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Many migratory bird populations are declining in the face of habitat degradation and cli-
mate change, making it important to identify which stages of their annual cycle are most
affected in order to guide conservation measures. The Bewick’'s Swan Cygnus columbia-
nus bewickii, an Arctic-breeding waterfowl species, has suffered a dramatic population
decline (from approximately 30 000 individuals in 1995 to around 13 000 in 2020) due
to low reproductive output. However, it is unknown which component of reproduction
(breeding propensity, nesting success and post-hatching survival) is the underlying cause.
We analysed GPS tracking and accelerometer data from over 60 adult female Bewick’s
Swans collected over 8 years, to derive breeding propensity (i.e. the decision to breed or
not) and nesting success (i.e. completing incubation) at the individual level, and assess
how these metrics are influenced by onset of spring and migration timing. The odds of
breeding increased by 3.9% (estimate = —0.04, se = 0.02, P=0.04) for each day that the
swans arrived earlier at the breeding grounds. The odds of successfully nesting increased
by 5.8% (estimate =—0.06, se =0.03, P=0.06) per day of earlier snowmelt anomaly,
suggesting a slight positive effect of climate warming on nesting. However, the propor-
tion of breeding females was consistently low throughout the study period, suggesting
that other factors may be driving the long-term population decline of the species by neg-
atively impacting breeding propensity. Our study shows that distinguishing between dif-
ferent phases of the reproductive cycle is critical for a better understanding of the causes
of migratory population declines in a changing world.
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Migratory birds face the challenge of navigating
multiple habitats, biomes or even entire continents
each year, while encountering pressures from
human activity (McCulloch et al. 1992, Nemes
et al. 2023), habitat degradation (Ockendon
et al. 2012, Walther 2016) and environmental
change (Lameris et al 2018, Robertson
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et al. 2024) throughout their journey. These pres-
sures are reflected in the fact that approximately
half of all migratory species are threatened or
declining (Kirby et al. 2008, Bairlein 2016, Zurell
et al. 2018, Lees et al. 2022). To address these
concerns effectively, it is crucial to identify which
stages of the annual cycle are negatively impacted
and to understand how these stages influence one
another (Martin et al. 2007, Reynolds et al. 2017,
Nolet et al. 2020, Schindler et al. 2024,
Poysd 2025).
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Long-distance Arctic migrants that breed at
higher latitudes are often thought to be of particu-
lar concern (Hof et al 2017, Wauchope
et al. 2017, Kubelka et al. 2022) because global
warming occurs much faster in the Arctic than at
lower latitudes (‘Arctic amplification’, Pithan &
Mauritsen 2014, Rantanen et al. 2022). Warming
causes an advancement in the onset of spring,
which can lead to a mismatch between the timing
of reproduction and local resource availability
(Tulp &  Schekkerman 2008, Thackeray
et al. 2016, Inouye 2022), potentially impairing
reproductive success (Lameris et al. 2018). How-
ever, the remoteness of their breeding ranges,
where some Arctic migrants spend up to half of
the annual cycle, makes it particularly challenging
to monitor key aspects of their life history that
drive population dynamics.

The reproductive output of a population
depends on successful reproduction by individual
birds, which in turn relies on a sequence of steps,
each contingent on the previous one: breeding
propensity (the decision to breed or not), nesting
success (completion of incubation until hatching)
and hatchling or fledgling survival, with overall
productivity being the product of these compo-
nents (Nolet et al. 2020). While nesting success
and offspring survival are among the most studied
aspects of bird population biology, breeding pro-
pensity, despite its influence on population
dynamics (Acker et al. 2022), has received less
attention (Nicol-Harper et al. 2023), largely due to
the inherent difficulty of identifying non-breeding
birds and investigating potential reasons for why
those birds did not breed.

In Arctic migrants, breeding propensity can be
influenced by environmental conditions on the
breeding grounds (Reed et al. 2004, Dickey
et al. 2008, Anderson et al. 2015, Boom
et al. 2023), predator pressure (Spaans
et al. 1998), competition (Catlin et al. 2019, Acker
et al. 2022), or intrinsic factors such as age or
breeding success in previous years (Cam
et al. 1998, Pradel et al. 2012, Warren
et al. 2014). Especially in long-lived species, indi-
viduals may purposefully abstain from breeding in
years when conditions are unfavourable (Nichols
et al. 1994, Spaans et al. 1998, Syroechkovsky
et al. 2002, Shaw & Levin 2013, Souchay
et al. 2014, Tavera et al. 2020, Grandmont
et al. 2023) to maximize their survival until the
next season and thereby their lifetime reproductive

success (Stearns 2000). Especially in the context
of declining populations and rapid environmental
change, incorporating breeding propensity into
studies of breeding success is crucial when identi-
fying key drivers of decline and understanding
long-term population viability.

Advanced animal tracking technologies allow
for the collection of detailed data on animal move-
ment and behaviour throughout the annual cycle,
including in remote regions (Kays et al. 2015,
Shamoun-Baranes & Camphuysen 2025). This has
made it possible to monitor various reproductive
phases of Arctic-breeding birds, for example, to
identify breeding attempts and derive nesting suc-
cess (Picardi et al. 2020, Schreven et al. 2021,
Ozsanlav-Harris et al. 2022, Boom et al. 2023,
Cunningham et al. 2023, Ferraz et al. 2024, Oppel
et al. 2025), thereby enabling population-level esti-
mates of reproductive metrics (Murgatroyd
et al. 2023, Solovyeva et al. 2025). Such
approaches have opened a previously unavailable
window of opportunity for understanding and
addressing declines in Arctic-breeding bird popula-
tions, by enabling separate assessment of key
reproductive phases and identifying where poten-
tial conservation efforts are needed the most.

The Bewick’s Swan Cygnus columbianus bewickii
is a long-lived migratory bird, with the Western
Palearctic flyway population breeding on the
coastal tundra of European Russia and wintering in
northwestern Europe. This population of Bewick’s
Swans has declined strongly from approximately
30000 individuals in 1995 to around 13000 in
2020 (Rees & Beekman 2010, Beekman
et al. 2019, Rees & Clausen 2024, Koffijberg
et al. 2025). Studying the reproductive cycle of
Bewick’'s Swans in their breeding area is highly
challenging due to its inaccessibility and the low
density of nests (Mineyev 1991, Rees 2006a), and
any efforts to monitor trends and densities across a
larger spatial extent have relied on aerial counts
(Shchadilov et al. 2002, Rees & Rozenfeld 2020,
Solovyeva et al. 2023). An integrated population
model based on SOyears of individual
mark-resighting data from the non-breeding
grounds, combined with winter counts of adults
and juveniles, identified declining reproductive
success as the major driver of the population
decline (Nuijten et al. 2020a). Another study used
such winter counts to examine the factors
influencing breeding success at the population
level and found that fewer young were produced
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in years with lower summer temperatures and
higher estimated predator abundance (Wood
et al. 2016). The proportion of juveniles on the
wintering grounds showed no long-term trend
between 1964 and 2014, but low productivity
explained a decline in numbers observed between
2010 and 2020, a decline that has probably con-
tinued at least until 2024 (Koffijberg et al. 2025).
While these studies suggest that climate factors
may negatively affect the population through
impacting breeding success, they relied solely on
observational data from the wintering grounds.
Therefore, what drives reproductive success at the
individual level, and especially which stages of the
breeding period are affected, remains unknown.

Here, we use 8 years of GPS tracking and acceler-
ometer data to quantify Bewick’s Swan breeding
propensity and nesting success in the context of a
changing climate. Deriving these metrics in Bewick’s
Swans is complicated by the fact that males also
spend a significant amount of time sitting on the nest
(25-50%), meaning that females are not
near-continuously on the nest (Kondratiev 1991,
Rees 2006b), which makes the use of simple metrics
such as the female daily median body acceleration
(Schreven et al. 2021) insufficient. We present a
method that integrates GPS and accelerometer data
to derive separate estimates of breeding propensity
and nesting success for individual Bewick’s Swans.
By comparing these estimates to winter count data
of juveniles, we additionally infer the
population-level survival of juveniles from hatching
to the first winter. We then assess how breeding pro-
pensity and nesting success relate to departure date
from the wintering grounds, arrival at the breeding
grounds and the timing of spring onset. We expect
that earlier-arriving individuals show higher breed-
ing propensity, given the narrow window for breed-
ing in the Arctic, and that nesting success increases
with an earlier onset of spring, due to the indirect
effects such as higher temperatures and food avail-
ability for incubating parents. Finally, we relate these
patterns to the long-term population decline and dis-
cuss their impact compared with other pressures
faced by Bewick’s Swans along their flyway.

METHODS

Catching and tagging

Bewick’s Swans were caught with cannon nets in
the Netherlands and Germany in the winters of
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2016/17-2022/23 while flock-feeding on agricul-
tural fields. More details of these catches are pro-
vided in Nuijten and Nolet et al. (2020) and
Linssen et al. (2023). We fitted a total of 102
Bewick’s Swans (61 adults, 18 yearlings (ca.
1.5years) and 23 juveniles (ca. 0.5years)) with
GPS-GSM  transmitters attached as neckbands.
The transmitters were solar-powered and weighed
70g (2016/17-2019/20; MadebyTheo, custom-
made) or 65g (2020/21-2022/23; Ornitela,
OrniTrack-N55), which amounted to 1.0-1.6% of
the body mass of the birds. They collected GPS
locations and tri-axial accelerometer data (2-s
burst, 20 Hz; hereafter ACC), the latter used as a
measure of body activity (Nuijten et al. 2020b), at
intervals ranging from 2h to every 5min depend-
ing on the battery charge. We analysed data from
the period between 1 May and 31 July, encom-
passing the entire nesting period since birds do not
arrive at the breeding grounds before May and
start their post-breeding moult at the end of July
or early August. Our dataset contains all breeding
seasons from 2017 to 2024.

Sex was determined from blood samples using
molecular sexing (Fridolfsson & Ellegren 1999)
with some modifications to the PCR thermal
cycling profile (step 1: 94°C for 1.30 min; Step 2:
48°C for 0.45s; Step 3: 72°C for 0.45s; Step 4:
94°C for 0.30's; repeat 34 X from Step 2; 48°C for
1.00 min; 72°C for 5.00 min), and using a 2%
instead of 3% agarose gel to separate PCR products.

Deriving breeding propensity and
nesting success

Various methods have been developed to identify
breeding attempts in female birds using GPS data
alone (e.g. Picardi et al. 2020) or in combination
with ACC data (Schreven et al. 2021,
Ozsanlav-Harris et al. 2022, Wolfson et al. 2022).
These approaches generally assume that females
are solely responsible for incubation, remaining on
the nest almost continuously for the whole incuba-
tion period and making simple movement metrics
(e.g. median displacement) suitable indicators of
incubation. In Bewick’s Swans, however, males
also spend a significant amount of time sitting on
the nest (roughly 25-50% of the time, Kondra-
tiev 1991, Rees 2006a). Although this behaviour
probably has a different function than true incuba-
tion by females (Hawkins 1986), it makes identify-
ing incubation from the female’s movement data
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less straightforward. To account for the reduced
nest attendance of female Bewick’s Swans, we
adapted the method from Schreven et al. (2021)
that integrates GPS and ACC data (see Supporting
Information Fig. S1, for a schematic overview of
our workflow).

We identified breeding attempts in females aged
3years (4th calendar year) or older, that is adult
females (Rees 2006c), based on age at capture.
Males were excluded because we tracked relatively
few of them, and because short (i.e. failed) nesting
attempts (lasting only a few days) were difficult to
detect from their limited daily time spent on the
nest compared with females. Including males could
therefore have biased the dataset towards (near-)
successful nesting attempts. Only females with
data recorded at intervals of 30min or shorter
throughout the breeding period were included,
and tracks with any temporal gaps (>30min) in
data (e.g. because of device or battery failure)
were excluded (n=11 excluded bird summers).
We first calculated the overall dynamic body accel-
eration (ODBA) for each ACC burst:

ODBA = Y (|ay—ay| + |ay—ay| + |a.—a:|)

where a; represents the raw acceleration for axis i
(x, y or z). From the ODBA, we derived two met-
rics to detect breeding attempts. First, we calcu-
lated the daily 0.25 quantile ODBA. Secondly, we
identified ‘stationary periods’, defined as periods
where ACC bursts consistently had an ODBA
lower than 1g (gravitational acceleration) for at
least 20 min, indicative of prolonged body inactiv-
ity. Using only data from stationary periods, we
calculated the daily median deviation of the lati-
tude from its daily mean, as an indication of how
spatially clustered the stationary periods were each
day (strong clustering indicating probable nest
attendance).

We combined these two metrics to identify
breeding attempts as follows. To assign the onset of
a breeding attempt, we took the first three consecu-
tive days during which the daily 0.25 quartile
ODBA remained below 1g (Supporting Informa-
tion Fig. S2a—c). Within this 3-day period, the first
day on which the median deviation from the daily
mean latitude was below 0.001° was marked as the
start of incubation (Supporting Information
Fig. S2d-f). The end of incubation was defined as
the first instance of the daily 0.25 quartile ODBA
remaining above 1g for 3days, or the first day

where the median deviation from the daily mean
latitude was above 0.001°. We visually confirmed
that the daily mean latitude remained stable over
the identified period (Supporting Information
Fig. S2g—i). The nest location was determined as
the median longitude and latitude of all stationary
periods between the start and end of incubation.
Nesting success was defined as a nesting period last-
ing 29 days or longer, indicative of complete incu-
bation (Kondratiev 1991, Rees 2006a, Schreven
et al. 2021). Because we could not with certainty
exclude cases where birds continued incubating
unfertilized or failed eggs, our proportion of nesting
success may be slightly overestimated. Individuals
that met none of the above criteria were classified
as non-breeders (Supporting Information Fig. S2).
We validated our method using six summer
tracks from adult females known from field observa-
tions to have returned to the wintering grounds
with juveniles, all of which were correctly classified
as successful breeders. We also applied the method
to all our tracks of yearling females (n = 21), which
are too young to breed (Rees 2006a); all were cor-
rectly classified as non-breeding. When applied to
all adult female tracks, the birds clearly fell into
breeding or non-breeding with no ambiguous cases.

Comparison with field observations and
winter count data

Since the absence of breeding attempts can be
caused by females not having a partner, we checked
whether the tracked females had been recorded as
paired or unpaired in the winter range during each
calendar year (i.e. for each summer season, during
the months of January-December of that same
year) by volunteer field observers (data extracted
from  https://submit.cr-birding.org/).  Although
recording pair status in the field is challenging and
prone to misclassification, particularly when indi-
viduals are mistakenly classified as unpaired, the
data provided us with a rough estimate of the num-
ber of adult females with and without a partner.
Additionally, each December, a large network
of volunteers count the proportion of juveniles
and the average brood size for Bewick’s Swans
across their northwest European winter range to
monitor breeding success over time (Tijsen & Kof-
fijberg 2022, Prior et al. 2023, Koffijberg 2024,
Koffijberg et al. 2025). Since these counts are done
after autumn migration, they reflect the combined
result of breeding propensity, nesting success and
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juvenile survival until the first winter at the popu-
lation level. As such, they offer a more complete
measure of ‘ultimate breeding success’ (i.e. the
percentage of females that successfully raised one
or more juveniles to their first winter), albeit only
at the population level. We used the annual juve-
nile proportion and average brood size from the
aforementioned winter counts to back-calculate
the proportion of adult females that achieved ulti-
mate breeding success (for method, see Supporting
Information Appendix S1). This allowed us to
contextualize our telemetry-based estimates of
breeding propensity and nesting success; namely,
the difference between our nesting success esti-
mate and the count-based ultimate breeding suc-
cess indicates a population-level estimate of
post-hatching juvenile mortality.

Factors influencing breeding propensity

We aimed to assess the extent to which breeding
propensity was influenced by departure date from
the wintering grounds, arrival at the breeding
grounds, timing of spring onset on the breeding
grounds and the interval between arrival and
spring onset on the breeding grounds (‘relative
arrival’).

Inherent to studying breeding propensity is that
for individuals that did not attempt to breed, there
is no nest-site, and the breeding ground is in prin-
ciple unknown. Nevertheless, to be able to include
spatial variation in spring onset into our model of
breeding propensity, we split the breeding range
into two main regions: (1) mainland Russia and
Kolguyev island (hereafter ‘mainland’), and (2) the
southern island of the Novaya Zemlya archipelago
(Yuzhny Island) and Vaygach Island (hereafter
‘Novaya Zemlya’; Fig. 1). This division reflects
consistent differences in bioclimatic characteristics
based on the Circumpolar Arctic Vegetation Map,
with the mainland region classified as Low Arctic
and the Novaya Zemlya region as High Arctic
(Ahlenius 2010), and in the energy expenditure
needed to reach and start breeding in the respec-
tive breeding regions (e.g. Schreven et al. 2026).
We assigned each individual summer track, regard-
less of breeding status, to the region that contained
the majority of GPS fixes during the second and
third weeks of June. This period excludes stop-
overs on the mainland by birds migrating to
Novaya Zemlya (which occur from mid-May to
early June at the latest) but includes the nesting
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period even for the earliest breeders (mid-May to
mid-June, this study, Rees 2006b). This allowed
us to assign a summer region to both breeders and
non-breeders for our analysis of breeding propen-
sity. We thereby assumed that breeding status does
not influence the choice of summer region, that is
that individuals return to the same region, whether
they breed or not. We tested this assumption by
looking at the summer regions of individuals with
multi-year tracking data (=34 individuals;
Fig. 2); none of these switched regions between
years, supporting the validity of our approach.

Migration departure and arrival

We calculated departure from the wintering
grounds as the latest day on which an individual’s
location was west of 15°E longitude, a threshold
that encompasses the current Bewick’s Swan win-
ter range (Nuijten et al. 2020c, Linssen
et al. 2025) but excludes the first major staging
area in the Baltic region (Nuijten et al. 2014).
Arrival at the breeding grounds was determined as
the first day on which a bird was within its sum-
mer region (region polygons presented in Fig. 1a).

Onset of spring

We used the regional date of snowmelt as a proxy
for the timing of spring onset. To arrive at a
region-level estimate of the date of snowmelt, we
first determined annual snowmelt dates (first day
with less than 50% snow cover) for the individual
nest-sites detected in each region during the study
period (2017-2024), wusing satellite imagery
(Copernicus Sentinel-2, European Space
Agency 2021) and the approach described in Sup-
porting Information Appendix S2. We averaged
the snowmelt dates of the individual nests per
region and year. We then calculated the annual
deviation of the regional date of snowmelt from
the mean of that region over the study period
(‘regional snowmelt anomaly’), positive values indi-
cating a late snowmelt and negative values indicat-
ing an early snowmelt relative for the region. Thus,
per summer track, we included both a region vari-
able (i.e. mainland or Novaya Zemlya) and a region
snowmelt anomaly variable, to distinguish between
the effects of consistent region differences and
interannual variation in the onset of spring on
breeding propensity. Additionally, we calculated
the arrival of an individual relative to spring onset
as the number of days between arrival at the breed-
ing grounds and the regional date of snowmelt.
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Figure 1. (a) Nest-sites of Bewick’s Swans from the Western Palearctic flyway population tracked between 2017 and 2024 (indicated
by white circles), with polygons indicating the two regions distinguished in our analysis: mainland (including Kolguyev Island; red)
and Novaya Zemlya (including Vaygach Island; blue). (b) The percentage of successful (green) and unsuccessful (orange) breeding
attempts and non-breeding attempts (purple) per region across the study period. Numbers indicate sample sizes for each category.

Statistical analysis

To assess how migration phenology and onset of
spring relate to breeding propensity, we fitted gen-
eralized linear mixed models using a logit-link
function and combinations of the following predic-
tors: departure date from the wintering grounds,
arrival date at the breeding grounds, (summer)
region, regional snowmelt anomaly and relative
arrival (all models listed in Table S1). To test for
within-model multicollinearity among predictor
variables, we calculated variance inflation factors
(VIFs) using the check_collinearity() function from
the  ‘performance’ R package  (Liidecke
et al. 2021). VIFs indicated low multicollinearity
among predictors across models of both breeding
propensity (range 1.00-2.90) and nesting success
(range 1.03—4.25). Individual was included as a
random intercept in all models (categorical vari-
able based on tag ID). Year was not included as a
random effect as it is indirectly included through
snowmelt anomaly, which varies per year, making
year itself redundant. Nor did we include year as a

fixed effect since we considered our annual sample
sizes too small to reliably detect potential linear
trends in breeding propensity over 8 years of track-
ing. We selected the best model by comparing
AIC, values (second-order Akaike information cri-
terion, Akaike 1973), favouring the most parsimo-
nious model within 2 AAIC, from the lowest AIC.
value among all models (Arnold 2010).

Factors influencing nesting success

For those birds that attempted breeding, we aimed
to assess how their nesting success was influenced
by the departure date from the wintering grounds,
arrival date at the breeding grounds and the timing
of snowmelt at the breeding grounds. In contrast
to the analysis of breeding propensity, we did not
include relative arrival and departure date from
the wintering grounds as predictors of nesting suc-
cess. Since those variables primarily impact the
time available for foraging upon arrival, we
expected that those variables could have a
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Region
@® Mainland
A Novaya Zemlya

Nest attempt
@® Successful
@® Unsuccessful

@ No attempt

2022 2023 2024

Figure 2. Summer region and nesting attempts of GPS-tracked adult female Bewick’'s Swans, illustrating regional fidelity of breeding
propensity within individuals. The shape indicates whether the individual spent the summer on the Mainland (circle) or on Novaya
Zemlya (triangle) (based on the proportion of GPS fixes during the first and second week of June). The colour indicates whether the
individual made a nesting attempt (green = yes, successful; red = yes, unsuccessful; black = no attempt).

potential effect on the decision to attempt breed-
ing, but not on the probability of successful hatch-
ing once eggs have been laid. For individuals
where we tracked breeding attempts across multi-
ple years, we used the GPS coordinates of the first
attempt also for all following years, because birds

generally nest in very close proximity to their pre-
vious sites (Supporting Information Fig. S3, see
also Syroechkovsky et al. 2002).

The explanatory variables in the analysis of
nesting success were similar to those in the analysis
of breeding propensity, except that we used the
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snowmelt variables per nest-site instead of the
aggregated values per region (Supporting Informa-
tion Appendix S2), as each individual in the for-
mer analysis was assigned to an exact nest-site. We
split the date of snowmelt into two predictors: (1)
the mean date of snowmelt for each nest-site
across the study period (‘mean snowmelt’), and
(2) the annual deviation from that mean (‘snow-
melt anomaly’). In this way, each summer track
was assigned one value representing the long-term
average timing of spring at its nest-site, and one
value representing relatively how early or late
snowmelt occurred in that particular year, allowing
us to capture both spatial and temporal variation
in spring onset.

To assess how migration phenology and onset
of spring relate to the probability of the female
completing incubation to the hatching period, we
fit generalized linear mixed models of nesting suc-
cess, using a logit-link function and combinations
of the following predictors: arrival date at the
breeding grounds, (summer) region, nest-site-
specific mean snowmelt and nest-site-specific
snowmelt anomaly (all models listed in Table S2).
We included the region of the nest-site (mainland
or Novaya Zemlya) to test for differences in nest-
ing success between the regions that are unrelated
to weather (e.g. predation). Individual was
included as a random intercept (categorical vari-
able based on tag ID) in all models. Year was not
included as a random or fixed effect based on the
same reasons mentioned for the analysis of breed-
ing propensity. Model selection was done similar
to the analysis of breeding propensity. We visually
inspected residual diagnostics, including residuals
versus fitted values and assessment of the distribu-
tion of residuals, to verify that model assumptions,
including the normality of residuals, were satisfied.
All analyses were carried out in R 4.2.3 (R Core
Team 2023) using glmmTMB (Brooks et al. 2017)
for model fitting and ggplot2 (Wickham 2016) for
data visualization.

RESULTS

In total, 63 adult female Bewick’s Swans provided
sufficient data to analyse breeding attempts and
nesting success, resulting in 122 individual summer
tracks in total (Table S3). We derived 37 breeding
attempts from 26 individuals from those tracks
(overall breeding propensity =30%), spanning

eight breeding seasons (2017-2024; Figs. 1b-3,
Table S4). Of these attempts, 20 were successful
(nesting duration >29days; overall nesting
success = 16%; Figs. 1b and 2, Table S4).
Although breeding propensity and nesting success
showed relatively high annual variability, warrant-
ing some caution for interpretation, they were con-
sistently low across years, with breeding propensity
exceeding 40% (n=9 individuals) only once, in
2022, during the study period (Fig. 3, Table S4).
Breeding propensity and nesting success were
overall slightly higher in the Novaya Zemlya
region (32% and 21%, respectively) than in the
mainland region (30% and 14%, respectively,
Fig. 1b), but the difference was not statistically sig-
nificant (Fisher’s exact test of breeding status pro-
portions: P=0.570). Individuals showed strong
fidelity to their summer region, spending summers
consistently in either the mainland or Novaya
Zemlya region regardless of breeding status

(Fig. 2).

Comparison with field observations and
winter count data

In 28% (15 out of 53) of those bird summers
where no breeding attempt was made and pair sta-
tus was recorded in winter during that same calen-
dar year, the tracked female was reported as
unpaired by volunteer field observers (Table S3).
Annual variation in breeding propensity and
nesting success, calculated at the individual level
from our GPS-tracked birds, corresponded with
the ultimate breeding success, inferred at the pop-
ulation level from annual brood counts in the win-
tering range (Pearson’'s r for breeding
propensity = 0.72, P=0.043; for nesting success:
r=0.87, P=0.005; Fig. 3, Table S4), but note
that this could only be assessed for a relatively
short temporal period of eight consecutive years
(i.e.  breeding seasons). Comparing the
telemetry-based average nesting success estimate
over our study period (16.6%) with the
count-based average ultimate breeding success
over that same period (11.5%) indicates that
roughly 30% of parents that succesfully completed
incubation, hatching one or more chicks, arrived
without any chicks on the wintering grounds. That
is, at least 30% of hatchlings did not survive until
their first winter, but probably more since initial
clutch sizes tend to be larger (roughly three on
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Figure 3. Breeding propensity (light green), nesting success (medium dark green) and ultimate breeding success (dark green) of
adult female Bewick’s Swans across the years. Ultimate breeding success refers to the percentage of females that successfully
raised one or more juveniles to their first winter. Breeding propensity and nesting success were derived at the individual level from
GPS-tracked adult females; ultimate breeding success was derived at the population level from winter count data (see section Com-
parison with winter count data). Numbers along the top indicate annual sample sizes of individual summer tracks. For the raw num-
bers underlying this figure, see Supporting Information Table S4.

average, Rees 2006b) than brood sizes recorded
during the winter counts.

Drivers of breeding propensity

We identified six competing top models
(AAIC. < 2) of breeding propensity, all of which
included arrival date as a predictor (Table S1).
The explanatory power of the models was gener-
ally weak, with the variables explaining some
10-15% of the variation in breeding propensity
(Table S1). The model with arrival date as the sole
predictor performed best, having the fewest
degrees of freedom (Table 1, see also Supporting
Information Table S1). The odds of breeding
increased by 3.9% (= —0.04, se=0.02, P=0.04,
Fig. 4, Table 1) for each day that the swans arrived
earlier at the breeding grounds, although note the
effect size was rather small (Fig. 4). The closest
competing model, with the lowest AIC. but higher
degrees of freedom, included both region and
arrival date, where only the latter was significant
(Supporting Information Table S1). Nevertheless,

modelled breeding propensity was generally low,
with predictions staying below 50% even for the
earliest arrivals in our dataset (Fig. 4).

Drivers of nesting success

We identified four competing top models
(AAIC.<2) of nesting success, all of which
included snowmelt anomaly (i.e. annual snowmelt
deviation from the mean across the study period) as
a predictor (Table S2). The model with snowmelt
anomaly as the sole predictor performed best, hav-
ing the fewest degrees of freedom (Supporting
Information Table S2, Table 2). The odds of suc-
cessfully nesting increased by 5.8% (8= —0.06,
se =0.03, P=0.06; Fig. 5; Table 2) per day of ear-
lier snowmelt anomaly, although note that the
model output indicated that this effect was only
marginally insignificant (Table 2). The closest com-
peting model, with the lowest AIC. but higher
degrees of freedom, included both snowmelt anom-
aly and arrival date, with only the former being sig-
nificant (Supporting Information Table S2).
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DISCUSSION

Using GPS and accelerometer data, we examined
breeding propensity and nesting success separately
across eight breeding seasons in a declining popula-
tion of Bewick’s Swans. Birds that arrived early on
their breeding grounds appeared more likely to
attempt breeding, and nesting success appeared
higher in years with an early snowmelt, suggesting
slight  positive  effects of the climate
change-induced advancement of spring onset. Nev-
ertheless, breeding propensity was consistently low
throughout the study period. These findings sug-
gest that factors other than spring onset and
changes therein are responsible for the persistently
low proportion of breeding adults, presumably
contributing to the ongoing population decline.
Aerial surveys covering the core part of the
Western Palearctic breeding range found that
38-56% of Bewick’s Swans occupied breeding ter-
ritories in 1980, 1981 and 1991, while a variable
65%, 71% and 20% of territorial pairs attempted
to breed in 1991, 1998 and 1999, respectively
(note that the two measures were recorded in dif-
ferent years, Shchadilov et al. 2002). Although
deferral of breeding under unfavourable conditions
is a common strategy for long-lived species to
increase their survival and lifetime reproductive
success (Spaans et al. 1998, McCleery et al. 2002,
Shaw & Levin 2013, Cunningham et al. 2023), the
fact that the Bewick’s Swan population size started
decreasing in the mid-1990s may indicate that the
breeding propensity rates estimated in that period
of time were already insufficient to maintain a

Table 1. Summary statistics from the best-performing GLMM
of breeding propensity (i.e. the model with the lowest df within
2 AAIC; of the lowest-AlC. model), which includes day of
arrival at the breeding grounds (arrival) as a predictor and a
random effect for individual bird. We report parameter esti-
mates, standard errors, Wald Z statistics with associated P-
values, and the degree of variance explained by the model
using the marginal and conditional R-squared. An overview of
all candidate models considered in the AIC.-based model
selected is provided in Supporting Information Table S1.

Std. z
Estimate error value P-value RPc Ru
Intercept  5.48 3.01 1.82 0.07 0.106 0.064
Arrival —0.04 0.02 —-2.09 0.04
Random intercept: individual (variance = 0.1551;

sd= 0-3939)7 Miracks = 122: NMindividuals = 63.

stable population. Our telemetry data suggest that
breeding propensity has since remained low and
potentially declined even further, in line with the
overall population size (Beekman et al. 2019, Kof-
fijberg et al. 2025), with an average of 30% of
adult females attempting to breed over 8years.
Although neck collars have been reported to
reduce breeding propensity in Greater Snow Geese
Chen caerulescens (Reed et al. 2005) and Brent
Geese Branta bernicla (Lensink 1968), Bewick’s
Swans are much larger-bodied, making collars only
1-1.5% of their body mass. Furthermore,
neck-banded Bewick’s Swans showed no altered
behaviour after just a few weeks (Nuijten
et al. 2014), similar to findings in Black Swans
Cygnus atratus (Guay & Mulder 2009). We there-
fore consider it unlikely that our low breeding pro-
pensity estimates are the consequence of tagging.

Maintaining a stable population ultimately
depends on a combination of sufficient breeding
success and survival, the latter of which is generally
high in Bewick’s Swans (> 0.873 on average across
all ages, Nuijten et al. 2020a). Determining the min-
imum breeding propensity required for population
stability would require a dedicated modelling study
(e.g. Koons et al. 2017). Our results are, however,
similar to previous findings that overall breeding
success was low over the past 25years (Nuijten
et al. 2020a, Koffijberg et al. 2025), suggesting that
the current levels of breeding propensity are below
those necessary to sustain the population, poten-
tially driving its decline.

Bewick’s Swans were more likely to attempt
breeding when arriving earlier at their breeding
grounds. Most of the top competing models
(AAIC. < 2) of breeding propensity also included
either day of snowmelt or relative arrival (the
interval between arrival and snowmelt, Supporting
Information Table S1), suggesting that the onset of
spring plays a role, with earlier springs linked to
higher breeding propensity. Correspondingly, nest-
ing success was higher during years with earlier
snowmelt. These findings are similar to those of a
field study of Bewick’s Swans nesting on Vaygach
Island, which reported lower nest density and nest-
ing success in colder years (Syroechkovsky
et al. 2002). Similar patterns have been observed
in Mute Swans Cygnus olor (Kouzov et al. 2024a),
Barnacle Geese Branta leucopsis (Prop & de
Vries 1993, Layton-Matthews et al. 2020, Boom
et al. 2023), Pink-footed Geese Anser brachyr-
hynchus (Madsen et al. 2007, Anderson
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Figure 4. Relationship between breeding propensity and day of arrival at the breeding grounds. Circles along the top and bottom
represent raw data points (breeding attempt: yes or no). There were no overlapping data points. The black line shows the GLMM pre-

diction with the grey band representing the 95% confidence interval.

Table2. Summary statistics from the best-performing GLMM
of nesting success (i.e. the model with the lowest df within 2
AAIC, of the lowest-AAIC. model), which includes snowmelt
anomaly as a predictor and a random effect for individual bird.
We report parameter estimates, standard errors, Wald Z statis-
tics with associated P-values, and the degree of variance
explained by the model using the marginal and conditional R-
squared. An overview of all candidate models considered in
the AIC.-based model selected is provided in Supporting Infor-
mation Table S2.

Nesting Std. Z
success Estimate error value P-value Rc RPm

(intercepty 012 035 033 074 NA 0.128
Snowmelt —0.06 003 -1.86 0.06

anomaly

Random intercept: individual (variance = 3.2e-09; sd =5.6e-
05): Mhracks = 37, Nindividuals = 26.

et al. 2015) and Snow Geese (Reed et al. 2004,
Dickey et al. 2008), where early springs were like-
wise associated with a higher likelihood of breed-
ing and nesting success.

It is striking that our model selection indicated
that breeding propensity was better predicted by
arrival date than by the timing of snowmelt, or
even arrival relative to snowmelt. Bewick’s Swans

partially adjust their arrival timing in response to
spring onset, arriving earlier in years with an early
spring (Lameris et al. 2025, Linssen et al. 2025).
Hence, the earlier arrivals in our study probably
reflect, at least in part, a flexible response to ear-
lier springs. Nonetheless, our results suggest that
the environmental effects of arrival timing may be
less important than, or at least act in concert with,
direct benefits of early arrival, such as securing a
better breeding territory (Kokko 1999). This is
particularly relevant for paired Bewick’s Swans to
secure the territory of the previous year, and such
pairs may even start nesting while the tundra is
still covered with snow and ice (Rees & Belou-
sova 2006, Rees 2006b). Finally, early arrival may
also provide swans with more time to replenish
energy reserves before breeding begins, enhancing
resource accumulation with potential carry-over
effects affecting subsequent breeding propensity
(Ebbinge & Spaans 1995, Drent 2006, Spaans
et al. 2007).

Spring is generally advancing under the influ-
ence of current climate change (Thackeray
et al. 2016, Inouye 2022), leading to an increased
frequency of early springs, which in our study
population are associated with higher breeding
propensity through earlier arrival and higher
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Figure 5. Relationship between nesting success and the snowmelt anomaly (the day of snowmelt relative to the mean for the nest-site
across 2017-2024). Circles along the top and bottom represent raw data points (nesting success: yes or no) with some horizontal jitter to
show overlapping points. The black line shows the GLMM prediction with the grey band representing the 95% confidence interval. Note
that the modelled nesting success applies only to females that attempted to breed, so predictions range from 0% to 100% and are higher
than the overall nesting success reported in the results, which is based on the total number of adult females.

breeding success. Spring onset in the Russian Arc-
tic has advanced by a long-term average of
0.35 days per year (Linssen et al. 2025). Although
our modelled effect of snowmelt appears relatively
modest given this trend, this may benefit breeding
propensity over the course of several decades. For
example, 30 years of advancing spring onset would
be associated with an increase in breeding propen-
sity of roughly 5-10% (Fig. 4). Thus, the ongoing
decline of the Bewick’s Swan population since the
mid-1990s is probably caused by other factors
than the advancing onset of spring at the breeding
grounds.

Low breeding propensity may result from inter-
specific competition at various stages of the annual
cycle. The final stopover sites during spring migra-
tion are critical for Bewick’s Swans to accumulate
sufficient energy to complete the last leg of their
migration, and to arrive at the breeding site with
enough resources for breeding (Rees &
Bowler 1991, Nolet et al. 2001, Nolet 2006, Nuij-
ten & Nolet 2020). In contrast to the winter
period, when interspecific competition at feeding

sites is probably reduced due to an abundance of
food resources (Wood et al. 2021), food

availability at staging sites is more limited and
competition with Whooper Swans Cygnus cygnus
in particular may occur as this species also feeds
on below-ground parts of aquatic macrophytes
(Nolet & Drent 1998, Mikhailov et al. 2024, Kou-
zov et al. 2024b, 2024c). Furthermore, on the
breeding grounds, Bewick’s Swans face increasing
numbers of breeding Whooper Swans (Shchadilov
et al. 2002, Kritsov & Mineyev 2013, Rees
et al. 2019) and moulting Mute Swans (Petr Gla-
zov pers. comm., Syroechkovski 2002, Rees
et al. 2019). Potential negative effects of competi-
tion are supported by a modelling study based on
winter counts (Nuijten et al. 2020a), which found
a negative correlation between Bewick’s Swan
breeding success and Whooper Swan abundance,
although the effect was relatively small.

Despite the species being protected across its
range, Bewick’s Swans experience high hunting
pressure, probably concentrated in the northern
part of their flyway (Newth er al. 2019, 2022). We
hypothesize that increased hunting pressure may
reduce breeding propensity of the species and
explain the relatively modest explanatory power of
the current environmental variables considered in
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our analysis. A striking 33% of Bewick’s Swans
(n = 46) caught between 2017 and 2022 in The
Netherlands carried embedded shotgun pellets in
their tissues (Buij et al. 2026). In the UK, 23% of
wintering Bewick’s Swans since 2000 had embed-
ded pellets (31% when counting since the 1970s,
Newth et al. 2011). Moreover, adults carrying shot-
gun pellets appeared in poorer condition when
caught in the UK (Newth et al. 2011), probably
months or more after most of the injuries had been
inflicted. A study on Greater Snow Geese found
that fewer females nested in years with spring hunt-
ing (Mainguy et al. 2002). Similarly, research on
Common Eiders Somateria molissima showed that
sudden environmental disturbances (albeit associ-
ated with food shortage) led to reduced breeding
propensity, demonstrating that stress factors can
cause females to defer breeding (Legagneux
et al. 2016). Paradoxically, annual survival in
Bewick’s Swans is high across age groups
(0.87-0.94, Nuijten et al. 2020a). Although this
suggests that being shot is often non-lethal, we
hypothesize that disturbances and certainly injuries
caused by shooting during late spring migration or
upon arriving at the breeding grounds may lead to
reduced body condition and, subsequently, deferred
breeding in Bewick’s Swans. We currently lack suffi-
cient data on the incidence of embedded pellets
among our tagged individuals to test for an effect on
breeding performance, but we highly recommend
that future studies investigate potential links
between pellet injury and reproductive success,
while simultaneously increasing efforts to reduce
hunting and disturbance at key stopover and breed-
ing sites.

Another reason to abstain from breeding is that
a bird may be without a partner. Although con-
firming individual pair status in flocks of overwin-
tering swans is difficult and prone to error, data
from our tracked birds suggest that approximately
a quarter were unpaired (Supporting Information
Table S3). Studies undertaken at Slimbridge, UK,
from 1963 to 1999 found that only 67% of adult
Bewick’s Swans were paired (Rees 2006¢), indicat-
ing that unpaired birds are common and unlikely
to be a notable effect of catching and tagging. This
is supported by a recent study on Greater
White-fronted Geese Anser albifrons that found no
effect of neck collars on pairing status (Babkina
et al. 2025).

Moreover, the comparison of our telemetry-
based estimates of breeding propensity and nesting

Breeding biology of Bewick’s Swans 13

success with winter counts of juveniles indicated
that at least 30% of hatchlings die before their first
winter. Although egg predation is probably
reduced because either the female or male sits on
the eggs, while the attending parent bird tends to
defend their nest from predators such as Arctic
Foxes Vulpes lagopus (Syroechkovsky et al. 2002),
fewer juveniles are generally observed on the win-
tering grounds following summers with higher esti-
mated Arctic Fox abundance (Wood et al. 2016).
This suggests that post-hatching juvenile predation
contributes to the reduced reproductive output
(Wood et al. 2016, Layton-Matthews et al. 2020).
Our results further suggest that predation,
together with unknown but potentially high mor-
tality during the first autumn migration, probably
amplifies the effect of an already low number of
hatchlings on the population decline. Furthermore,
shifts in vegetation communities due to climate
change may alter the landscape (e.g. an increase in
shrubby vegetation, Shabanov et al. 2021) in ways
that enhance concealment of land predators such
as Arctic Foxes (Johnson-Bice et al. 2025). To gain
more insight into these processes, future studies
should aim to derive hatchling survival from the
tracked movement of adult breeding birds, since
parents typically avoid long-distance flights while
their hatchlings are still flightless (Rees 2006b). A
sudden change in movement patterns, for example
because they return to mobile flying behaviour,
could thus indicate mortality of juveniles. Linking
breeding propensity and nesting success with juve-
nile survival at the individual level (Ross
et al. 2018) would allow for more accurate assess-
ments of the key factors driving population
dynamics.

CONCLUSIONS

In order to obtain a better understanding of popula-
tion declines and thereby inform conservation of
migratory species, it is essential to identify which
stages of the annual cycle contribute most (either
positively or negatively) to overall population pro-
ductivity (Martin et al. 2007, Reynolds et al. 2017).
Despite the fact that increasingly early springs
linked to climate change are associated with higher
nesting success in European Bewick’s Swans, popu-
lation persistence remains threatened by consis-
tently low breeding success throughout the 21st
century. Our findings suggest that low breeding
propensity may be a key driver of poor reproductive
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output and that factors other than climatic condi-
tions, such as hunting of adults, impact breeding
propensity. An important next step is to elucidate
the relative contributions of breeding propensity,
nesting success and hatchling survival to population
dynamics. Identifying the minimum levels required
for each to sustain the Bewick’s Swan population
will be crucial to effectively address the population
decline and inform conservation measures across
the species’ flyway.

First, we thank everyone involved in catching and tag-
ging birds, notably Hans-Joachim Augst, Chiel Boom,
Fred Cottaar, Axel Degen, Youri van der Horst, Erik
Kleyheeg, Helmut Kruckenberg, Thomas Lameris, Jutta
Leyrer, Sander Moonen, Gerhard Miiskens, Rascha
Nuijten, Martijn van der Sluijs, Wim Tijsen, Jan Vege-
lin, Lisa Vergin, Peter de Vries and Anna Hermsen.
We are most grateful to all the people who contributed
to the annual Bewick’s Swan brood counts throughout
the years, and to Jan Beekman, Wim Tijsen and more
recently Kees Koffijberg for coordinating those counts,
and curating and providing the data. We thank
Hans-Joachim Augst for coordinating the citizen-science
efforts to record pair status of Bewick’s Swans on the
wintering grounds. We thank Panagiota Folla for her
preliminary analyses of nesting attempts, which helped
shape ours. The people of the Foraging and Movement
Ecology group at NIOO-KNAW, the Animal Move-
ment Ecology group and the Theoretical Ecology and
Evolution group at UvA-IBED provided valuable feed-
back during earlier parts of the project, in particular
Emiel van Loon, Kees Schreven, Thomas Lameris,
Michiel Boom, Bart Kranstauber and Nomikos Skyllas.
We are grateful to Diana Solovyeva, Petr Glazov and
Julia Loshchagina for sharing first-hand expertise on
Bewick’s Swan breeding biology. Finally, we thank the
two anonymous referees, the associate editor and editor
for their constructive and valuable feedback on the
manuscript.

AUTHOR CONTRIBUTIONS

Tohar Tal: Conceptualization; writing — original
draft; writing — review & editing; formal analysis;
methodology; visualization; investigation. Bart A.
Nolet: Writing — review & editing; data curation;
funding acquisition; conceptualization; methodol-
ogy; supervision; investigation. Tom S.L. Versluijs:
Writing — review & editing; data curation; method-
ology; formal analysis. Judy Z. Shamoun—Baranes:
Writing — review & editing; supervision. Gotz
Eichhorn: Writing — review & editing; data cura-
tion. Sabine Urban: Writing — review & editing;
data curation. Hans Linssen: Writing — original

draft; writing — review & editing; conceptualiza-
tion; formal analysis; methodology; data curation;
supervision; investigation.

FUNDING

This study was funded in part by the Dutch
Research Council (NWO-NPP grant 866.15.206
to B.A.N.). Bewick’s swan tagging in Germany was
funded by the Federal Agency for Nature Conser-
vation with funds from the Federal Ministry for
the Environment, Nature Conservation, Nuclear
Safety and Consumer Protection (BMUV; FKZ
3520685021). It was financially supported by the
Ministry of Environment of Schleswig-Holstein
and Lower Saxony, Naturschutzstiftung Emsland
and Naturschutzbund Deutschland.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ETHICAL NOTE

All catching, tagging and blood sampling were con-
ducted with permission from the relevant authori-
ties in the Netherlands (Dienst Regelingen permits
FF/75A/2016/044;  Omgevingsdienst ~ Brabant
Noord permits Z/046757 and Z/141920; Centrale
Commissie Dierproeven permits 2016518 and
202114712) and Germany (Niedersichsisches
Landesamt fiir Verbraucherschutz und Lebensmit-

telsicherheit (LAVES) permit AZ 20/3603).

Data Availability Statement

The data and code to reproduce the results are
available at Zenodo under restricted access:
https://doi.org/10.5281/zenodo.17131332.

REFERENCES

Acker, P., Schaub, M., Besnard, A., Monnat, J.-Y. & Cam,
E. 2022. Can attraction to and competition for high-quality
habitats shape breeding propensity? J. Anim. Ecol. 91: 933-
945.

Ahlenius, H. 2010. Definition of the geographic areas covered
in the Arctic Biodiversity Assessment. GRID-Arendal &
CAFF. https://www.grida.no/resources/6264

Akaike, H. 1973. Information theory and an extension of the
maximum likelihood principle. In Petrov, B.N. & Csaki, B.F.
(eds) Second International Symposium on Information
Theory. 267-281. Budapest, Hungary: Akadémiai Kiado.

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.

85U80|7 SUOLILLOD A1) 8|t [dde ay) Aq peussnob ae seoile YO ‘8sn J0 Sa|n. J0} Akeiqi8uljuo A3|1M UO (SUONIPUOS-pUe-SWLB)/W0D A8 | IMAle.q 1 BUl|UO//:Sdny) SUonIpuoD pue swse | ay1 8es [9202/.0/2z] uo Arigi7auluo A|IM ‘€900. 191/TTTT OT/I0p/wWod A8 |m Ale.q 1 puljuo//sdny wo.j pepeojumod ‘0 ‘X6T6v.yT


https://doi.org/10.5281/zenodo.17131332
https://www.grida.no/resources/6264

Anderson, H.B., Madsen, J., Fuglei, E., Jensen, G.H.,
Woodin, S.J. & van der Wal, R. 2015. The dilemma of
where to nest: Influence of spring snow cover, food
proximity and predator abundance on reproductive success
of an arctic-breeding migratory herbivore is dependent on
nesting habitat choice. Polar Biol 38: 153-162.

Arnold, T.W. 2010. Uninformative parameters and model
selection using Akaike’s information criterion. J. Wildl.
Manage. 74: 1175-1178.

Babkina, O., Polikarpova, D., Litvin, K., Glazov, P.,
Loshchagina, J. & Zaynagutdinova, E. 2025. The effect of
neckbands on the pairing status of greater White-fronted
geese Anser albifrons. Wildfowl 75: 212-219.

Bairlein, F. 2016. Migratory birds under threat. Science 354:
547-548.

Beekman, J.H., Koffijberg, K., Wahl, J., Kowallik, C., Hall,
C., Devos, K., Clausen, P., Hornman, M., Laubek, B.,
Luigujoe, L., Wieloch, M., Boland, H., évaias, S,
Nilsson, L., Stipniece, A., Keller, V., Gaudard, C., Degen,
A., Shimmings, P., Larsen, B.-H., Portolou, D.,
Langendoen, T., Wood, K.A. & Rees, E.C. 2019.
Long-term population trends and shifts in distribution of
Bewick’'s swans Cygnus columbianus bewickii wintering in
northwest Europe. Wildfow!/ Special Issue No. 5: 73-102.

Boom, M.P., Schreven, K.H.T., Buitendijk, N.H., Moonen,
S., Nolet, B.A., Eichhorn, G., van der Jeugd, H.P. &
Lameris, T.K. 2023. Earlier springs increase goose
breeding propensity and nesting success at Arctic but not at
temperate latitudes. J. Anim. Ecol. 92: 2399-2411.

Brooks, M.E., Kristensen, K., van Benthem, K.J.,
Magnusson, A., Berg, C.W., Nielsen, A., Skaug, H.J.,
Machler, M. & Bolker, B.M. 2017. gimmTMB balances
speed and flexibility among packages for zero-inflated
generalized linear mixed modeling. R J. 9: 378-400.

Buij, R., Moonen, S., Miiskens, G.J.D.M., van der Horst, Y.,
Kruckenberg, H., Liljeback, N., Mansson, J., Koffijberg,
K., van der Jeugd, H.P., Nolet, B.A., Baveco, J.M. &
Madsen, J. 2026. Crippling rates of waterfowl by gunshot in
Northwestern  Europe: Interspecific and  geographic
differences give clues to possible management challenges
and options. Eur. J. Wildlife Res. 72: 35.

Cam, E., Hines, J.E., Monnat, J.-Y., Nichols, J.D. &
Danchin, E. 1998. Are adult nonbreeders prudent parents?
The kittiwake model. Ecology 79: 2917-2930.

Catlin, D.H., Gibson, D., Hunt, K.L., Friedrich, M.J.,
Weithman, C.E., Karpanty, S.M. & Fraser, J.D. 2019.
Direct and indirect effects of nesting density on survival and
breeding propensity of an endangered shorebird. Ecosphere
10: e02740.

Cunningham, S.A., Schafer, T.L.J., Wikle, C.K., VonBank,
J.A., Ballard, B.M., Cao, L., Bearhop, S., Fox, A.D.,
Hilton, G.M., Walsh, A.J., Griffin, L.R. & Weegman, M.D.
2023. Time-varying effects of local weather on behavior and
probability of breeding deferral in two Arctic-nesting goose
populations. Oecologia 201: 369-383.

Dickey, M.-H., Gauthier, G. & Cadieux, M.-C. 2008. Climatic
effects on the breeding phenology and reproductive success
of an arctic-nesting goose species. Glob. Chang. Biol. 14:
1973-1985.

Drent, R.H. 2006. The timing of birds’ breeding seasons: The
Perrins hypothesis revisited especially for migrants. Ardea
94: 305-322.

Breeding biology of Bewick’s Swans 15

Ebbinge, B.S. & Spaans, B. 1995. The importance of body
reserves accumulated in spring staging areas in the temperate
zone for breeding in dark-bellied Brent geese Branta b.
bernicla in the high Arctic. J. Avian Biol. 26: 105-113.

European Space Agency. 2021. Copernicus Sentinel-2
(processed by ESA), 2021, MSI Level-1C TOA Reflectance
Product. Collection 1.

Ferraz, G., Pacheco, C., Fernandez-Tizéon, M., Marques,
A.T., Alves, P.C., Silva, J.P. & Mougeot, F. 2024. Using
GPS and accelerometer data to remotely detect breeding
events in two elusive ground-nesting steppe birds. Anim.
Biotelemetry 12: 30.

Fridolfsson, A.-K. & Ellegren, H. 1999. A simple and
universal method for molecular sexing of non-ratite birds. J.
Avian Biol. 30: 116-121.

Grandmont, T., Fast, P., Grentzmann, l., Gauthier, G., Béty,
J. & Legagneux, P. 2023. Should | breed or should | go?
Manipulating individual state during migration influences
breeding decisions in a long-lived bird species. Funct Ecol
37: 602-613.

Guay, P.-J. & Mulder, R.A. 2009. Do neck-collars affect the
behaviour and condition of black swans (Cygnus atratus)?
Emu - Aust. Omithol. 109: 248-251.

Hawkins, L.L. 1986. Nesting behavior of male and female
whistling swans and implications of male incubation.
Wildfowl 37: 5-27.

Hof, A.R., Rodriguez-Castafieda, G., Allen, A.M., Jansson,
R. & Nilsson, C. 2017. Vulnerability of subarctic and Arctic
breeding birds. Ecol. Appl. 27: 219-234.

Inouye, D.W. 2022. Climate change and phenology. WIREs
Clim. Change 13: €764.

Johnson-Bice, S.M., Warret Rodrigues, C., Gamblin, H.E.L.,
Baldwin, F.B. & Roth, J.D. 2025. Predator activity,
proactive anti-predator strategies and nesting phenology
produce a dynamic landscape of risk to tundra goose
reproduction. J. Anim. Ecol. 94: 2282-2294.

Kays, R., Crofoot, M.C., Jetz, W. & Wikelski, M. 2015.
Terrestrial animal tracking as an eye on life and planet.
Science 348: aaa2478.

Kirby, J.S., Stattersfield, A.J., Butchart, S.H.M., Evans, M.l.,
Grimmett, R.F.A.,, Jones, V.R., O’Sullivan, J., Tucker,
G.M. & Newton, I. 2008. Key conservation issues for
migratory land- and waterbird species on the world’s major
flyways. Bird Conserv. Int. 18: S49-S73.

Koffijberg, K. 2024. Results of the 42th international Bewick’s
swan age count in 16/17 December 2023. Swan News 19: 8-9.

Koffijberg, K., Prior, N., Clausen, P., Brides, K., Kowallik,
C., Hornman, M., Devos, K., Meisner, W., Tijsen, W.,
Burke, B., Luigujoe, L., Stipniece, A., Sniauksta, L.,
Nilsson, L., Strebel, N., Moussy, C., Calbrade, N.,
Shimmings, P., Langendoen, T., Wood, K.A. & Rees,
E.C. 2025. Decline of the Bewick's swan Cygnus
columbianus bewickii population wintering in Northeast/
Northwest Europe. Wildfowl 75: 63-93.

Kokko, H. 1999. Competition for early arrival in migratory
birds. J. Anim. Ecol. 68: 940-950.

Kondratiev, A.Y. 1991. Breeding biology of Bewick's swans
Cygnus bewickii in Chukotka, far eastern USSR. Wildfow!
Special Issue No. 1: 167-171.

Koons, D.N., Arnold, T.W. & Schaub, M. 2017.
Understanding the demographic drivers of realized
population growth rates. Ecol. Appl. 27: 2102-2115.

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.

85U80|7 SUOLILLOD A1) 8|t [dde ay) Aq peussnob ae seoile YO ‘8sn J0 Sa|n. J0} Akeiqi8uljuo A3|1M UO (SUONIPUOS-pUe-SWLB)/W0D A8 | IMAle.q 1 BUl|UO//:Sdny) SUonIpuoD pue swse | ay1 8es [9202/.0/2z] uo Arigi7auluo A|IM ‘€900. 191/TTTT OT/I0p/wWod A8 |m Ale.q 1 puljuo//sdny wo.j pepeojumod ‘0 ‘X6T6v.yT



16 T. Taletal.

Kouzov, S.A., Kravchuk, A.V., Abakumov, E.V. & Kouzova,
N.l. 2024a. Influence of winter temperature and spring ice
melt on the reproductive performance of mute swans
Cygnus olor nesting on offshore islands at the northern
edge of its breeding range. Wildfowl Special Issue No. 7:
202.

Kouzov, S.A., Kravchuk, A.V., Koptseva, E.M., Gubelit, Y.I.,
Zaynagutdinova, E.M. & Abakumov, E.V. 2024b.
Ecological and phylogenetic aspects of the spring diet of
three palaearctic species of swans. BMC Ecol. Evo. 24: 17.

Kouzov, S.A., Kravchuk, A.V., Zaynagutdinova, E.M. &
Abakumov, E.V. 2024c. Effects of timing of ice melt on
spring stopover patterns of migrating whooper swans
Cygnus cygnus and Bewick's swans Cygnus columbianus
bewickii in the Russian part of the eastern gulf of Finland.
Wildfowl Special Issue No. 7: 159.

Kritsov, S.K. & Mineyev, Y.N. 2013. Daily time and energy
budgets in whooper swans Cygnus cygnus and Bewick’s
swans Cygnus bewickii in the breeding season. Wildfowl 73:
319-321.

Kubelka, V., Sandercock, B.K., Székely, T. & Freckleton,
R.P. 2022. Animal migration to northern latitudes:
Environmental changes and increasing threats. Trends Ecol.
Evol. 37: 30-41.

Lameris, T.K., Boom, M.P., Nuijten, R.J.M., Buitendijk,
N.H., Eichhorn, G., Ens, B.J., Exo, K.-M., Glazov, P.M.,
Hanssen, S.A., Hunke, P., van der Jeugd, H.P., de Jong,
M.E., Kolzsch, A., Kondratyev, A., Kruckenberg, H.,
Kulikova, O., Linssen, H., Loonen, M.J.J.E.,
Loshchagina, J.A., Madsen, J., Moe, B., Moonen, S.,
Miiskens, G.J.D.M., Nolet, B.A., Pokrovsky, I,
Reneerkens, J., Scheiber, I|.B.R., Schekkerman, H.,
Schreven, K.H.T., Tal, T., Tulp, I, Verhoeven, M.A.,
Versluijs, T.S.L., Volkov, S., Wikelski, M. & van
Bemmelen, R.S.A. 2025. Migratory birds advance spring
arrival and egg-laying in the Arctic, mostly by travelling
faster. Glob. Chang. Biol. 31: e70158.

Lameris, T.K., van der Jeugd, H.P., Eichhorn, G., Dokter,
A.M., Bouten, W., Boom, M.P., Litvin, K.E., Ens, B.J. &
Nolet, B.A. 2018. Arctic geese tune migration to a warming
climate but still suffer from a phenological mismatch. Curr.
Biol. 28: 2467-2473.

Layton-Matthews, K., Hansen, B.B., Grgtan, V., Fuglei, E. &
Loonen, M.J.J.E. 2020. Contrasting consequences of
climate change for migratory geese: Predation, density
dependence and carryover effects offset benefits of
high-arctic warming. Glob. Chang. Biol. 26: 642-657.

Lees, A.C., Haskell, L., Allinson, T., Bezeng, S.B., Burfield,
1.J., Renjifo, L.M., Rosenberg, K.V., Viswanathan, A. &
Butchart, S.H.M. 2022. State of the world’s birds. Annu.
Rev. Env. Resour. 47: 231-260.

Legagneux, P., Hennin, H.L., Gilchrist, H.G., Williams, T.D.,
Love, O.P. & Béty, J. 2016. Unpredictable perturbation
reduces breeding propensity regardless of pre-laying
reproductive readiness in a partial capital breeder. J. Avian
Biol. 47: 880-886.

Lensink, C.J. 1968. Neckbands as an inhibitor of reproduction
in Black Brant. J. Wildlife Manage. 32: 418-420.

Linssen, H., Lameris, T.K., Boom, M.P., Nuijten, R.J.M.,
Buitendijk, N.H., Dokter, A.M., Ebbinge, B.S., Eichhorn,
G., Geisler, J., Haitjema, T., Kolzsch, A., Kruckenberg,
H., Leyrer, J., Madsen, J., Mitchell, C., Moonen, S.,

Miiskens, G.J.D.M., Schreven, K.H.T., Vergin, L.,
Versluijs, T.S.L., Shamoun-Baranes, J.Z., van Loon, E.E.
& Nolet, B.A. 2025. Scope for waterfowl to speed up
migration to a warming Arctic. Nat. Clim. Change 15: 1107-
1114.

Linssen, H., van Loon, E.E., Shamoun-Baranes, J.Z.,
Nuijten, R.J.M. & Nolet, B.A. 2023. Migratory swans
individually adjust their autumn migration and winter range
to a warming climate. Glob. Chang. Biol. 29: 6888-6899.

Liidecke, D., Ben-Shachar, M.S., Patil, I., Waggoner, P. &
Makowski, D. 2021. Performance: An R package for
assessment, comparison and testing of statistical models. J.
Open Source Softw. 6: 3139.

Madsen, J., Tamstorf, M., Klaassen, M., Eide, N., Glahder,
C., Rigét, F., Nyegaard, H. & Cottaar, F. 2007. Effects of
snow cover on the timing and success of reproduction in
high-Arctic pink-footed geese Anser brachyrhynchus. Polar.
Biol. 30: 1363-1372.

Mainguy, J., Béty, J., Gauthier, G. & Giroux, J.-F. 2002. Are
body condition and reproductive effort of laying greater snow
geese affected by the spring hunt? Condor Ornithol. Appl.
104: 156-161.

Martin, T.G., Chades, I, Arcese, P., Marra, P.P.,
Possingham, H.P. & Norris, D.R. 2007. Optimal
conservation of migratory species. PLoS One 2: e751.

McCleery, R.H., Perrins, C.M., Wheeler, D. & Groves, S.
2002. Population structure, survival rates and productivity of
mute swans breeding in a colony at Abbotsbury, Dorset,
England. Waterbirds 25, Special Publication 1: Proceedings
of the Fourth International Swan Symposium 2001: 192-
201.

McCulloch, M.N., Tucker, G.M. & Baillie, S.R. 1992. The
hunting of migratory birds in Europe: A ringing recovery
analysis. Ibis 134: 55-65.

Mikhailov, Y.M., Kaskova, K.A., Babkina, O.A. &
Zaynagutdinova, E.M. 2024. Shifts in site use by
spring-staging swans Cygnus sp., from traditional to
artificially reclaimed habitat in the Gulf of Finland. Wildfow/
Special Issue No. 7: 234.

Mineyev, Y.N. 1991. Distribution and numbers of Bewick’s
swans Cygnus bewickii in the European northeast of the
USSR. Wildfowl Special Issue No. 1: 62-67.

Murgatroyd, M., Tate, G. & Amar, A. 2023. Using GPS
tracking to monitor the breeding performance of a
low-density raptor improves accuracy, and reduces
long-term financial and carbon costs. R. Soc. Open Sci. 10:
221447.

Nemes, C.E., Cabrera-Cruz, S.A., Anderson, M.J.,
DeGroote, L.W., DeSimone, J.G., Massa, M.L. & Cohen,
E.B. 2023. More than mortality: Consequences of human
activity on migrating birds extend beyond direct mortality.
Ornithol. Appl. 125: duad020.

Newth, J.L., Brown, M.J. & Rees, E.C. 2011. Incidence of
embedded shotgun pellets in Bewick’s swans Cygnus
columbianus bewickii and whooper swans Cygnus cygnus
wintering in the UK. Biol. Conserv. 144: 1630-1637.

Newth, J.L., McDonald, R.A., Wood, K.A., Rees, E.C.,
Semenov, ., Chistyakov, A., Mikhaylova, G., Bearhop,
S., Cromie, R.L., Belousova, A., Glazov, P. & Nuno, A.
2022. Predicting intention to hunt protected wildlife: A case
study of Bewick’s swan in the European Russian Arctic.
Oryx 56: 228-240.

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.

85U8017 SUOWILIOD BAER.D) 8|eajdde ay) Aq peusenob afe Sajolle YO ‘@S JO Sa|n. 10} AkeiqiT aUljUO AB|IAA UO (SUONIPUOD-PU-SWLBH W0 A3 1M AReJq 1 BU 1 |UO//SANY) SUOIPUOD pue sWis | a1 88 *[9202/20/z2] uo Ariqiauliuo A8 (1M ‘€900. 1GY/TTTT OT/I0P/WO0D A8 | IM Afelq1BUUO//SANY WO1j paPeoUMOd ‘0 ‘X6T6Y YT



Newth, J.L., Wood, K.A., McDonald, R.A., Nuno, A,
Semenov, l., Chistyakov, A., Mikhaylova, G., Bearhop,
S., Belousova, A., Glazov, P., Cromie, R.L. & Rees, E.C.
2019. Conservation implications of misidentification and
killing of protected species. Conserv. Sci. Pract. 1: e24.

Nichols, J.D., Hines, J.E., Pollock, K.H., Hinz, R.L. & Link,
W.A. 1994. Estimating breeding proportions and testing
hypotheses about costs  of reproduction with
capture-recapture data. Ecology 75: 2052-2065.

Nicol-Harper, A., Doncaster, C.P., Hilton, G.M., Wood, K.A.
& Ezard, T.H.G. 2023. Conservation implications of a
mismatch between data availability and demographic
impact. Ecol. Evol. 13: e10269.

Nolet, B.A. 2006. Speed of spring migration of tundra swans
Cygnus columbianus in accordance with income or capital
breeding strategy. Ardea 94: 579-591.

Nolet, B.A., Andreev, V.A., Clausen, P., Poot, M.J.M. &
Wessel, E.G.J. 2001. Significance of the White Sea as a
stopover for Bewick's swans Cygnus columbianus bewickii
in spring. Ibis 143: 63-71.

Nolet, B.A. & Drent, R.H. 1998. Bewick’s swans refuelling on
pondweed tubers in the Dvina Bay (White Sea) during their
spring migration: First come, first served. J. Avian Biol. 29:
574-581.

Nolet, B.A., Schreven, K.H.T., Boom, M.P. & Lameris, T.K.
2020. Contrasting effects of the onset of spring on
reproductive success of Arctic-nesting geese. Auk 137:
ukz063.

Nuijten, R.J.M., Kolzsch, A., van Gils, J.A., Hoye, B.J.,
Oosterbeek, K., de Vries, P.P., Klaassen, M. & Nolet, B.A.
2014. The exception to the rule: Retreating ice front makes
Bewick’s swans Cygnus columbianus bewickii migrate slower
in spring than in autumn. J. Avian Biol. 45: 113-122.

Nuijten, R.J.M. & Nolet, B.A. 2020. Chains as strong as the
weakest link: Remote assessment of aquatic resource use
on spring migration by Bewick's swans. Avian Conserv.
Ecol. 15: 14.

Nuijten, R.J.M., Prins, E.F., Lammers, J., Mager, C. &
Nolet, B.A. 2020b. Calibrating tri-axial accelerometers for
remote behavioural observations in Bewick's swans. J. Zoo
Aquac. Res. 8: 231-238.

Nuijten, R.J.M., Vriend, S.J.G., Wood, K.A., Haitjema, T.,
Rees, E.C., Jongejans, E. & Nolet, B.A. 2020a. Apparent
breeding success drives long-term population dynamics of a
migratory swan. J. Avian Biol. 51: e02574.

Nuijten, R.J.M., Wood, K.A., Haitiema, T., Rees, E.C. &
Nolet, B.A. 2020c. Concurrent shifts in wintering distribution
and phenology in migratory swans: Individual and
generational effects. Glob. Chang. Biol. 26: 4263-4275.

Ockendon, N., Hewson, C.M., Johnston, A. & Atkinson,
P.W. 2012. Declines in British-breeding populations of Afro-
Palaearctic migrant birds are linked to bioclimatic wintering
zone in Africa, possibly via constraints on arrival time
advancement. Bird Study 59: 111-125.

Oppel, S., Beeli, U.M., Griiebler, M.U., van Bergen, V.S.,
Kolbe, M., Pfeiffer, T. & Scherler, P. 2025. Extracting
reproductive parameters from GPS tracking data for a
nesting raptor in Europe. J. Avian Biol. 2025: e03246.

Ozsanlav-Harris, L., Griffin, L.R., Weegman, M.D., Cao, L.,
Hilton, G.M. & Bearhop, S. 2022. Wearable reproductive
trackers: Quantifying a key life history event remotely. Anim.
Biotelemetry 10: 24.

Breeding biology of Bewick’s Swans 17

Picardi, S., Smith, B.J., Boone, M.E., Frederick, P.C.,
Cecere, J.G., Rubolini, D., Serra, L., Pirrello, S,
Borkhataria, R.R. & Basille, M. 2020. Analysis of movement
recursions to detect reproductive events and estimate their
fate in central place foragers. Mov. Ecol. 8: 24.

Pithan, F. & Mauritsen, T. 2014. Arctic amplification
dominated by temperature feedbacks in contemporary
climate models. Nat. Geosci. 7: 181-184.

Poysa, H. 2025. Climate change and nest predation affect
shifts in timing and duration of breeding as well as
reproductive success in a migratory species. J. Avian Biol.
2025: e03373.

Pradel, R., Choquet, R. & Béchet, A. 2012. Breeding
experience might be a major determinant of breeding
probability in long-lived species: The case of the greater
flamingo. PLoS One 7: e51016.

Prior, N., Koffijberg, K. & Tijsen, W. 2023. Results of the
international age count of the Northwest European Bewick’s
Swan, 17/18 December 2022. Swan News 18: 6-7.

Prop, J. & de Vries, J. 1993. Impact of snow and food
conditions on the reproductive performance of barnacle
geese Branta leucopsis. Ornis. Scand. 24: 110-121.

R Core Team 2023. R: A language and environment for
statistical computing. Vienna: R Foundation for Statistical
Computing. https://www.R-project.org/

Rantanen, M., Karpechko, A.Y., Lipponen, A., Nordling, K.,
Hyvarinen, O., Ruosteenoja, K., Vihma, T. & Laaksonen,
A. 2022. The Arctic has warmed nearly four times faster
than the globe since 1979. Commun. Earth Environ. 3:
168.

Reed, E.T., Gauthier, G. & Giroux, J.-F. 2004. Effects of
spring conditions on breeding propensity of greater snow
goose females. Anim. Biodivers. Conserv. 27: 35-46.

Reed, E.T., Gauthier, G. & Pradel, R. 2005. Effects of neck
bands on reproduction and survival of female greater snow
geese. J. Wildl. Manag. 69: 91-100.

Rees, E. & Belousova, A. 2006. Long-term study of Bewick’s
swans Cygnus columbianus bewickii nesting in the
Nenetskiy state nature reserve, Russia: Preliminary results
and perspectives. In Waterbirds around the World: 155-156.
Edinburgh, UK: The Stationary Office.

Rees, E.C. 2006a. Bewick’'s Swan. London, UK: T. & A.D.
Poyser.

Rees, E.C. 2006b. Breeding biology. In Bewick’s Swan: 204—
220. London, UK: T. & A.D. Poyser.

Rees, E.C. 2006c. Life-history studies. In Bewick’s Swan:
204-220. London, UK: T. & A.D. Poyser.

Rees, E.C. & Beekman, J.H. 2010. Northwest European
Bewick’s swans: A population in decline. Br. Birds 103: 640-
650.

Rees, E.C. & Bowler, J.M. 1991. Feeding activities of
Bewick’s swans Cygnus columbianus bewickii at a migratory
site in the Estonian SSR. Wildfow/ Special Supplement No.
1: 249-255.

Rees, E.C., Cao, L., Clausen, P., Coleman, J.T., Cornely, J.,
Einarsson, O., Ely, C.R., Kingsford, R.T., Ma, M,
Mitchell, C.D., Nagy, S., Shimada, T., Snyder, J.,
Solovyeva, D.V., Tijsen, W., Vilina, Y.A., Wiodarczyk, R.
& Brides, K. 2019. Conservation status of the world’s swan
populations, Cygnus sp. and Coscoroba sp.: A review of
current trends and gaps in knowledge. Wildfow! Special
Issue No. 5: 35-72.

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.

85U80|7 SUOLILLOD A1) 8|t [dde ay) Aq peussnob ae seoile YO ‘8sn J0 Sa|n. J0} Akeiqi8uljuo A3|1M UO (SUONIPUOS-pUe-SWLB)/W0D A8 | IMAle.q 1 BUl|UO//:Sdny) SUonIpuoD pue swse | ay1 8es [9202/.0/2z] uo Arigi7auluo A|IM ‘€900. 191/TTTT OT/I0p/wWod A8 |m Ale.q 1 puljuo//sdny wo.j pepeojumod ‘0 ‘X6T6v.yT


https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/

18 T. Taletal.

Rees, E.C. & Clausen, P. 2024. Swan research and
conservation: A synthesis of information presented at the
7th International Swan Symposium. Wildfow/ Special Issue
No. 7: 1-26.

Rees, E.C. & Rozenfeld, S.B. 2020. Cygnus columbianus
Bewick’'s swan. In Keller, V., Herrando, S., Vorisek, P.,
Franch, M., Kipson, M., Milanelsi, P., Marti, D., Anton, M.,
Klvanova, A., Kalyakin, M.V., Bauer, H.-G. & Foppen, R.P.B.
(eds) European Breeding Bird Atlas 2: Distribution,
Abundance and Change: 105. Barcelona, Spain: European
Bird Census Council & Lynx Edicions.

Reynolds, M.D., Sullivan, B.L., Hallstein, E., Matsumoto, S.,
Kelling, S., Merrifield, M., Fink, D., Johnston, A,
Hochachka, W.M., Bruns, N.E., Reiter, M.E., Veloz, S.,
Hickey, C., Elliott, N., Martin, L., Fitzpatrick, J.W.,
Spraycar, P., Golet, G.H., McColl, C., Low, C. &
Morrison, S.A. 2017. Dynamic conservation for migratory
species. Sci. Adv. 3: e1700707.

Robertson, E.P., La Sorte, F.A., Mays, J.D., Taillie, P.J.,
Robinson, 0.J., Ansley, R.J., O’Connell, T.J., Davis, C.A.
& Loss, S.R. 2024. Decoupling of bird migration from the
changing phenology of spring green-up. Proc. Natl. Acad.
Sci. U.S.A. 121: e2308433121.

Ross, M.V., Alisauskas, R.T., Douglas, D.C., Kellett, D.K. &
Drake, K.L. 2018. Density-dependent and phenological
mismatch effects on growth and survival in lesser snow and
Ross’s goslings. J. Avian Biol. 49: 1-12.

Schindler, A.R., Fox, A.D., Wikle, C.K., Ballard, B.M.,
Walsh, A.J., Kelly, S.B.A., Cao, L., Griffin, L.R. &
Weegman, M.D. 2024. Energetic trade-offs in migration
decision-making, reproductive effort and subsequent
parental care in a long-distance migratory bird. Proc. R.
Soc. B Biol. Sci. 291: 20232016.

Schreven, K.H.T., Stolz, C., Madsen, J. & Nolet, B.A. 2021.
Nesting attempts and success of Arctic-breeding geese can
be derived with high precision from accelerometry and GPS-
tracking. Anim. Biotelemetry 9: 25.

Schreven, K.H.T., Versluijs, T.S.L., Boom, M.P., Cottaar, F.,
Kuijken, E., Pessa, J., Tombre, .M., Verscheure, C.,
Madsen, J. & Nolet, B.A. 2026. Arctic geese in newly
colonised, colder breeding areas have higher spring body
mass and breed earlier relative to the onset of spring. J.
Anim. Ecol. 95: 97-114.

Shabanov, N.V., Marshall, G.J., Rees, W.G., Bartalev, S.A.,
Tutubalina, O.V. & Golubeva, E.l. 2021. Climate-driven
phenological changes in the Russian Arctic derived from
MODIS LAl time series 2000-2019. Environ. Res. Lett. 16:
084009.

Shamoun-Baranes, J. & Camphuysen, K.C.J. 2025. An
annual cycle perspective on energetics and locomotion of
migratory animals. J. Exp. Biol. 228: JEB248053.

Shaw, A.K. & Levin, S.A. 2013. The evolution of intermittent
breeding. J. Math. Biol. 66: 685-703.

Shchadilov, Y.M., Rees, E.C., Belousova, A.V. & Bowler,
J.M. 2002. Annual variation in the proportion of whooper
swans and Bewick’s swans breeding in northern European
Russia. Waterbirds 25: 86-94.

Solovyeva, D.V., Barykina, D.A., Kirtaev, G.V., Danilova,
V.V. & Rozenfeld, S.B. 2023. The tundra swan, Cygnus
columbianus (Anatidae), in the east Asian Arctic: Trends
and ranges of various flyway populations. Biol. Bull. Russ.
Acad. Sci. 50: 1908-1919.

Solovyeva, D.V., Lei, J., Tian, H., Fan, R., Vartanyan, S.,
Danilov, G., Barykina, D., Meng, F., Lu, C., Zeng, Q. &
Lei, G. 2025. New information on the breeding and moulting
ecology of the eastern population of lesser White-fronted
goose Anser erythropus from GPS/GSM tracking data. Bird
Conserv. Int. 35: el.

Souchay, G., Gauthier, G. & Pradel, R. 2014. To breed or
not: A novel approach to estimate breeding propensity and
potential trade-offs in an Arctic-nesting species. Ecology 95:
2745-2756.

Spaans, B., Blijleven, H.J., Popov, L.U., Rykhlikova, M.E. &
Ebbinge, B.S. 1998. Dark-bellied Brent geese
Branta bernicla bernicla forego breeding when Arctic foxes
Alopex lagopus are present during nest initiation. Ardea 86:
11-20.

Spaans, B., van’t Hoff, K., van der Veer, W. & Ebbinge,
B.S. 2007. The significance of female body stores for egg
laying and incubation in dark-bellied Brent geese Branta
bernicla bernicla. Ardea 95: 3-15.

Stearns, S.C. 2000. Life history evolution: Successes,
limitations, and prospects. Naturwissenschaften 87: 476-
486.

Syroechkovski, E.E. 2002. Distribution and population
estimates for swans in the Siberian Arctic in the 1990s.
Waterbirds 25 (Special Publication 1): 100-113.

Syroechkovsky, E.V., Litvin, K.E. & Gurtovaya, E.N. 2002.
Nesting ecology of Bewick’s swans on Vaygach Island,
Russia. Waterbirds 25: 221-226.

Tavera, E.A., Stauffer, G.E., Lank, D.B. & Ydenberg, R.C.
2020. Oversummering juvenile and adult semipalmated
sandpipers in Perl gain enough survival to compensate for
foregone breeding opportunity. Mov. Ecol. 8: 42.

Thackeray, S.J., Henrys, P.A., Hemming, D., Bell, J.R.,
Botham, M.S., Burthe, S., Helaouet, P., Johns, D.G.,
Jones, I.D., Leech, D.l., Mackay, E.B., Massimino, D.,
Atkinson, S., Bacon, P.J., Brereton, T.M., Carvalho, L.,
Clutton-Brock, T.H., Duck, C., Edwards, M., Elliott, J.M.,
Hall, S.J.G., Harrington, R., Pearce-Higgins, J.W., Hoye,
T.T., Kruuk, L.E.B., Pemberton, J.M., Sparks, T.H.,
Thompson, P.M., White, I, Winfield, I.J. & Wanless, S.
2016. Phenological sensitivity to climate across taxa and
trophic levels. Nature 535: 241-245.

Tijsen, W. & Koffijpberg, K. 2022. Results of the
40th international brood count for NW European Bewick’s
swan population in winter, December 2021. Swan News
17: 18.

Tulp, I. & Schekkerman, H. 2008. Has prey availability for
Arctic birds advanced with climate change? Hindcasting the
abundance of tundra arthropods using weather and
seasonal variation. Arctic 61: 48-60.

Walther, B.A. 2016. A review of recent ecological changes in
the Sahel, with particular reference to land-use change,
plants, birds and mammals. Afr. J. Ecol. 54: 268-280.

Warren, J.M., Cutting, K.A., Takekawa, J.Y., De La Cruz,
S.E., Williams, T.D. & Koons, D.N. 2014. Previous success
and current body condition determine breeding propensity in
lesser scaup: Evidence for the individual heterogeneity
hypothesis. Auk 131: 287-297.

Wauchope, H.S., Shaw, J.D., Varpe, O., Lappo, E.G.,
Boertmann, D., Lanctot, R.B. & Fuller, R.A. 2017. Rapid
climate-driven loss of breeding habitat for Arctic migratory
birds. Glob. Chang. Biol. 23: 1085-1094.

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.

85U80|7 SUOLILLOD A1) 8|t [dde ay) Aq peussnob ae seoile YO ‘8sn J0 Sa|n. J0} Akeiqi8uljuo A3|1M UO (SUONIPUOS-pUe-SWLB)/W0D A8 | IMAle.q 1 BUl|UO//:Sdny) SUonIpuoD pue swse | ay1 8es [9202/.0/2z] uo Arigi7auluo A|IM ‘€900. 191/TTTT OT/I0p/wWod A8 |m Ale.q 1 puljuo//sdny wo.j pepeojumod ‘0 ‘X6T6v.yT



Wickham, H. 2016. ggplot2: Elegant Graphics for Data
Analysis. Cham: Springer International Publishing.

Wolfson, D.W., Andersen, D.E. & Fieberg, J.R. 2022. Using
piecewise regression to identify biological phenomena in
biotelemetry datasets. J. Anim. Ecol. 91: 1755-1769.

Wood, K.A., Newth, J.L., Hilton, G.M., Nolet, B.A. & Rees,
E.C. 2016. Inter-annual variability and long-term trends in
breeding success in a declining population of migratory
swans. J. Avian Biol. 47: 597-609.

Wood, K.A., Newth, J.L., Hilton, G.M. & Rees, E.C. 2021.
Behavioural and energetic consequences of competition
among three overwintering swan (Cygnus spp.) species.
Avian Res. 12: 48.

Zurell, D., Graham, C.H., Gallien, L., Thuiller, W. &
Zimmermann, N.E. 2018. Long-distance migratory birds
threatened by multiple independent risks from global
change. Nat. Clim. Change 8: 992-996.

Received 24 September 2025;
Revision 26 February 2026;
revision accepted 20 March 2026.
Associate Editor: Anthony David Fox.

SUPPORTING INFORMATION

Additional supporting information may be found
online in the Supporting Information section at
the end of the article.

Figure S1: Schematic overview of the method
used to extract breeding attempts and nesting suc-
cess for adult (>=4th calendar year) female
Bewick’s Swan GPS and accelerometer (ACC, g
representing gravitational acceleration) data.

Figure S2: Examples of a breeding bird with a
successful breeding attempt (left row), a breeding
bird with an unsuccessful breeding attempt (mid-
dle row) and an individual without a breeding
attempt (right row). Nesting was defined as the
period in which the daily 0.25 quartile ODBA
(a—c) was below 1 g and the daily median deviation
of the latitude from its daily mean (d-f) was below
0.001°. Daily mean latitudes (g-i) confirmed that
the absolute geographical location was stable dur-
ing the nesting period for breeding birds, but not
for non-breeding birds.

Figure S3: Distances between nests of the 11
individuals with two different attempts in different
years. Each point represents a nest-site location
accompanied by a number indicating the distance
between nests (in metres).

Figure S4: Correlation between snowmelt esti-
mates derived from Sentinel-2 level 1C (top of
atmosphere) and level 2A (surface reflectance)
products across all nestsites (n=27) for
2019-2024. The level 1C product was used in the
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main analysis because level 2A data are not avail-
able for 2017-2018 at higher latitudes. Annual
snowmelt estimates from both products were
strongly correlated (mean Pearson’s r=0.98), indi-
cating that the choice of product does not affect
the conclusions.

Table S1: Comparison of models of breeding
propensity, using combinations of the predictors:
departure from the wintering grounds (departure),
arrival at the breeding grounds (arrival), summer
region (region), regional snowmelt anomaly and
relative arrival. All models included individual bird
as a random intercept. Models are sorted by AIC..
The model in bold was considered best-performing
(i.e. with AAIC. < 2 and the lowest df). Included
are also the R-squared values, both conditional
(R?c) and marginal (R?y).

Table S2: Comparison of models of nesting suc-
cess, using combinations of the predictors: arrival
at the breeding grounds (arrival), summer region
(region), mean snowmelt and snowmelt anomaly.
All models included individual bird as a random
intercept. Models are sorted by AIC.. The model
in bold was considered best-performing (i.e. with
AAIC.< 2 and the lowest df). Included are also
the R-squared values, both conditional (R%c) and
marginal (R?,). However, the conditional R?
could not be calculated for most models due to
the restrictive sample size.

Table S3: Overview of pairing status
(O = unpaired, 1 = paired, blank = no data), breed-
ing attempts (0 = no attempt, 1 = attempt), nesting
success (0 = unsuccessful, 1 = successful), and incu-
bation dates and duration of GPS-tracked adult
female Bewick’s swans. Only seasons that yielded
consistent enough data for us to assess breeding
attempts and success are included (see Methods).

Table S4: Breeding propensity, nesting success
and ultimate breeding success (the percentage of
females that successfully raised one or more juve-
niles to their first winter) over the years. Breeding
propensity and nesting success derived from telem-
etry data, ultimate breeding success derived from
winter count data. *Numbers are given in percent-
ages (%). **Average ultimate breeding success is
calculated only over the years 2017-2024.

Appendix S1: Back-calculating ultimate breed-
ing success from winter counts.

Appendix S2: Determining annual date of
snowmelt.
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