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Arrival timing in spring may be mediated by conditions experienced during
migratory stopovers or staging areas, but our knowledge about their impact on
migration timing and reproduction is limited. We explored the role of stopover
duration on spring migration timing and successful incubation in cackling geese
(Branta hutchinsii), which breed at high arctic latitudes where climate change
effects are more pronounced. To track migration phenology and incubation
duration, 236 light-level geolocators were deployed on cackling geese during
the breeding period at Baffin Island, Nunavut, Canada between 2016 and 2018.
Using data available for spring migration in the year following tag deployment (25
tags retrieved), we found that most geese had long, coastal stopovers (8—39
days) before crossing Hudson Bay on the last leg of their spring migration to their
Baffin Island breeding area. We show that longer stopover durations at these
Hudson Bay Lowland sites were associated with successful completion of
incubation (a proxy for breeding success). Although spending more time at the
stopover led to a later arrival date at the breeding ground, longer stopovers may
increase the energy stores necessary for reproduction in these capital breeders.
Stopover duration did not influence the incubation interval (number of days
between arrival date at the breeding ground and start of incubation). Lastly, we
found that the temperature at stopovers influenced migration timing, with higher
temperatures resulting in earlier arrival at the breeding ground. Overall, our
results demonstrate that conditions and behaviour at distant stopovers (1700—
3000 km away) have important influence on timing and breeding success once
birds arrive at their Arctic breeding sites. Therefore, our understanding of climate
change impacts on these Arctic-breeding geese must also include the influence
of en route conditions

carry-over effect, cackling goose (Branta hutchinsii), Hudson Bay Lowlands, migratory
stopovers, incubation success, geolocator
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Introduction

Carry-over effects can be defined as activities or factors during
one stage of the annual life cycle that have an impact on an animal’s
performance in subsequent stages of the annual cycle (Harrison
et al, 2011). These effects are particularly relevant during spring
migration, when birds must balance the timing of their movements
with environmental conditions to ensure successful arrival at their
breeding grounds (Newton, 2010; Harrison et al., 2011;
Schmaljohann and Both, 2017). Environmental conditions at key
migratory stopover areas, such as precipitation patterns and
temperature, could influence migrants (indirectly) through
changes in food availability and quality, or (directly) through
energy expenditure and could carry-over to affect subsequent
migration or breeding events. For Arctic-breeding birds, the
narrow temporal window for reproduction may be impacted by
the variable conditions encountered along migratory routes
(Madsen et al., 2007; Dickey et al., 2008; Harrison et al., 2011;
McNamara and Westoby, 2011). For example, de Zwaan et al.
(2022) showed the importance of carry-over effects of
environmental conditions at stopovers close to the breeding site
on reproductive success of an alpine breeding population of horned
lark (Eremophila alpestris) in northern British Columbia, Canada.
Understanding these interactions is essential for assessing how
stopover use influences migration timing, breeding outcomes, and
overall fitness in migratory species.

Bird migration can be categorized into two types: migratory
flights and stationary periods (Schmaljohann et al, 2022).
Stationary periods are commonly referred to as “stopovers”, with
their overall duration typically being much longer than the total
duration of all migratory flights (Green et al., 2002; Wikelski et al.,
2003; Schmaljohann et al., 2012). Migratory birds may spend up to
90% of their migration time at stopover sites en route to and from
their breeding grounds (Lindstrom, 2003; Paxton et al, 2008).
These sites serve as critical resting and refuelling spots, allowing
birds to avoid unfavourable weather conditions and use natural cues
like sunset, stars, and the geomagnetic field to calibrate their
compass system and orientation (Chernetsov, 2012). A
comprehensive understanding of the factors influencing how
stopovers impact subsequent migration timing and arrival date of
birds is therefore important (Schmaljohann et al., 2022).

Some recent studies with migratory songbirds provide evidence
for the impact of en route conditions on migration timing. In
laboratory experiments, Klinner and Schmaljohann (2020) showed
that increasing or decreasing temperature at simulated stopovers
influenced subsequent migration timing of a medium and long-
distance migratory songbird. In a wild setting, the probability of the
northern wheatear (Oenanthe oenanthe), which includes Arctic-
breeding populations, departing a stopover site was higher when the
air temperature was lower at the beginning of autumn migration but
increased as the temperature became higher towards the conclusion
of the autumn migration period (Schmaljohann et al., 2017). Based
on these results, we may predict similar patterns in other arctic-
breeding species. However, the influence of stopover conditions on
subsequent migration timing has been rarely investigated in capital
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breeding species such as Arctic-breeding migratory geese, where
individuals accumulate the necessary energy for reproduction while
migrating (Drent and Daan, 1980; Lepage et al., 1998). Thus our
understanding of whether stopover conditions or behaviour carry-
over to impact fitness has been limited.

The timing of migration and arrival at breeding sites can be
flexible in response to local environmental conditions in migratory
waterfowl. For example, some geese may track the advancing “green
wave” of spring phenology (Van Wijk et al., 2012; Shariatinajafabadi
et al, 2014). Many waterfowl species that migrate from their
wintering grounds in the southern USA to their breeding sites at
Delta Marsh in Manitoba arrive earlier with increasing temperature,
and temperature or environmental factors en route may influence
arrival timing at key stopover or breeding sites (Murphy-Klassen
etal., 2005). For geese, the timing of arrival can be a crucial factor that
affects the quality of forage they can access during their migration or
upon reaching their breeding sites, as well as their subsequent
reproductive output. In western Alaska, geese that arrived earlier at
the breeding grounds in spring had access to higher quality foraging
opportunities as compared to those arriving later (Beard et al,, 2019).
Kolzsch et al. (2015) demonstrated that barnacle geese (Branta
leucopsis), a capital breeder, track the onset of spring phenology
and access high quality food, resulting in earlier arrival at the
breeding ground and the hatching of young during the peak of
food availability. Migratory conditions that impact the timing of
nesting could therefore greatly impact fitness. In greater snow geese
(Anser caerulescens atlanticus L.), birds that nested later than the
optimal time had lower reproductive success (Lepage et al., 2000).
Additional work on the interactions between migration conditions
and breeding success is needed in other arctic-breeding birds.
Understanding how weather conditions during migration,
particularly at key stopover areas, influence breeding success is
critical for evaluating how some poorly studied species may
respond to climate change. In this context, weather serves as a
proxy for examining the potential impacts of climate variability on
migration and breeding dynamics.

Our understanding of the potential impacts of climate variability
on populations of cackling geese (Branta hutchinsii), as a capital
breeder, is limited by a lack of critical data on their migration ecology
and spring staging areas. Cackling geese, reclassified as a distinct
species from Canada geese (Branta canadensis) through genetic
research (Banks et al., 2004), nest in the Canadian Territories, with
their range extending south to ~60° N (Mowbray et al., 2002). Band
recovery data show mid-continent populations migrate through
Manitoba. These medium- to long-distance migratory birds winter
in the central and south-central U.S. (Mowbray et al., 2002) and
follow the “green wave” northward in spring, timing their migration
with snowmelt and vegetation growth to reach their nesting sites
(van der Graaf et al., 2006).

Cackling geese returning to nest on Baffin Island from
overwintering sites in mid-continent states, typically migrate
through southern Manitoba, then stop along the Hudson Bay
Lowlands to refuel, and then fly onward to arctic breeding sites,
as indicated by data from recovered bird bands (https://
www.agjv.ca/). Cackling geese are known to breed in the
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northernmost regions of Canada in Nunavut and the Northwest
Territories, at approximately 60° N (Mowbray et al., 2002). Birds
from mid-continental overwintering sites typically leave their
wintering grounds around early April and reach their breeding
grounds in early June (Neufeld, 2021).

We used light-level geolocators to directly track individual
cackling geese, providing an opportunity to identify factors along
spring migratory routes that may affect migration behaviour and
arrival timing. We aimed to investigate the potential carry-over effects
of the spring phenology at key stopover areas on arrival timing at
arctic breeding sites and subsequent incubation success, which is a
proxy for breeding success. Our specific objectives were to: 1)
determine the core spring stopover locations and their timing. We
expected that prolonged stopovers would occur at sites proximal to
the breeding grounds, such as the Hudson Bay Lowlands, which are
known to provide critical resources during migration (Neufeld, 2021).
2) investigate how spring phenology at stopover (temperature and
snow depth) influences subsequent timing. We predicted that
warmer temperatures and lower snow depth at stopover sites
would enable earlier departure, aligning with findings in other
migratory species (Schmaljohann et al., 2017; Klinner and
Schmaljohann, 2020). Conversely, colder temperatures and higher
snow cover were expected to delay departure, as birds would require
extended time for refuelling to offset increased energetic demands. 3)
determine the impact of stopover conditions on incubation success
after arrival at the arctic breeding ground. Incubation success was
measured by proxy as the completion of incubation, which we could
detect through the use of geolocators mounted on the legs of geese
because the light sensor was covered during active incubation. We
expected that longer stopovers at sites with favourable conditions
(e.g., higher temperatures and lower snow cover) would positively
influence incubation success by allowing geese to accumulate
sufficient energy reserves before arriving at breeding grounds. This
prediction is consistent with studies showing that pre-breeding
conditions and energy stores significantly impact reproductive
success in Arctic-nesting geese (de Zwaan et al, 2022). We also
anticipated that warmer temperatures at the breeding grounds would
create better conditions for breeding, leading to quicker migration
rates (Lawrence et al., 2022). In addition to yielding new insight into
spring migration of an arctic breeding species, we also anticipated
that our results would provide valuable information on the ecological
dynamics influencing migration and reproduction in cackling geese.
These findings may also inform conservation strategies by
highlighting the role of stopover habitats in sustaining migratory
populations under changing environmental conditions.

Methods

We deployed 236 light-level geolocators on adult female arctic-
breeding, mid-continent cackling geese from Baffin Island (65.421°N,
—-70.966° E), Nunavut, Canada between 2016 and 2018. The
deployment of tags was conducted by the Canadian Wildlife Service
(CWS) as part of annual pre-hunting season banding activities. Of the
236 geolocators deployed on breeding females between 2016 and 2018,
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25 units were successfully retrieved between 2016 and 2020. Of these, 8
geolocators were recovered at the original deployment locations, while
17 were retrieved from hunters. A total of 20 geolocators provided
usable data, resulting in 41 complete migration tracks. Thirteen of
these geolocators recorded data across multiple years, capturing more
than one migration year for some individuals. The remaining five
geolocators were excluded from the analysis due to incomplete data or
missing spring migration records.

Geese were captured in a relatively short period each year,
between 1 and 10 August. Flocks of adult geese along with their
goslings were directed into portable net enclosures using a
helicopter and strategically placed personnel. Capture was timed
to occur during the annual wing molt of adults and when goslings
were still flightless. The corralling was accomplished using either
helicopters for aerial transport or kayaks and ground personnel for
movement across water and land. Geolocators were installed as part
of the yearly pre-hunting season banding activities. The weight of
geolocators (Intigeo-C330, Migrate Technology Ltd.) was about
0.3% of the average cackling geese body mass (1,840 g + 170 SD)
(Mowbray et al., 2020). The geolocators were attached to a plastic
leg band using a zip-tie and positioned on the tarsometatarsus bone.
Birds were also banded with a federally-issued aluminium leg band
with a unique number for identification. The sex of individuals was
determined by cloacal examination and the presence of a brood
patch. Only adult females with a brood patch (Jonsson et al., 2006),
indicating that they were part of the local breeding population, were
selected for geolocator tags. Geolocators were retrieved by
recapturing the birds in subsequent years at the breeding location,
or when they were harvested by hunters who reported them to the
USGS Bird Banding Laboratory.

A light-level geolocator provides one pair of geographic
coordinates (latitude and longitude) for each day (Lisovski et al,
2012). Geolocator data were downloaded from each tag using an
Intigeo IF (interface unit). The R packages BAStag (version 0.1.3,
Wotherspoon et al., 2016) and GeoLight (version 2.0.0, Lisovski and
Hahn, 2012) were used to determine sunrise and sunset times, and for
editing or omitting false twilights according to the light-level threshold
method (Lisovski and Hahn, 2012). The threshold was set at 2 for most
tracks/days but was increased to 12 when there was light pollution
during dark periods to remove false twilights. The FLightR package
(version 0.5.0, Rakhimberdiev et al., 2017) was used to process and
refine the data and establish a track of each individual. Position error
using geolocators can vary (~50-400 km) by species, position, and
geolocator type (Lisovski et al., 2012). The spring departure date was
defined as the date when birds passed 44° N, as 2 degrees below 44° N is
their wintering ground (Mowbray et al., 2002). Geolocators no longer
provide sunrise/sunset or daylength data (which is used to infer latitude
and longitude) once birds reach continuous daylight at high arctic
latitudes. Therefore, we defined the spring arrival date as the date when
there was no longer any shading in the light data, indicating that birds
had reached the high arctic and their breeding areas (Hupp et al., 2018)
at 66.5° N, following rapid, over-water (Hudson Bay) flights from
stopover areas to the southwest where geolocation by light was still
possible (Neufeld, 2021). Given that no suitable habitat is available for
landing or stopover during this last leg of travel, we expect that birds
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made direct, rapid flights toward their breeding destinations. Based on
average flight speed (km/day) for geese (69.34 + 18.55), we estimate our
breeding arrival dates were accurate as most geolocators (about 90%)
were retrieved at the same breeding locations where they were
deployed, so migration distance from last stopover was measured as
the distance between breeding locations and the last stopover. For
geolocators retrieved by hunters during migration (about 8%), we used
the breeding deployment location as the presumed breeding area for
the same birds in the following spring. For incubating birds, long
periods of complete darkness in the geolocator data occur due to the
complete coverage of the geolocator’s light sensor by the bird’s body
when they sat on the eggs to start incubation. We expected that the
constancy of incubation resulting in continuous shading of the light
sensor enabled us to discern between incubation and periods of rest
where geese may intermittently shade the light sensor when sitting on
their legs.

The Leaflet package (version 2.0.2, Cheng et al., 2018) was
used to plot locations. The distance of spring migration, measured
as Euclidean or Great Circle distance, was determined using the
“sp” package (version 1.4-4, Bivand et al., 2013). The
stationary.migration.summary function with a minimum duration
of three days at one point (min.stay= 3) (Klaassen et al.,, 2011), from
the FLightR package, was used to estimate stopover timing and
duration as well as the location.

To address immediate environmental cues influencing migration
and breeding, we used temperature and snow cover data instead of
NDVL. This choice was made because temperature provides direct and
immediate cues for migration decisions, such as snowmelt and food
accessibility at stopover and breeding sites. Also, snow cover directly
constrains habitat availability and foraging during critical stages of
migration. NDVI, while valuable for assessing cumulative vegetation
growth, is less reliable in Arctic regions due to sparse vegetation
and lagged responses relative to immediate phenological changes
(Walker et al, 2003; Raynolds et al, 2006). The temperature and
snow depth data were downloaded using the Movebank
Environmental Data Automated Track Annotation System (Dodge
et al, 2013). This provided daytime air temperature (2m above the
round) temperature (Kelvin) of the dates of departure and arrival at
stopover as well as arrival at the breeding ground (extracted from
NCEP North American Regional Reanalysis products [NCEP NARR,
Land Surface Day Temperature 0.03° (~3-3 km)], using Bilinear
interpolation as recommended by Movebank (Dodge et al, 2013).
Snow depth (m) at the date of departure and arrival at stopover as well
as arrival at the breeding ground, was used [extracted from NCEP
NARR, the snow depth at surface 0.03° (~3-3 km)], at 3-hourly
temporal resolution, using nearest neighbour interpolation (Dodge
et al., 2013).

Data analysis
Determining the core spring stopover locations
(GIS data analysis)

All the data processes and analyses were performed in R (version
3.6.3) using Rstudio (version 1.2.5019, R Core Team, 2023).
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After determining spring stopover locations of all individuals
during different years of migration, kernel density analysis was
used to determine the main spring stopovers during spring
migration based on the stopover points of each individual bird,
using fixed kernel densities in the program ArcGIS 10.7 (Esri,
2018). We determined kernel densities at 50, 80, and 100 percent
of the total densities with cell size (0.078 km?). We did not define the
radius because there was no information about the foraging distance
of cackling geese.

Statistical analysis

Investigating spring stopover phenology and
subsequent timing

To investigate which variables explain variation in the arrival
date of cackling geese at their breeding grounds, we used linear
mixed-effects models (LMM:s) fit by REML using the ‘lme4’ package
(version 1.1-19, Bates et al., 2015). In the global model, we used
fixed effects of latitude and longitude of the breeding ground, the
spring departure date of the wintering ground, the temperature at
the arrival date and departure date at the core stopovers, the
temperature at the arrival date at the breeding ground, the snow
depth at the arrival date at the breeding ground, number of
stopovers, and stopover duration at the core stopovers. The factor
of total stopover duration during migration was omitted due to high
correlation. We used geolocator ID (to account for individual-level
variation) and the year in which the track began (to account for
annual variation) as the random effects. The normality distribution
of residuals and equal variance in the residuals of models were
appropriate (Zuur et al.,, 2010). Collinearity among the predictor
variables using variance inflation factor (VIF) (Marchowski et al.,
2017) was less than 3. We used Cook’s distance to check the
influence of outliers. The random effects that did not significantly
specify any residual variance (using likelihood ratio tests) were
removed from further analysis.

We defined the migration rate (km per day) as the distance
between the core stopover site and the breeding ground, divided by
the number of days used. To examine whether factors at the core
stopover location would influence subsequent migration rate, we
fitted LMMs. As fixed effects, we included temperature and snow
depth at the departure date at the core stopover, temperature and
snow depth at the arrival date at the breeding ground, distance
between stopover and the breeding ground, and arrival and
departure date at the core stopover. Random effects in this model
were individual ID and year. To meet the assumption of residual
normal distribution and equal variance we ran the model with the
log 10 of migration rate. The VIF among the variables was less
than 5.

To investigate influential factors on core stopover duration, we
first conducted LMMs with fixed effects spring departure date,
spring migration distance (km), temperature at the stopover at the
arrival and departure date, snow depth at the stopover at the time of
arrival and departure dates, as well as temperature and snow depth
at the breeding ground at the time of arrival date. Year and
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individual ID (geolocator ID) were classified as random factors.
None of the random factors impacted residual variance (using
likelihood ratio tests) and were therefore removed from the
model, and we fit LMs for the remaining variables. Residuals were
normally distributed of equal variance (Zuur et al., 2010) and the
VIF among the variables was less than 5.

Investigating impacts of core stopover conditions
on incubation success

We also investigated factors that would impact the probability
of nest initiation using binomial generalized linear mixed effects
models. We defined incubation success as a full incubation period
lasting between 26 and 29 days (Jarvis and Bromley, 2000). Any
incubation period shorter than 26 days, such as instances where
only one day of incubation occurred, was classified as incubation
failure. Therefore, we used 34 individuals data in the incubation
analysis, resulting in data for 34 individuals for the incubation
analysis. We fitted LMMs to examine influential factors on
incubation success of the cackling geese. The fixed effects
included spring arrival date, core stopover duration, temperature
and snow depth at the breeding ground at the date of arrival (as an
indicator of spring phenology at the breeding ground), temperature
and snow depth at the core stopover at the date of departure, and
the arrival to breeding interval (the number of days between arrival
date and laying egg date). Year and individual ID (geolocator ID)
were classified as random factors. We A transformed the response
variable (using boxcox function) to allow the model to converge.
The random factor of year did not significantly specify residual
variance (using likelihood ratio tests) and was therefore removed
from the model. We fit LMMs with individual ID for the
remaining variables.

All variables had a collinearity value of less than 3. To identify
the best-fitting model, we used the Akaike Information Criteria
corrected for small sample size (AICc) (Burnham and Anderson,
2002). AICc (‘MuMIn’ package (Barton, 2019)) helps to balance
model complexity and goodness-of-fit, selecting models that explain
the data well without overfitting. We built candidate models based
on ecologically justified hypotheses and tested their performance
using AICc. Models with AAICc < 2 were considered competitive, as
they had similar levels of support in explaining the data. Then we
considered the highest value of the marginal R* (the fixed effects
variance) and the conditional R? (the whole model variance) to
select the final model. This approach ensured that the selected
model was not only parsimonious (low AICc) but also robust in
explaining the observed variation in the data (Nakagawa and
Schielzeth, 2013).

Results
Determining core spring stopover locations

The kernel density analysis defined key geographic areas where
most individuals (50-80% of the stopover points of different
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individuals) stopped over during spring migration. The first area
spanned the early migratory period, straddling the U.S.-Canada
border (Figure 1). This area represents the northern Great Plains,
characterized by flat to rolling prairie landscapes transitioning to
boreal forests in the north (Natural Resources Canada, 2023).
Stopover durations in this area were between 3 and 39 days
(16.43+ 1.57) at the individual level. The second core stopover
area was located along the southeast coast of Hudson Bay, where
stopover duration was between 8 and 39 days (19.9% 1.0) at the
individual level. We focused our subsequent analyses on this second
stopover region (“last” hereafter). We considered this as the last
stop before crossing Hudson Bay and arrival at the breeding
grounds and that conditions here would be the most influential
on subsequent migration timing and breeding. Spring arrival dates
at the last stopover ranged from April 22 to May 21, and departure
dates from the last stopover ranged from May 22 to June 11. The
mean spring arrival date at the last stopover was May 12 (Julian
day133 + 0.70). The mean spring departure date from the last
stopover was May 31 (Julian day133 153 + 0.79).

Investigating core spring stopover
phenology and subsequent timing

Spring arrival date at the breeding ground

Spring departure dates from the wintering ground were between
March 7 and April 21. The mean spring departure date was April 2
(Julian day133 93 + 1.78). Spring arrival dates at the breeding
ground ranged from May 31 to June 16. The average spring arrival
date (2016-2020) was June 8 (Julian day 133 160 + 0.59).

Birds with more northern breeding latitude and later departure
timing, arrived about 2 (+ 0.71, 95% CI 0.48-3.28) and 0.21 (+ 0.04,
95% CI 0.13- 0.29) days later, respectively, than birds breeding at
lower latitudes with earlier departure dates (Table 1). The arrival
date at the breeding grounds was 0.17 (£ 0.06, 95% CI 0.04-2.92)
days later for each day that birds spent at the last stopover.
Moreover, for each 1° C lower temperature at the time of
departure from the last stopover site, arrival dates on the
breeding grounds were about 0.28 (+ 0.09, 95% CI —-0.46-—1.06)
days earlier. By increasing the number of stopovers, birds arrived
later at the breeding grounds (1 + 0.41days, 95% CI 0.17-
0.81) (Table 1).

Migration rate

The log of migration rate between the last stopover and the
breeding ground was higher for birds with greater distance to travel
during this last leg of migration to the breeding ground (estimate +
SD) (0.0002 % 0.001, 95% CI 0.000046-00047) (Table 2). The birds
that departed the last stopover location later had the highest log
migration rate (estimate + SD) (0.04 + 0.007, 95% CI 0.03-0.06).
Higher snow depth and temperature at the breeding ground were
associated with the lower log of migration rate (estimate + SD)
(-2.65 £ 0.90, 95% CI —-4.42--0.88) and (-0.02 * 0.009, 95% CI
-0.03--0.002), respectively (Table 2).
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FIGURE 1

The last spring stopovers of cackling geese along Hudson Bay just before crossing the bay and arriving at the breeding ground (Baffin Island). The
map shows kernels of 50 (orange areas) and 80% (orange and grey areas) of the total density of the stopover site. The red points are all spring
stopovers of cackling geese.

The last/core stopover duration Incubation success
At the individual level, the shortest stopover duration was 8
days, while the longest stopover duration was 39 days. The mean The best model for the probability of breeding (incubation)

stopover duration was (estimate + SD) 19.9 + 1.05 days. When the  success showed that longer stops were associated with longer
temperature at the arrival date of geese at the stopover was lower,  (successful) incubation periods (estimate + SD) 8.38% 2.84 (95% CI
the birds stayed longer at the stopover (estimate + SD) by 1.06 £  2.05-14.19) (Figure 2). Birds with earlier arrival dates at the breeding
0.25 days (95% CI —1.55--0.56) (Table 3). ground had longer incubation periods (estimate + SD) —16.83 + 5.16

TABLE 1 Summary of linear models (LMs) for spring migration timing and breeding arrival date in cackling geese.

Estimate Std. Error 95% 95%
Cl (lower) Cl (upper)
Latitude* 1.88 0.71 0.48 3.28
Spring departure date from wintering ground * 0.21 0.04 0.13 0.29
Temperature at the time of departing the last stopover (kelvin) ~ -0.28 0.09 -0.46 -1.06
205.9 0.63

Stopover numbers* 0.99 0.41 0.17 0.81
Stopover duration (days) at the last stopovers* 0.17 0.06 0.04 2.92
Migration distance (km) —-0.002 0.001 —0.004 0.0003

The global models included Longitude, Spring departure date from wintering ground, Temperature at the time of arrival the stopover (kelvin), Temperature at the time of departing the stopover,
Snow depth at the time of departing the last stopover (m), Temperature at the time of arrival date at the breeding ground (kelvin), Snow depth at the time of arrival date at the breeding ground
(m), Stopover duration at the last stopover (days), Migration distance (km), Temperature at the time of departing the last stopover (kelvin), Stopover numbers during migration.
*Significant factor.
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TABLE 2 Summary of linear models (LMs) for log 10 of migration rate between the last stopover and the breeding ground.

Fixed effects Estimate Std. Error  95% Cl (lower) 95% Cl (upper) AlCc R2
Spring migration distance (km) 0.0002* 0.001 0.000046 0.00047
Departure date from stopover 0.04* 0.007 0.03 0.06

5.6 0.55
Temperature at the breeding ground at the arrival date (kelvin) —-0.02* 0.009 -0.03 -0.002
Snow depth at the breeding round at the arrival date (m) —2.65% 0.90 —4.42 —0.88

The global models included Distance between stopover and the breeding ground (km), Arrival date at the last stopover, Departure date from the last stopover, Temperature at the time of arrival
date at the breeding ground (kelvin), Snow depth at the time of arrival date at the breeding ground (m), Temperature at the time of departing the stopover (kelvin).

*Significant factor.

TABLE 3 Summary of linear models (LMs) for stopover duration at the last stopover.

Estimate
Temperature at the stopover at the arrival date (kelvin) -1.06*
Temperature at the breeding ground at the arrival date (kelvin) | 0.36

0.25

0.21

Std. Error 95% Cl (lower) 95% Cl (upper) AICc  R2
‘ —1.55 ‘ -0.56

205.0 0.338
‘ -0.05 0.78

The global models included Spring departure date from wintering ground, Spring migration distance (km), Temperature at the stopover at the arrival date (kelvin), Temperature at the last
stopover at the departure date (kelvin), Snow depth at the last stopover at the time of arrival dates (m), Temperature at the breeding ground at the time of arrival date (kelvin), Snow depth at the
breeding ground at the time of arrival date (m), Temperature at the time of departing the last stopover (kelvin).

*Significant factor.

(95% CI —27.38--5.21), thus incubation success. Moreover, higher
temperature at arrival date at the breeding ground was also associated
with longer incubation periods (estimate + SD) 11.05+ 4.10 (95% CI
2.28-19.42) (Table 4; Figure 3).

Probability of nest initiation

The analysis did not show a significant relationship between
stopover duration at Hudson Bay and the likelihood of nest
initiation (0.047 £ 0.059, 95% CI —0.06-0.16). This suggests that

stopover duration at Hudson Bay may not strongly influence nest
initiation probability in this dataset (Table 5).

Discussion

For the first time, we demonstrate the core spring stopover areas
for a Baffin Island breeding population of cackling geese. This
stopover area is located in the Hudson Bay Lowlands and is the
last one used before a long migratory flight crossing the bay before
arrival at the breeding area. The timing and environmental

301
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FIGURE 2

The last spring stopovers of cackling geese along Hudson Bay just before crossing the bay and arriving at the breeding ground (Baffin Island). The
map shows kernels of 50 (orange areas) and 80% (orange and grey areas) of the total density of the stopover site. The red points are all spring

stopovers of cackling geese.
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TABLE 4 Summary of linear mixed models (LMMs) for incubation period.

. . R’m
Fixed effects Estimate Std. Error 95% ClI (lower) 95% ClI (upper) AlCc R2c /
Spring arrival date -16.83* 5.16 -27.38 =521
Stopover duration (days) at the last stopover 8.38* 2.84 2.05 14.19

3204 0.31/0.71

Temperature at the breeding ground at arrival

date (kelvin) 11.05* 4.10 2.28 19.42
Random effect Variance Std.Dev.

Bird ID 7909 88.93

Residual 5664 75.26

The global models included Spring arrival date at breeding ground, Last stopover duration, Temperature at the breeding ground at the time of arrival date (kelvin), Snow depth at the breeding
ground at the time of arrival date (m), Temperature at the time of departing the stopover (kelvin), The number of days between arrival date and laying egg date (Interval), Departure date from the
last stopover.

*Significant factor.
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FIGURE 3

Relationship between spring stopover duration and the duration of the incubation period (proxy for breeding success) for cackling geese (estimate +
SD) 8.38+ 2.84. The Pearson correlation analysis resulted in R=0.14 (95% CI: —0.27-0.5). The blue line represents the predicted trend or regression
line, and the grey ribbon illustrates the confidence intervals.

TABLE 5 Summary of binary logistic regression models of probability of nest initiation.

Estimate Std. Error 95% Cl (lower) 95% CI (upper) AIC

Stopover duration (days) | 0.04 0.05 -0.06 0.16 43.0 0.03

The global models included Spring arrival date at the breeding ground, Last stopover duration, Temperature at the breeding ground at the time of arrival date, Snow depth at the breeding ground
at the time of arrival date (m), Temperature at the time of departing the last stopover (kelvin).

conditions upon arrival at the breeding grounds in spring are closely ~ Consequently, changes along the migration route can have a
linked to the breeding success of migrants, as the window for  profound impact on a bird’s reproductive success and ultimately
reproduction is limited (Alerstam and Lindstrom, 1990; Clark and  affect population dynamics (Both and Visser, 2001; Forchhammer
Butler, 1999; Prop et al, 2003), particularly at higher latitudes. et al., 2002; Gordo et al, 2005). Our results demonstrate the
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importance of conditions and duration at the last spring stopover on
subsequent spring migration phenology and reproductive success.

Cackling geese have a short pre-breeding interval and undergo
rapid follicle development well before arrival on the breeding
grounds, thus they are thought to employ a capital breeding
strategy (Si et al., 2015; Neufeld, 2021). Our results suggest that
they are strongly dependent on stopovers at Hudson Bay Lowlands
during migration to refuel and gain energy stores required for
reproduction, similar to lesser snow geese (Thomas and Prevett,
1982). Increased time at the last stopover led to later arrival on the
breeding grounds, suggesting a potential trade-off between nutrient
acquisition and timing of nesting. Spring phenology may play a role
in nutrient dynamics. In warmer years, individuals departed for the
breeding grounds earlier, perhaps because warmer conditions
allowed them to reduce energetic expenditures and reach optimal
breeding conditions earlier. Often, Arctic-breeding birds (e.g.,
Arctic-breeding goose species) arrive at the breeding ground
before the snowmelt (Najafabadi et al, 2015; Si et al, 2015).
Stopovers play a crucial role in allowing geese to adjust their
migration timing based on environmental conditions. The weather
conditions at the last stopover often correspond to those at the
breeding grounds, providing birds with cues about conditions at
their destination. During colder years, birds may extend their stay at
stopovers to avoid harsh weather at higher latitudes. In contrast,
during warmer years, geese may depart their last stopover earlier, as
favourable conditions at the stopover and breeding grounds such as
earlier snowmelt and advanced spring phenology, indicate that the
breeding season has started earlier. Our results showed the birds that
had fewer stopovers during spring migration, arrived earlier. This
could be due to a trade-off between travel speed and energy reserves.
Stopover use depends on factors like environmental conditions, food
availability, and the bird’s energetic state (Hedenstrom and
Alerstam, 1997). Birds in poorer condition may require more
stops to refuel, delaying migration, while birds with sufficient
reserves can skip stops, gaining reproductive advantages through
early arrival (Moller, 1994; Kokko, 1999). Further research is needed
to investigate why some birds make more stops. Factors such as age,
health, and environmental conditions may be influential on the
number of stopovers birds take during migration (Newton, 2010),
and climate change may further impact stopover habitat conditions
and available food (Gordo et al.,, 2005).

Cackling geese with later spring departure dates tended to
compensate for their delayed migration by increasing their
migration rate during the last leg, likely to arrive at breeding
areas competitively. This flexible response reflects an ability to
adjust migration speed in alignment with timing constraints,
which is consistent with findings in other Arctic-breeding geese,
where earlier arrivals at breeding grounds are generally associated
with greater reproductive success (Kokko, 1999; Moore et al., 2005;
Drent et al., 2007; Si et al., 2015; Lawrence et al., 2022). While we
expected higher temperatures at the breeding ground to provide
more favourable conditions for breeding resulting in faster
migration rates, we found that breeding ground temperature and
log of migration rate were not positively associated, possibly due to
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the independent influence of snow depth at nesting areas. Higher
snow depth at the breeding grounds creates challenging conditions
for cackling geese by covering food sources and making it harder to
find adequate nourishment. To mitigate these challenges according
to our results, geese appear to adjust their migration rate, slowing
down during the last leg of migration. Specifically, migration rate
decreased by approximately 2.65 log-units for each unit increase in
snow depth at the breeding grounds, equating to a reduction of
about 6.41 km/day for every additional 2.5 cm of snow. This
highlights the birds™ flexibility in responding to environmental
cues both at stopovers and their breeding sites. While
photoperiod is a primary cue for migration timing in Arctic-
breeding geese, ensuring consistent spring arrival (Mickelson,
1975), local conditions such as snow depth directly influence the
onset of nesting and may have impacted migration rate and arrival
timing in our study system.

We also examined the effect of the distance between the last
stopover and the breeding site on migration rate, finding that birds
travelled faster over longer distances. However, we acknowledge
that the estimated effect size for this relationship was extremely
small (0.0002 + 0.001, 95% CI: 0.000046-0.00047), and while
statistically significant, it may not show a meaningful biological
effect, thus such small effect sizes should be interpreted cautiously.
Generally, birds traveling longer distances may have higher rates
(Newton, 2010) and higher rates of travel in our study system may
also reflect selection for an earlier arrival. Another factor that we
could not measure that may influence the migration rate is the
amount of fuel that geese carry, which could impact the time they
need to refuel at stopover sites. Higher fuel loads enable more
efficient refuelling and shorter stopovers, resulting in a faster
migration rate, while lower fuel loads might lead to longer
stopover periods and slower migration speeds (Newton, 2010;
Shamoun-Baranes et al., 2012).

We found that arrival dates were later for birds that spent longer
at the last stopover, yet these birds tended to have a higher rate of
incubation success. This contrasts with general patterns in
migratory species, where individuals arriving earlier at breeding
grounds tend to breed earlier and have higher reproductive success
(Moller, 1994; Tombre and Erikstad, 1996; Potti, 1998; Beéty et al.,
2003). Late-nesting Arctic-breeding birds generally have lower
reproductive success across various measures (Perrins, 1970;
Cooke et al,, 1995), partly due to increased predation risk later in
the season as predators, such as foxes or jaegers, become more
active while feeding their young (Smith and Wilson, 2010;
McKinnon et al, 2010; Brown et al., 2022). However, relatively
few studies have explored the potential cost of earlier arrival,
particularly in capital breeders that rely on internal reserves for
successful reproduction. The potential disadvantages of earlier
arrival could offset its benefits. Some costs include encountering
severe weather conditions (Moller, 1994; Brown and Brown, 2000),
limited food resources early in the season (Prop and de Vries, 1993;
Béty et al, 2004), and increased predation risk associated with
poorly concealed nests or resource-limited territories (Palomino
et al., 1998). While earlier arrivals are typically associated with
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higher reproductive success (Béty et al., 2003), our findings suggest
that later arrivals, supported by longer stopovers and better body
condition, may offset some costs of early arrival, such as harsh
weather and limited resources.

We found that duration at the last stopover had a negative
relationship with the stopover temperature at arrival (i.e., cooler
temperatures at arrival to the stopover induced longer stopover
durations) and a positive relationship with temperature upon
arrival at the breeding ground. This is consistent with our results
for the breeding arrival date, where warmer breeding ground
temperatures (indicating earlier spring phenology) promoted earlier
departure from the last stopover and earlier breeding arrival. The
onset of spring green-up is closely tied to temperature (Fitzjarrald
et al,, 2001; Suzuki et al., 2003) and we predicted that the higher the
temperature at the breeding ground, the earlier the spring phenology.
We expected that birds at their last stopover may receive cues as to
conditions at their breeding sites and could depart accordingly. Our
results support this prediction in that stopover duration was shorter
when conditions at breeding sites were more advanced. However, we
also show that conditions at stopover could be influential on timing
and carry-over to affect incubation, thus conditions across late spring
migration may interact to impact phenology and breeding success.
While here we have used correlations to examine carry-over effects,
an experimental approach would be stronger, but such approaches
may be limited in long-distance migratory systems. Further work
with direct tracking devices that provide greater temporal and spatial
precision, could build upon our inferences here regarding potential
carry-over effects of last stopover conditions on subsequent timing
and breeding.

A common phenomenon in various species is that photoperiod is
the primary stimulus that initiates gonadal development and
courtship, while ambient temperature and food availability are
employed for more precise determinations of the optimal timing for
breeding (Hahn et al.,, 1997; Pulido and Berthold, 2004). Consistent
with this, our study shows that temperature at the time of arrival at the
breeding ground had a positive correlation with incubation duration
in cackling geese (Table 4). However, our results also suggest the
influence of pre-arrival conditions on timing and incubation success,
as we found that duration at the last stopover had a positive
relationship with the probability of successful incubation. Consistent
with our results, previous studies have shown that time spent at pre-
Arctic stopovers may serve two purposes: First, it enables birds to get
within close proximity to their Arctic breeding areas, so they can reach
their destination in less than a day (Burger et al., 2022). Additionally, it
provides them with the opportunity to assess local cues to flexibly
determine the best time to make the final flight. Second, this stopover
may be of sufficient duration to allow birds to accumulate enough
nutrient reserves, which are important for successful reproduction
(Baldwin et al.,, 2022; Burger et al., 2022). Moreover, birds that arrived
earlier at the breeding grounds had a longer incubation period, a proxy
for breeding success, and higher chance for renesting in the case of the
first clutch being lost (Gunnarsson et al., 2005). Birds arriving earlier
than their competitors may have access to higher-quality breeding
resources and territories, supporting higher success.
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While this study provides valuable insight into the migration
ecology of cackling geese and the impact of environmental
conditions on incubation success, there are several limitations and
biases that need to be recognized. This study does not account for
post-hatching survival or other reproductive outcomes. Our metric
of breeding success (i.e. incubation success) is only an estimate and
should be supported by other measures in future studies. Further,
our findings are based on a single breeding population and
migratory system and replication in different populations is
essential to validate and generalize our conclusions, particularly
considering environmental variability across the broad geographic
range of cackling geese. Also, the timing and environmental
conditions during migration and at stopovers may introduce
biases. Factors such as year-to-year variability in temperature and
snow depth at greater timescales, as well as unmeasured variables
like wind conditions or food availability, could influence migration
phenology and breeding outcomes. Advancements in tracking
technologies, such as archival GPS units and satellite-transmitting
devices, offer higher spatial and temporal precision than geolocators
and can address limitations like spatial accuracy near the equinox or
at stopovers inherent in the use of geolocators (Bridge et al., 2013;
Kays et al., 2015). Integrating these tools with remote sensing data,
such as vegetation indices, can enhance understanding of how
climate change influences migration and breeding (McKinnon
and Love, 2018). Further technologies, such as machine learning,
could be employed to assist in analysing large datasets and
expanding studies across populations. These methods could help
to make important additional advancements in our understanding
migration ecology in these systems and thus inform conservation
efforts under changing climate conditions (Hochachka et al., 2007).
Future research that integrates additional environmental and
physiological data will be critical to building on the findings
presented here.

Conclusion

The Hudson Bay Lowlands serve as a critical stopover site for
cackling geese, providing essential resources for refuelling for
successful breeding. Longer stopovers in this region were linked
to higher incubation success, emphasizing its importance in
reproductive outcomes. Similar findings in other Arctic-nesting
geese, such as lesser snow geese, highlight the role of pre-Arctic
stopovers in supporting nutrient acquisition and migration timing
(Thomas and Prevett, 1982; Beéty et al., 2003). Changes to the
Hudson Bay Lowlands staging areas, due to climate change or
resource competition, could profoundly affect cackling geese
populations, underscoring the need for continued monitoring and
conservation efforts.

Our results suggest that weather conditions at migratory
stopover influence the timing of arrival and breeding in Arctic
geese, where warmer conditions at stopover were associated with
earlier arrival dates at high-Arctic breeding sites. Furthermore,
longer stopover durations in the Hudson Bay Lowlands were
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associated with a higher likelihood of successful incubation once
birds arrived at their breeding sites on Baffin Island, suggesting that
stopover use plays a key role in supporting reproductive success.
Overall, our results demonstrate that conditions experienced en
route can influence arrival date and breeding outcomes,
emphasizing the importance of the migratory period when
assessing the potential impacts of environmental change on
Arctic breeding birds. Finally, this research provides new evidence
for the reliance of cackling geese on the Hudson Bay Lowlands
during migration, which will be important for the ongoing
assessment of potential impacts of environmental change and
resource development on this species, as well as foraging
competition with other goose populations that utilize the same
staging areas.
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