their
mixed capital/income breeding strategy to cope with the high
environmental variability in the Arctic. For instance, poor
conditions encountered at southern staging areas in spring could
be somewhat compensated by good conditions encountered at
arrival on the breeding grounds, or vice versa. Such situations
may be frequent as our analysis showed a low correlation between
temperatures encountered at distant stopovers and those during the
arrival and pre-laying period in the Arctic in the same year. We also
found a weak positive effect of temperature encountered at the last
staging area on Baffin Island on laying date. Given the proximity
between this staging site and the breeding site, egg formation may
have started by the time geese arrive in north Baffin Island, and thus
feeding taking place at this site may be part of the pre-laying period
and may influence egg formation.

4.4 Study limitations

In this study, we lacked data at the individual level on
migration chronology and subsequent reproductive
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performance. Detailed information on individual departure dates
from temperate staging areas and arrival dates on the Arctic
breeding grounds, combined with nesting success data, are
available for only a few years and a small number of
individuals in this species (Béty et al., 2003; Grandmont et al.,
2023). This is not uncommon considering that tracking
migration and reproduction of long-distance migrants at the
individual level requires the use of expensive technology such as
satellite telemetry, which considerably limits sample size
(Shariatinajafabadi et al., 2014; Kolzsch et al.,, 2015). Some
studies nonetheless showed that while migration speed and
chronology often differ among individuals within populations,
migratory behavior tends to be repeatable within individuals (Bety
et al., 2004; Stanley et al., 2012; Fraser et al., 2013). It is thus
important to study directly the effects of warming on individual
variation in timing of migration because climate change may not
affect early and late migrants equally (Tottrup et al., 2010).

Our limited knowledge of the behavior of geese at the Arctic
staging areas (Nunavik and Baffin Island) also prevents us from
determining precisely stopover duration or to what extent geese are
adjusting their migration speed (Schmaljohann and Both, 2017).
This uncertainty may have weakened some of the correlations
between temperatures encountered by geese at these Arctic sites.
Finally, we considered only temperature in our analysis and geese
may also use other environmental cues such as wind direction in
their migratory decisions (Stanley et al., 2012; Covino et al., 2015;
Burnside et al., 2021). However, we believe that it is unlikely that
other environmental factors not related to temperature could be
used as predictors of conditions likely to be encountered by geese at
subsequent stopovers.

5 Conclusion

Overall, our results show that temperatures encountered along
the migratory route of the greater snow goose are not a good
predictor of temperatures occurring at more northern stopovers or
on the breeding grounds. It is only when geese are getting close to
their breeding site, i.e. within a few hundred kilometers, that
temperatures encountered are similar to those prevailing on the
breeding grounds but by then it may be too late to adjust migration
speed to significantly advance arrival time on the breeding grounds
in early spring years. To our knowlkedge, this is one of the first
comprehensive assessments of predictability of conditions
encountered along the migration route of an arctic-nesting
species. Moreover, their northern staging areas and breeding
grounds are warming at a faster rate than southern staging areas,
which further increases the potential for mistimed arrival on the
breeding grounds. This limits the ability of this species to adjust its
breeding phenology to a changing environment and can explain
why laying date did not advance over the last three decades despite
climate warming (Gauthier et al., 2013; Resendiz-Infante et al,
2020). It would be interesting to repeat similar analyses in species
where laying date has advanced in response to climate warming to
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determine if this is due to shorter migration distance, and therefore
potentially more correlated temperature among stopovers, or
differences in plasticity among species.
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