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Abstract
1.	 Intermittent breeding is an important tactic in long-lived species that trade off 

survival and reproduction to maximize lifetime reproductive success. When 
breeding conditions are unfavourable, individuals are expected to skip reproduc-
tion to ensure their own survival.

2.	 Breeding propensity (i.e. the probability for a mature female to breed in a given 
year) is an essential parameter in determining reproductive output and popula-
tion dynamics, but is not often studied in birds because it is difficult to obtain 
unbiased estimates. Breeding conditions are especially variable at high latitudes, 
potentially resulting in a large effect on breeding propensity of Arctic-breeding 
migratory birds, such as geese.

3.	 With a novel approach, we used GPS-tracking data to determine nest locations, 
breeding propensity and nesting success of barnacle geese, and studied how 
these varied with breeding latitude and timing of arrival on the breeding grounds 
relative to local onset of spring.

4.	 Onset of spring at the breeding grounds was a better predictor of breeding pro-
pensity and nesting success than relative timing of arrival. At Arctic latitudes 
(>66° N), breeding propensity decreased from 0.89 (95% CI: 0.65–0.97) in early 
springs to 0.22 (95% CI: 0.06–0.55) in late springs, while at temperate latitudes, it 
varied between 0.75 (95% CI: 0.38–0.93) and 0.89 (95% CI: 0.41–0.99) regardless 
of spring phenology. Nesting success followed a similar pattern and was lower in 
later springs at Arctic latitudes, but not at temperate latitudes. In early springs, 
a larger proportion of geese started breeding despite arriving late relative to the 
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1  |  INTRODUC TION

Environmental seasonality increases with latitude and results in 
spatiotemporal variation in resource availability. In response, ani-
mals have evolved various life-history strategies to cope with sea-
sonality. Migration is a striking example of a life-history tactic that 
enables animals to exploit seasonally occurring food peaks, while 
avoiding periods of scarcity (Holt & Fryxell, 2011; Newton, 2008). 
In order for migration to be a successful tactic, the gain in repro-
ductive output must equal or outweigh the additional annual mor-
tality associated with it (Stearns, 2000). Reproductive success is 
determined by a chain of events (including breeding propensity, 
clutch size, nesting success, hatchling and fledgeling survival) that 
each may be affected differently by the environmental conditions 
(Nolet et al., 2020). Given that environmental and climatic condi-
tions are changing at unprecedented rates, especially in the Arctic, 
understanding the impact of environmental variation on the com-
ponents of reproductive success, and how this might vary with 
latitude, is crucial to evaluate the viability of populations adopting 
different life-history strategies.

An essential component of reproductive success is the decision 
to breed or not, known as breeding propensity (i.e. the probabil-
ity for a mature female to breed in a given year). By foregoing an-
nual reproduction when breeding conditions are unfavourable and 
successful reproduction becomes unlikely, individuals avoid com-
promising survival up to the next breeding season (Chastel, 1995; 
Spaans et al., 1998; Wooller et al., 1990). This is an important tac-
tic in long-lived species to maximize lifetime reproductive success 
(Stearns,  2000). The proportion of breeding adults has a strong 
effect on the annual reproductive output of the population and 
population dynamics (Cam et al., 1998; Coulson, 2010). By using a 
modelling approach, Lee et al.  (2017) show that failing to account 
for non-breeders affects the estimates of demographic parameters, 
which are essential in determining the stability and viability of animal 
populations. However, while many studies on birds have focussed on 
the hatching, growing and fledging stages of the breeding cycle (e.g. 
Boom et al., 2022; Dickey et al., 2008; Lameris et al., 2019), breed-
ing propensity is one of the least known demographic parameters, 
because it is difficult to estimate (Etterson et  al.,  2011; Sedinger 
et al., 2008; Souchay et al., 2014). Compared to breeding individu-
als, non-breeding birds are usually less conspicuous in behaviour and 

therefore often overlooked (Reed et al., 2004; Sedinger et al., 2008), 
or can be absent from breeding colonies (Chastel,  1995; Tavera 
et al., 2020).

Variation in environmental conditions on the breeding grounds 
is thus expected to result in variation in breeding propensity and 
ultimately reproductive output. Breeding numbers are indeed 
found to vary in response to environmental variation such as food 
availability: Red-footed boobies (Sula sula) were more likely to skip 
breeding in years with an El Niño event, probably because higher sea 
surface temperatures resulted in decreased food supply (Cubaynes 
et al., 2011); Arctic-breeding predators like snowy owls (Bubo scan-
diacus) and Arctic foxes (Vulpes lagopus) are known to reproduce in 
higher numbers in years with high food abundance, often related to 
lemming peaks (Gilg et al., 2006); and large groups of geese were ob-
served as non-breeders in years with late snowmelt on their breed-
ing grounds, presumably because forage plants were inaccessible 
and nesting sites limited (Dickey et al., 2008; Reed et al., 2004).

Environmental conditions are more variable at high latitudes 
both within and between years (Lisovski et  al.,  2017) and might 
therefore have a stronger impact on the breeding propensity of 
Arctic-breeding populations. Timing of snowmelt and onset of 
spring can show considerable year to year variation. Additionally, 
many Arctic-breeding species are migratory, which means they will 
have to predict conditions on the breeding grounds from a distance 
(Knudsen et al., 2011; Shariati-Najafabadi et al., 2016). Herbivorous 
species such as geese depend on the timing of vegetation develop-
ment, which is strongly influenced by environmental conditions (van 
der Graaf et al., 2006). Kölzsch et al. (2015), show that predictability 
of conditions on stopover sites and the breeding grounds is affected 
by ecological barriers, and that arrival of geese was better matched 
with spring phenology when predictability was high. Arriving too 
early at the breeding grounds can be costly, potentially affecting sur-
vival and reproductive output through smaller clutch size, increased 
egg predation risk and lower breeding probability (Bêty et al., 2004; 
Lepage et al., 2000). Arriving too late on the other hand might result 
in a phenological mismatch, compromising the growth and survival 
of offspring (Doiron et al., 2015; Lameris, van der Jeugd, et al., 2018; 
Lindholm et al., 1994; van der Jeugd et al., 2009). It is therefore possi-
ble that spring phenology and relative timing of arrival affect the de-
cision to breed, especially at high latitudes. Consequently, variation 
in breeding propensity might contribute to the observed variability in 

onset of spring, possibly because the early spring enabled them to use local re-
sources to fuel egg laying and incubation.

5.	 While earlier springs due to climate warming are considered to have mostly nega-
tive repercussions on reproductive success through phenological mismatches, 
our results suggest that these effects may partly be offset by higher breeding 
propensity and nesting success.

K E Y W O R D S
Branta leucopsis, breeding success, climate change, migration, phenology, telemetry, tracking
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breeding output of Arctic-nesting geese (Fox & Leafloor, 2018), and 
understanding the influence of conditions on the breeding grounds 
on breeding propensity is essential to assess the impact of climatic 
changes on population dynamics. In addition, with ongoing range 
shifts in goose populations (Feige et al., 2008; Pennington, 2000), 
it is of interest to study whether breeding propensity may vary with 
breeding location.

In this study, we use a novel method to estimate breeding pro-
pensity of barnacle geese (Branta leucopsis) breeding along a latitu-
dinal gradient based on GPS tracking data. By using tracking data, 
we omit the observation bias introduced by detection issues of 
non-breeding birds. Additionally, it allows for estimating breeding 
attempts over the entire breeding range of the barnacle goose. The 
original breeding grounds of the barnacle goose were restricted to 
the Arctic region, but over the past decades, the species has ex-
panded its breeding range to the south-west, along their migratory 
route. The current breeding range spans over 20° of latitude, from 
the temperate region in the South-West of the Netherlands up to 
Novaya Zemlya in the high Arctic. Geese breeding in the Arctic re-
main long-distance migrants, whereas geese breeding in the temper-
ate zone shortened their migration distance or became residents. In 
addition to breeding propensity, we use tracking data to estimate 
nesting success. Nesting success is an important fitness component 
which can give insight in the chance of successful breeding, which is 
expected to play a role in the decision to breed. We test if onset of 
spring on the breeding grounds and relative timing of arrival have a 
positive or negative effect on breeding propensity and nesting suc-
cess, and study whether these relationships change with latitude.

2  |  METHODS

We collated tracking data (GPS and accelerometer when available) 
of 96 adult female barnacle geese. This data set includes geese with 
various life-history tactics, ranging from long-distance migrants 
breeding in the Arctic (above 66° N) to short-distance migrants and 
residents in the temperate zone (between 51° N and 66° N). Birds 
were caught and equipped with GPS transmitters on the breeding 
grounds in the Arctic in 2014 and 2018 (N = 6; 68°34′ N, 52°18′ E), 
on breeding grounds in the temperate zone (residents) in 2015–2018 
(N = 7; 51°47′ N, 4°08′ E) and on the wintering grounds in the North 
of the Netherlands and North Germany in 2016–2020 (N = 72). 
Additionally, we retrieved tracking data from Kölzsch et al.  (2015) 
gathered in 2008–2010 (N = 11), which is published on moveb​ank.​
org (van der Jeugd et al., 2014). In winter, geese were caught using 
cannon-nets, while in summer, geese were captured either on the 
nest using clap-nets or by rounding geese up in a catching pen dur-
ing the wing moult when geese are flightless. Throughout the study 
period, geese were equipped with different transmitter types: Milsar 
(24 g, GSMRadioTag, Milsar Technologies S.R.L.; N = 1), UvA-BiTS (19 
g, Bouten et al., 2013; N = 11), Madebytheo (27 g, N = 24), Ornitela 
(25 g,  N = 47) and solar Argos/GPS PTTs (30 g, N = 13, Kölzsch 
et  al.,  2015). Transmitters were attached using a 16-gram Teflon 

harness (Lameris et  al.,  2017), with total mass of transmitter and 
harness being <3% of the average body mass of a female barnacle 
goose. The GPS-tags used by Kölzsch et  al.  (2015) were attached 
using a comparable nylon harness. The use of this harness did not 
appear to affect migration timing or breeding propensity of local 
moulting birds (see Supplementary Materials and Lameris, Müskens, 
et al., 2018). Lameris, Müskens, et al. (2018) do report a lower return 
rate for birds equipped with harnesses, which could be an indication 
of reduced breeding propensity due to harness attachment (Reed 
et al., 2005), but in barnacle geese, this effect appeared to be limited 
(0.45 compared to 0.55 for the control group).

2.1  |  Determining nest locations

We followed methods outlined in Schreven et  al.  (2021) to deter-
mine nest locations based on GPS locations and, when available, ac-
celerometer (ACC) data. This method uses the typical behaviour of 
incubating geese: low mobility (daily variation in location) as well as 
little body motion (dynamic body acceleration) to identify the loca-
tion where a female goose had a nest.

We selected data from the period between 1st April and 31st July, 
during which barnacle geese of different breeding populations initiate 
nesting (van der Jeugd et al., 2009). We subsampled data to 1 GPS-
fix every 15 min to make transmitters with different sampling regimes 
comparable. All tracks had tracking information for at least 112 days 
within the 122-day period. ACC data were not available for all tracks, 
due to differences in transmitter type as well as settings used. When 
ACC data were available (Ornitela, UvA-BiTS; 78 tracks), we defined 
a potential nest location as the median coordinates of GPS-fixes at 
which the goose was motionless, on days when the goose was mostly 
motionless (see Schreven et al., 2021). We used ACC measurements 
which were taken simultaneously with GPS positions, or if ACC was 
not measured simultaneously, we took the nearest ACC-measurement 
with maximum 10 min time difference. We used VeDBA as measure 
of activity (Dokter et  al.,  2018). To deal with the differences in ac-
celerometer types as well as burst length and burst frequency (see 
Supplementary Information), the threshold in VeDBA below which 
a goose was categorized as motionless was set per transmitter type, 
at: 24 (Milsar), 16.5 (Ornitela) and 26.5 (UvA-BiTS) following methods 
by Boom, Lameris, et al. (2023). For tracks where ACC-measurements 
were not available (78 of 154 tracks), we used the GPS-only method 
(see Schreven et al., 2021, who showed that this method worked well 
in comparison with the GPS- and ACC-based nest detection), defining a 
potential nest location as the median coordinates of GPS-fixes on days 
when the standard deviation in latitude was below 50 m. For each po-
tential nest location, we calculated the time spent per day within 50 m 
of the nest. These locations were classified as nest when at least 4 sub-
sequent days had >75% attendance within 50 m, allowing for differen-
tiation between non-breeding and early nest failure (after first 4 days). 
Tracks of geese for which no nesting location could be determined (be-
cause no nest location was assigned which the goose attended for at 
least 4 days) were considered non-breeding tracks (N = 81).
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2.2  |  Nesting success

The start of breeding was defined as the first day with >75% attend-
ance within 50 m of the assigned nest location. When nest attend-
ance was >75% for 26 days or longer, the nest was considered to have 
hatched, because 26 days was determined as the minimum required 
incubation period for barnacle geese (Cramp & Simmons,  1979; 
Eichhorn et al., 2010). In the case of a long incubation period likely 
due to non-viable eggs, the nest was categorized as hatched for this 
analysis, because the female was capable of completing the incuba-
tion period.

2.3  |  Potential nest locations of non-breeders

In addition to information on the locations of breeding birds, ana-
lysing differences in breeding propensity in relation to latitude and 
local spring conditions requires information on the potential nest 
location of each non-breeding bird as well. To retrieve information 
on location (latitude), timing of arrival and spring phenology for 
non-breeding bird tracks (N = 81), we therefore needed to estimate 
the most likely potential nest location of non-breeding birds (here-
after referred to as ‘potential nest location’). Although site fidel-
ity in Arctic-breeding waterfowl is considered to be high (Owen & 
Black, 1991), the majority of the birds in our data set were captured 
on the wintering grounds and, therefore, we lack prior information 
on breeding locations. Furthermore, long-range shifts in breeding 
location have been observed in this species (Lameris,  2020). To 
determine the potential nest locations, we therefore calculated for 
each non-breeding bird the similarity between its track and the 
tracks of breeding birds (i.e. those with an assigned nest, N = 73), 
which were considered to represent the potential breeding range. 
Tracks were subset to the period April–June and mean locations 
per day were taken, to decrease computation time. This period 
includes the periods of nest initiation for the whole latitudinal 
range (van der Jeugd et al., 2009). We used dynamic time warp-
ing (DTW), using the R package ‘dtw’ (Giorgino, 2009) to calculate 
trajectory similarities (Janoska, 2014). This method calculates the 
dissimilarity (‘dtw distance’) between two tracks based on the best 
alignment in the time dimension and was shown to outperform 
alternative approaches in a simulation study evaluating five com-
mon measures of trajectory similarity (Cleasby et  al., 2019). The 
potential nest location of non-breeding birds was determined as 
the nest location of the most similar breeding bird (track of the bird 
with the lowest ‘distance’ as determined by the DTW-analysis). By 
making this assumption, we assign non-breeders to nesting loca-
tions in areas where geese do actually breed, and thereby avoid 
the assignment of unlikely breeding locations. Track dissimilarity 
was 0 for breeding birds (by definition, as the most similar track 
of a breeding bird was their own track) and ranged from 0.04 
till 2.4 between non-breeding birds and the most similar breed-
ing bird (Figure  S1). After assigning the potential nest locations 
based on the DTW-analysis, we confirmed that, with this method, 

non-breeding tracks of birds that were found to be breeding in 
another year received the nest location of their breeding track as 
potential nest location (18 of 25 tracks).

2.4  |  Arrival date

It is possible that birds either arrived too early or too late to be suc-
cessful and skip breeding in a given year. We therefore needed to 
determine the date of arrival at the potential or real nest location 
for breeding and non-breeding birds respectively. For every track, 
arrival date was determined as the first day a goose was within 35 km 
of its assigned nest location (for breeders) or potential nest location 
(for non-breeders). A 35-km radius was considered to be sufficient, 
because over this distance, geese will probably get a reliable indi-
cation of the phenology at the nesting location (Shariati-Najafabadi 
et  al.,  2016). For all breeding birds, we calculated the interval be-
tween the date of arrival and the start of breeding. Not all non-
breeding birds came within 35 km of the potential nest location. We 
concluded that for these 14 birds (N = 13 assigned to a nesting area 
68° N or higher, N = 1 to 60° N), determination of a potential nest 
location was not reliable, and therefore, these birds were excluded 
from the analysis. The remaining non-breeding tracks had plausible 
potential nesting locations based on visual inspection of the non-
breeding and most similar breeding track (Figure S2).

2.5  |  Local onset of spring and relative 
timing of arrival

We derived information on the local onset of spring from tempera-
ture data for all years between 2008 and 2020. We used the R pack-
age RNCEP (Kemp et al., 2012) to retrieve temperature data from 
1st January till 30th September for all assigned (breeders) and po-
tential (non-breeders) nest locations. Air temperature (2 m above the 
surface) was retrieved from a 2.5° × 2.5° gridded data set with 6 h 
temporal resolution and interpolated using planar interpolation. We 
calculated the growing degree days (GDD) for every nest location. 
Due to the wide latitudinal range in our study, the threshold used to 
determine the GDD was latitude dependent, following a linear rela-
tionship (Tthreshold = −0.25 × Latitude +13; see van Wijk et al., 2012). 
Subsequently, we fitted a sigmoid curve and derived the GDD jerk 
(third derivative) following van Wijk et al. (2012). The GDD jerk rep-
resents the acceleration of the spring temperature increase. By solv-
ing the derivative of the GDD jerk to zero, we determined the date 
of peak spring temperature acceleration (referred to as ‘local onset 
of spring’ from here on), which was found to correlate well with the 
timing of goose migration, snowmelt (van Wijk et al., 2012) and veg-
etation development (Smith et al., 2020), suggesting that it is an ac-
curate predictor of the onset of spring.

To correct for variation in timing of onset of spring with lat-
itude, local onset of spring was standardized. We calculated the 
local onset of spring for all years in the whole study period for 
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every potential and real nest location, and subsequently calculated 
the mean and standard deviation for each location (Figure  S3). 
Standardization was done by subtracting this mean from the local 
onset of spring in the tracked year and dividing this by the stan-
dard deviation.

The relative timing of arrival was calculated for every track 
by subtracting the date of the local onset of spring from the date 
of arrival at the potential or real nest location for breeding and 
non-breeding birds, respectively (hereafter referred to as ‘relative 
arrival’), resulting in negative values for birds arriving before the 
local onset of spring and positive values for birds arriving later than 
the local onset of spring. Because resident birds stay close to the 
breeding grounds year round, they were excluded from analyses 
with relative arrival.

2.6  |  Statistical analysis

All statistical analyses were performed in R 4.0.5 (R Development 
Core Team, 2021), within the R-studio platform. To test whether 
local onset of spring or relative arrival had a positive or nega-
tive effect on breeding propensity, and whether this effect varied 
with latitude we constructed Mixed Effects logistic regression 
models using the ‘lme4’ package in R (Bates et  al.,  2014), using 
a LogitLink function. The binary variable describing breeding at-
tempt (yes/no) was used as a dependent variable. All explanatory 
variables (latitude, local onset of spring, relative arrival) were in-
cluded as continuous variables and were standardized to avoid 
scaling problems: Local onset of spring was standardized for each 
location over the study period (see above); latitude and relative 
arrival were standardized within the data set. We constructed 
separate models for relative arrival and local onset of spring, be-
cause the variables are likely to be correlated, especially at higher 
latitudes. We included quadratic terms for local onset of spring 
and relative arrival to allow for a potential optimum. Interactions 
between latitude and relative arrival, and latitude and local onset 
of spring were included in the models. Individual (Bird_ID) was 
included as random effect. We performed model selection using 
AICc favouring the most parsimonious model within two ΔAIC 
from the best model. We first ran the model selection on a data 
set excluding the resident birds, to see if relative arrival was an 
important predictor. When relative arrival appeared less impor-
tant than local onset of spring, we reran the model selection using 
the whole data set on the models without relative arrival.

To determine the effect of latitude and local onset of spring on 
nesting success, we analysed data from the breeding birds only. We 
constructed similar models as described for breeding propensity, 
this time with hatching (yes/no) as dependent variable. Including a 
random effect for individual (Bird_ID) resulted in singular models, 
because only a few birds in our data set were breeding in multiple 
years. We therefore omitted the mixed effect structure and ex-
cluded the random effect.

3  |  RESULTS

The 96 tagged females gave a total of 154 tracks to the breed-
ing grounds. After exclusion of the tracks that did not yield a reli-
able potential breeding location, 140 tracks remained. Of these 
140 tracks, we determined 73 nest locations, of which 14 where 
located in the temperate zone and 59 above the Arctic Circle 
(Figure  1), and 67 potential breeding locations of non-breeding 
birds, of which three where located in the temperate zone and 64 
above the Arctic Circle.

3.1  |  Breeding propensity

The onset of spring (whether spring started early or late) was a 
more important predictor of breeding propensity than relative ar-
rival (whether birds arrived early or late relative to the onset of 
spring), as all models containing local onset of spring outperformed 
models with relative arrival (Table S1). The best model (based on 
analysis of the whole data set including resident birds) included lat-
itude, local onset of spring and their interaction (Table 1, Table S2), 
indicating that the effect of local onset of spring depended on lati-
tude. In the Arctic, breeding propensity decreased rapidly in later 
springs, with a stronger decrease with increasing latitude varying 
between 0.89 (95% CI: 0.65–0.97) and 0.22 (95% CI: 0.06–0.55) 
at 68° N, and between 0.88 (95% CI: 0.64–0.97) and 0.02 (95% CI: 

F I G U R E  1  Map (Mercator projection) depicting the 73 breeding 
locations determined based on tracking data. Blue points (14) 
represent the nests in the temperate zone (51°–66° N), yellow 
points (32) nests in the Arctic on Kolguev island and the Russian 
mainland (66°–70° N), red points (27) nests on Vaigach and Novaya 
Zemlya (70°–74° N). The dashed line indicates the Arctic Circle. 
Note that points may overlap. Note that latitude was included 
as continuous variable in the analysis and colours are used for 
visualization purposes only.
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0.00–0.19) at 72° N. This effect was consistent in models based 
on Arctic-breeding birds only (Table  S3). At temperate latitudes, 
breeding propensity remained stable (between 0.75 [95% CI: 
0.38–0.93) and 0.89 (95% CI: 0.41–0.99]) regardless of spring phe-
nology (Figure 2).

3.2  |  Nesting success

The patterns for nesting success were similar to those found for 
breeding propensity; models containing local onset of spring gen-
erally outperformed the models containing relative arrival as ex-
planatory variable (Table S4). The best performing model (based on 
analysis of the whole data set including resident birds) contained 
local onset of spring, latitude and their interaction (Table 1, Table S5). 
Like breeding propensity, nesting success showed a decrease with 
later onset of spring at Arctic latitudes (Figure 3). This effect was not 
consistent in models based on Arctic-breeding birds only (Table S6), 
indicating that the effect of onset of spring was similar across Arctic 
latitudes. At temperate latitudes, nesting success appeared lower in 
early springs (see discussion), but was generally high, regardless of 
spring phenology.

4  |  DISCUSSION

Our analysis shows that, in the Arctic, breeding propensity and nest-
ing success of barnacle geese are higher in earlier springs, but are 
not affected by relative time of arrival on the breeding grounds. 
This effect of spring phenology is dependent on latitude: within the 
Arctic, the effects of local onset of spring become stronger at higher 
latitudes, whereas breeding propensity and nesting success are gen-
erally high in temperate breeding regions where the effect of spring 
phenology appeared less important.

TA B L E  1  Model results of the best performing logistic 
regression models explaining the breeding propensity and 
nesting success in relation to latitude and local onset of spring 
(standardized GDD jerk), based on the full dataset. Significant 
values (p < 0.05) are indicated in bold. Note that the model for 
nesting success did not have a random effect structure.

Breeding propensity Estimate s.e. z-value p-value

(Intercept) 0.12 0.31 0.68 0.660

Latitude −1.44 0.63 −2.3 0.021

GDD jerk −0.93 0.38 −2.46 0.014

Latitude × GDD jerk −1.28 0.63 −2.03 0.043

Random effects: Bird_ID (variance = 1.27; SD = 1.13), N = 140, 
Bird_ID = 90

Nesting success Estimate s.e. z-value p-value

(Intercept) 0.84 0.35 2.41 0.016

latitude −1.3 0.78 −1.68 0.094

GDD jerk −0.37 0.3 −1.22 0.220

latitude × GDD jerk −1.4 0.71 −1.91 0.057

Note: N = 73.

F I G U R E  2  Breeding propensity (probability of breeding) in relation to local onset of spring at three different latitudes (grouped for 
visualization purposes). Onset of spring was determined as the standardized GDD jerk (acceleration of temperature increase, see main 
text). Points correspond to the average probability of breeding in 0.5 wide bins of standardized GDD jerk, with size indicating sample size 
(smallest = 1, largest = 19). Colours of the points represent the latitudinal range 51°–66° N (blue), 66°–70° N (yellow) and 70°–74° N (red). Lines 
(including 95%-confidence bands) are based on the predictions from the most parsimonious model including local onset of spring, latitude 
and their interaction for three different latitudes: 62° N (blue), 68° N (yellow) and 71° N (red).
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4.1  |  Breeding propensity

The impact of local onset of spring on breeding propensity in the 
Arctic increased with latitude (which was modelled as continuous 
variable). It is possible that wearing a harness attached GPS device 
affected our breeding propensity estimates, and therefore, they 
should be interpreted with caution. However, in barnacle geese 
flying 3000 km to their breeding grounds, this effect appeared 
limited to a lower return rate (0.45 compared to 0.55 for the con-
trol; Lameris, Müskens, et al., 2018), and 17 of 18 returning tracked 
geese commenced breeding (see Supplementary Information). This 
lower return rate could represent a reduction in breeding propen-
sity, when non-breeding birds spent the breeding period elsewhere 
(Reed et al., 2005), but is not in the order of magnitude of the effect 
of onset of spring we found. Furthermore, the impact of wearing a 
tracking device is unlikely to affect the relationship with onset of 
spring at different latitudes. Our estimates of breeding propensity 
in barnacle geese breeding at Arctic latitudes are comparable with 
findings in greater snow geese breeding at 73° N, where breeding 
propensity varied between 1.0 and 0.13 and depended on the timing 
of snowmelt (Reed et al., 2004). The importance of spring phenology 
has also been suggested by Prop and de Vries (1993), who reported a 
larger proportion of breeding birds in a local population on Svalbard 
in years with early snowmelt. Similar effects of spring phenology 
have been found in Arctic-breeding waders, where the probability of 
laying a full clutch of four eggs decreased in years with later snow-
melt (Weiser et al., 2018).

In seabirds, intermittent breeding is common, and the probability 
that birds skip a breeding season has been found to be related to 
food availability around the breeding area (Chastel, 1995; Cubaynes 

et al., 2011). For migratory waterfowl, this relation is often found to 
be less clear, probably because many species can use a capital strat-
egy, using body stores accumulated on spring staging sites (Ankney 
& Macinnes, 1978; Gauthier et al., 2003; Jönsson, 1997). In addition 
to conditions at spring staging sites, conditions encountered during 
migration are suggested to play an important role for breeding pro-
pensity in long-distance migrants such as Arctic-breeding geese 
(Cunningham et al., 2023). Adverse weather conditions en route are 
known to cause mortality (Loonstra et  al.,  2019; Newton,  2008), 
delay arrival at breeding grounds and negatively affect body condi-
tion upon arrival (Drent et al., 2006; Lack, 1968; Ma et al., 2011) and 
can thus carry over to affect breeding propensity. For example, in 
common eiders, body condition upon arrival was determined as the 
key driver for the decision to breed or not (Legagneux et al., 2016).

However, our finding of higher breeding propensity in the Arctic 
in earlier springs is consistent with the idea that breeding propensity 
in barnacle geese is driven by local food availability and conditions 
prior to arrival. In years with late springs, Arctic-breeding geese 
rely more on capital (Hupp et  al.,  2018), and only individuals that 
arrive with sufficient body stores might be able to breed (Anderson 
et al., 2015). When spring is early, geese that initially arrive with in-
sufficient body stores can use local foraging opportunities to acquire 
resources for egg production and incubation (Gauthier et al., 2003; 
Hupp et al., 2018; Klaassen et al., 2006), allowing more individuals 
to breed. Lameris, van der Jeugd, et  al.  (2018) show that in years 
with early springs, Arctic-breeding barnacle geese do not advance 
the timing of breeding as much as timing of arrival, resulting in a 
longer interval between arrival and breeding. The geese used this 
period to forage locally and allocated more local resources in their 
eggs. This comes at the cost of nesting later relative to the onset of 

F I G U R E  3  Nesting success (probability of hatching at least 1 egg) in relation to local onset of spring at three different latitudes (grouped 
for visualization purposes). Onset of spring was determined as the standardized GDD jerk (acceleration of temperature increase, see main 
text). Points correspond to the average probability of hatching in 0.5 wide bins of standardized GDD jerk, with size indicating sample size 
(smallest = 1, largest = 17). Colours of the points represent the latitudinal range 51°–66° N (blue), 66°–70° N (yellow) and 70°–74° N (red). Lines 
(including 95%-confidence bands) are based on the predictions from the most parsimonious model including local onset of spring, latitude 
and their interaction for three different latitudes: 62° N (blue), 68° N (yellow) and 71° N (red).
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spring, which might compromise gosling growth (Boom et al., 2022; 
Doiron et al., 2015; Nolet et al., 2020) and gosling survival through a 
trophic mismatch (Lameris, van der Jeugd, et al., 2018).

Our data set is not suitable for directly analysing the relation 
between the arrival-breeding interval and local onset of spring, 
because the large spatial variation in nest locations and varying 
temporal coverage of these locations introduces noise. Although 
we cannot formally test for a relationship between onset of spring 
and the arrival-breeding interval, we do observe the expected lon-
ger interval in years with relatively early springs at Arctic latitudes 
(Figure  S4), which is consistent with findings of Lameris, van der 
Jeugd, et al. (2018) who only partly used the same data (13 of 154 
tracks). Arrival-breeding intervals also appeared shorter at higher 
latitudes, consistent with findings in pied flycatchers (Nicolau 
et al., 2021), likely because of the strong time pressure due to the 
shorter breeding season further north. This can also explain the lack 
of detected nest attempts in years with late onset of spring above 
70° N (Figure  2), when time might be insufficient to raise a brood 
before winter conditions set in (Barry, 1962). Alternatively, this pat-
tern could be explained by nest-site availability. When snowmelt is 
late, a larger proportion of nesting sites might be covered with snow 
when birds arrive, thereby limiting breeding numbers (Lindberg 
et al., 1997).

At temperate latitudes, breeding propensity showed no clear 
relation to local onset of spring and varied around 0.75 (95% CI: 
0.38–0.93) and 0.89 (95% CI: 0.41–0.99). It is important to note 
that our sample size at temperate latitudes was limited (17 tracks 
in total), making it impossible to further disentangle differences 
within temperate latitudes. At temperate latitudes, geese expe-
rience no (or at least strongly reduced) costs of migration, which 
might allow for a higher breeding propensity compared to Arctic 
latitudes. Additionally, the temperate resident population is small in 
comparison to the Arctic population and increasing (van der Jeugd 
et  al.,  2009), which indicates that nesting site availability is prob-
ably not limited yet. At temperate latitudes, the onset of spring is 
probably less crucial in determining nesting site availability and 
food availability. Due to the mild climate at temperate latitudes in 
Europe, access to food and nesting sites is usually not restricted by 
snow cover. Additionally, temperate breeding geese can adjust tim-
ing of breeding to spring temperatures (Clermont et al., 2018; van 
der Jeugd et al., 2009). Besides a milder climate, agricultural inten-
sification increased the nutritional value of the food available for 
barnacle geese in the temperate region, reducing the importance of 
natural vegetation development (Eichhorn et al., 2012; van Eerden 
et al., 2005). This more stable food supply might facilitate the high 
breeding propensity at temperate latitudes, which is also indicated 
by laying dates which are late relative to the onset of spring and 
less synchronized than in Arctic-breeding geese (van der Jeugd 
et al., 2009). Furthermore, the breeding season in the temperate re-
gion is longer than in the Arctic, allowing temperate goslings enough 
time to reach fledging size despite growing slower than goslings in 
the Arctic, where daylight no longer restricts feeding time due to the 
24 h polar day (Boom et al., 2022). Post-fledging survival was also 

found to decrease rapidly in the Arctic with hatch date, but remained 
high in temperate breeding geese (van der Jeugd et al., 2009). While 
for temperate breeding geese reproductive success thus seems in-
dependent of spring phenology, the trade-off between current and 
future reproduction appears strongly related to spring phenology 
for Arctic-breeding geese.

4.2  |  Nesting success

The importance of spring phenology for successful breeding in the 
Arctic is illustrated by the decrease in nesting success with later 
local onset of spring. This is consistent with findings in pink-footed 
geese and barnacle geese breeding on Svalbard, where nesting suc-
cess (determined as hatching a nest with at least 1 young) was found 
to decrease with later snowmelt and colder temperatures (Layton-
Matthews et al., 2020; Madsen et al., 2007). Lameris et  al.  (2019) 
only found a decrease in nesting success with later snowmelt in a 
high Arctic barnacle goose colony (on Svalbard), but not in the low 
Arctic (at 68° N). In our analysis, the effect of onset of spring ap-
peared similar across Arctic latitudes (Table S6). In years when spring 
is late and temperatures are lower, longer or more frequent nest re-
cesses may be needed to maintain body condition to fuel incuba-
tion (Aldrich & Raveling, 1983), leaving nests vulnerable to predation 
(Bêty et al., 2002; Samelius & Alisauskas, 2000), which might explain 
the lower nesting success.

At temperate latitudes, nesting success was generally high, as all 
of the nests of resident geese were estimated to have hatched suc-
cessfully. Lower nesting success at temperate latitudes mainly oc-
curred in birds nesting around the Baltic Sea. Nest attentiveness in 
resident temperate breeding barnacle geese was found to be higher 
than in Arctic-breeding barnacle geese (Eichhorn et al., 2010), likely 
because the resident geese commenced incubation in better condi-
tion, which might result in lower predation risk and subsequent high 
nesting success. For geese breeding around the Baltic Sea, preda-
tion risk might have a large impact on nesting success. The exponen-
tial increase in White-tailed eagles (Haliaeetus albicilla) since 1990 
(Herrmann et al., 2009) has resulted in an increased predation risk 
(Jonker et al., 2010), which is considered to have had a large impact 
on the breeding population (K. Larsson unpubl.). Eagles are capable 
of predating breeding pairs. Additionally, a single eagle attack can 
disturb multiple breeding females (who nest close together), leav-
ing multiple nests exposed to potential egg predators like gulls (T.K. 
Lameris, B.A. Nolet & M.P. Boom, pers. obs.).

4.3  |  Breeding propensity and implications for 
population dynamics

Our results indicate that spring phenology can have a large impact 
on breeding propensity and nesting success, two key parameters in 
determining breeding output. While other studies have estimated 
breeding propensity based on resighting probabilities (e.g. Schmutz 
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and Morse  (2000), Legagneux et  al.  (2016)), such an approach is 
prone to biased estimates and caution is warranted when using 
these estimates in demographic models (Lee et al., 2017). We show 
that tracking data offer a new way of estimating breeding propen-
sity, while omitting the resighting bias. We also demonstrate the use 
of tracking data in estimating nesting success. The use of traditional 
nest monitoring data might lead to overestimating nesting success, 
because unsuccessful nest might have been abandoned before they 
are found (but see Mayfield, 1961; Verhoeven et al., 2020). Nesting 
success based on tracking data might therefore give a more accurate 
estimate.

The effect of local onset of spring on breeding propensity was 
more pronounced at high latitudes, while at temperate latitudes, 
breeding propensity was high regardless of spring phenology. 
Climate warming is most pronounced in the Arctic, leading to earlier 
springs (Cohen et al., 2014; Pithan & Mauritsen, 2014). While it is 
often considered that earlier springs have mainly negative impacts 
on reproductive success through the increase in phenological mis-
matches (Doiron et al., 2015; Lameris, van der Jeugd, et al., 2018), 
these may potentially be compensated for by an increase in breeding 
propensity and nesting success (Nolet et  al.,  2020). Furthermore, 
earlier springs might open up additional breeding opportunities at 
places that were previously snow-free too late in the season, facili-
tating population growth (Jensen et al., 2008; Lameris et al., 2022; 
Madsen et al., 2023). Therefore, in order to evaluate the impact of 
climate warming on population viability, it is essential to consider the 
effect of climatic variability on all aspects determining reproductive 
output.

AUTHOR CONTRIBUTIONS
Michiel P. Boom and Kees H. T. Schreven conceptualized the study; 
Michiel P. Boom, Nelleke H. Buitendijk, Sander Moonen, Götz 
Eichhorn and Thomas K. Lameris collected and provided data; 
Michiel P. Boom and Kees H. T. Schreven analysed the data; Bart 
A. Nolet, Henk P. van der Jeugd and Thomas K. Lameris advised on 
the analysis; Michiel P. Boom, Kees H. T. Schreven and Thomas K. 
Lameris discussed the interpretation of the results; Michiel P. Boom 
wrote the initial manuscript; all authors provided comments and 
contributed to the final version of the manuscript.

ACKNO​WLE​DG E​MENTS
We owe gratitude to the many people who helped catching geese 
in the Netherlands, North-West Germany and Russia in order to 
equip the geese with tracking devices. Specifically, we would like 
to thank Helmut Kruckenberg for his contribution to catching geese 
on the wintering grounds in Germany, and Gerard Müskens and the 
‘Nederlandse Vereniging van Ganzenvangers’ for catching geese on 
the wintering grounds in the Netherlands. Family the Leeuw and 
the State Forestry Service (‘Staatsbosbeheer’) are thanked for per-
mission to access their land. We thank Rascha Nuijten for her help 
with the dynamic time warping analysis. Tracking data from Kölzsch 
et  al.  (2015) retrieved from moveb​ank.​org were collected through 
FlySafe (http://​www.​flysa​fe-​birdt​am.​eu), a project of the European 

Space Agency Integrated Applications Promotion (IAP) program, and 
carried out in cooperation between the Institute of Avian Research, 
Germany; the Dutch Centre of Field Ornithology (SOVON); and the 
University of Amsterdam, for which we foremost thank K.-M. Exo, 
B.J. Ens and K. Oosterbeek. Lastly, we would like to thank two anon-
ymous referees for their valuable comments that helped improve 
this work.

FUNDING INFORMATION
MPB, GE and HPJ were funded by the Polar Programme of the 
Dutch Research Council (grant ALWPP.2016.030). Additional fund-
ing for fieldwork in summer in the Netherlands and Russia was re-
ceived from the KNAW Ecology Fund and the Van der Hucht De 
Beukelaar Foundation, awarded to MPB. Catching geese in winter in 
Germany was funded by the German Ministry of Food, Agriculture 
and Consumer Protection (NR: 406-04032/1-1502/1), awarded to 
the Institute for Wetlands and Waterbird Research. Catching geese 
in winter in the Netherlands was funded by the province of Fryslân 
(01443719), awarded to BAN.

CONFLIC T OF INTERE S T S TATEMENT
The authors have no conflict of interests to declare.

DATA AVAIL ABILIT Y S TATEMENT
Data available from the Dryad Digital Repository: https://​doi.​org/​
10.​5061/​dryad.​m63xs​j47x (Boom, Schreven, et al., 2023).

E THIC S S TATEMENT
Tagging geese in the Netherlands and Russia was approved by the 
Animal Welfare committees of the Royal Netherlands Academy for 
Arts and Sciences (licence 20173788) and the St. Petersburg State 
University (decision nr. 131-03-2 from 3 April 2018). Approval for 
tagging geese in Northern Germany (Lower Saxony) was obtained 
from the Lower Saxony State Office for Consumer Protection and 
Food Safety (LAVES AZ 33.19-42502-04-15/1956 dated.15.9.2015).

ORCID
Michiel P. Boom   https://orcid.org/0000-0002-6448-2446 
Kees H. T. Schreven   https://orcid.org/0000-0002-0550-7447 
Nelleke H. Buitendijk   https://orcid.org/0000-0002-4476-485X 
Sander Moonen   https://orcid.org/0000-0002-7315-1593 
Bart A. Nolet   https://orcid.org/0000-0002-7437-4879 
Götz Eichhorn   https://orcid.org/0000-0003-2151-8856 
Henk P. van der Jeugd   https://orcid.org/0000-0002-5332-9526 
Thomas K. Lameris   https://orcid.org/0000-0001-7023-3406 

R E FE R E N C E S
Aldrich, T. W., & Raveling, D. G. (1983). Effects of experience and body 

weight on incubation behavior of Canada geese. The Auk, 100(3), 
670–679. https://​doi.​org/​10.​1093/​auk/​100.3.​670

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 

 13652656, 2023, 12, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2656.14020 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [05/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://movebank.org
http://www.flysafe-birdtam.eu
https://doi.org/10.5061/dryad.m63xsj47x
https://doi.org/10.5061/dryad.m63xsj47x
https://orcid.org/0000-0002-6448-2446
https://orcid.org/0000-0002-6448-2446
https://orcid.org/0000-0002-0550-7447
https://orcid.org/0000-0002-0550-7447
https://orcid.org/0000-0002-4476-485X
https://orcid.org/0000-0002-4476-485X
https://orcid.org/0000-0002-7315-1593
https://orcid.org/0000-0002-7315-1593
https://orcid.org/0000-0002-7437-4879
https://orcid.org/0000-0002-7437-4879
https://orcid.org/0000-0003-2151-8856
https://orcid.org/0000-0003-2151-8856
https://orcid.org/0000-0002-5332-9526
https://orcid.org/0000-0002-5332-9526
https://orcid.org/0000-0001-7023-3406
https://orcid.org/0000-0001-7023-3406
https://doi.org/10.1093/auk/100.3.670


2408  |    BOOM et al.

dependent on nesting habitat choice. Polar Biology, 38(2), 153–162. 
https://​doi.​org/​10.​1007/​s0030​0-​014-​1574-​y

Ankney, C. D., & Macinnes, C. D. (1978). Nutrient reserves and repro-
ductive performance of female lesser snow geese. The Auk, 95(3), 
459–471.

Barry, T. W. (1962). Effect of late seasons on Atlantic Brant reproduction. 
Journal of Wildlife Management, 26(1), 19–26.

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2014). Fitting linear 
mixed-effects models using lme4. Journal of Statistical Software, 
67(1), 1–48. https://​doi.​org/​10.​18637/​​jss.​v067.​i01

Bêty, J., Gauthier, G., Korpimäki, E., & Giroux, J. F. (2002). Shared pred-
ators and indirect trophic interactions: Lemming cycles and arc-
tic-nesting geese. Journal of Animal Ecology, 71(1), 88–98. https://​
doi.​org/​10.​1046/j.​0021-​8790.​2001.​00581.​x

Bêty, J., Giroux, J. F., & Gauthier, G. (2004). Individual variation in 
timing of migration: Causes and reproductive consequences in 
greater snow geese (Anser caerulescens atlanticus). Behavioral 
Ecology and Sociobiology, 57(1), 1–8. https://​doi.​org/​10.​1007/​s0026​
5-​004-​0840-​3

Boom, M. P., Lameris, T. K., Schreven, K. H., Buitendijk, N. H., Moonen, 
S., de Vries, P. P., Zaynagutdinova, E., Nolet, B. A., van der Jeugd, H. 
P., & Eichhorn, G. (2023). Year-round activity levels reveal diurnal 
foraging constraints in the annual cycle of migratory and non-mi-
gratory barnacle geese. Oecologia, 202, 287–298. https://​doi.​org/​
10.​1007/​s0044​2-​023-​05386​-​x

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). Data 
from: Earlier springs increase goose breeding propensity and nest-
ing success at Arctic but not at temperature latitudes. Dryad Digital 
Repository. https://​doi.​org/​10.​5061/​dryad.​m63xs​j47x

Boom, M. P., van der Jeugd, H. P., Steffani, B., Nolet, B. A., Larsson, K., 
& Eichhorn, G. (2022). Postnatal growth rate varies with latitude 
in range-expanding geese: The role of plasticity and day length. 
Journal of Animal Ecology, 91, 417–427. https://​doi.​org/​10.​1111/​
1365-​2656.​13638​

Bouten, W., Baaij, E. W., Shamoun-Baranes, J., & Camphuysen, K. C. J. 
(2013). A flexible GPS tracking system for studying bird behaviour 
at multiple scales. Journal of Ornithology, 154(2), 571–580. https://​
doi.​org/​10.​1007/​s1033​6-​012-​0908-​1

Cam, E., Hines, J. E., Monnat, J.-Y., Nichols, J. D., & Danchin, E. (1998). Are 
adult nonbreeders prudent parents? The Kittiwake model. Ecology, 
79(8), 2917–2930. https://​doi.​org/​10.​2307/​176526

Chastel, O. (1995). Influence of reproductive success on breeding fre-
quency in four southern petrels. Ibis, 137(3), 360–363. https://​doi.​
org/​10.​1111/j.​1474-​919X.​1995.​tb080​33.​x

Cleasby, I. R., Wakefield, E. D., Morrissey, B. J., Bodey, T. W., Votier, S. 
C., Bearhop, S., & Hamer, K. C. (2019). Using time-series similar-
ity measures to compare animal movement trajectories in ecology. 
Behavioral Ecology and Sociobiology, 73, 151. https://​doi.​org/​10.​
1007/​s0026​5-​019-​2761-​1

Clermont, J., Réale, D., & Giroux, J. F. (2018). Plasticity in laying dates of 
Canada Geese in response to spring phenology. Ibis, 160(3), 597–
607. https://​doi.​org/​10.​1111/​ibi.​12560​

Cohen, J., Screen, J. A., Furtado, J. C., Barlow, M., Whittleston, D., 
Coumou, D., Francis, J., Dethloff, K., Entekhabi, D., Overland, J., & 
Jones, J. (2014). Recent Arctic amplification and extreme mid-lati-
tude weather. Nature Geoscience, 7(9), 627–637. https://​doi.​org/​10.​
1038/​ngeo2234

Coulson, J. C. (2010). A long-term study of the population dynamics of 
Common Eiders Somateria mollissima: Why do several parameters 
fluctuate markedly? Bird Study, 57(1), 1–18. https://​doi.​org/​10.​
1080/​00063​65090​3295729

Cramp, S., & Simmons, K. E. L. (1979). Birds of the western palearctic Vol. II. 
Oxford University Press.

Cubaynes, S., Doherty, P. F., Schreiber, E. A., & Gimenez, O. (2011). To 
breed or not to breed: A seabird's response to extreme climatic 

events. Biology Letters, 7(2), 303–306. https://​doi.​org/​10.​1098/​
rsbl.​2010.​0778

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. 
https://​doi.​org/​10.​1007/​s0044​2-​022-​05300​-​x

Dickey, M. H., Gauthier, G., & Cadieux, M. C. (2008). Climatic effects on 
the breeding phenology and reproductive success of an arctic-nest-
ing goose species. Global Change Biology, 14(9), 1973–1985. https://​
doi.​org/​10.​1111/j.​1365-​2486.​2008.​01622.​x

Doiron, M., Gauthier, G., & Lévesque, E. (2015). Trophic mismatch and 
its effects on the growth of young in an Arctic herbivore. Global 
Change Biology, 21(12), 4364–4376. https://​doi.​org/​10.​1111/​gcb.​
13057​

Dokter, A. M., Fokkema, W., Ebbinge, B. S., Olff, H., van der Jeugd, H. 
P., & Nolet, B. A. (2018). Agricultural pastures challenge the at-
tractiveness of natural saltmarsh for a migratory goose. Journal of 
Applied Ecology, 55(6), 2707–2718.

Drent, R. H., Fox, A. D., & Stahl, J. (2006). Travelling to breed. Journal 
of Ornithology, 147(2), 122–134. https://​doi.​org/​10.​1007/​s1033​
6-​006-​0066-​4

Eichhorn, G., Meijer, H. A. J., Oosterbeek, K., & Klaassen, M. (2012). 
Does agricultural food provide a good alternative to a natural diet 
for body store deposition in geese? Ecosphere, 3(4), art35. https://​
doi.​org/​10.​1890/​es11-​00316.​1

Eichhorn, G., van der Jeugd, H. P., Meijer, H. A. J., & Drent, R. H. (2010). 
Fueling incubation: Differential use of body stores in Arctic- and 
Temperate-breeding Barnacle Geese (Branta leucopsis). The Auk, 
127(1), 162–172. https://​doi.​org/​10.​1525/​auk.​2009.​09057​

Etterson, M. A., Ellis-Felege, S. N., Evers, D., Gauthier, G., Grzybowski, 
J. A., Mattsson, B. J., Nagy, L. R., Olsen, B. J., Pease, C. M., van 
der Burg, M. P., & Potvien, A. (2011). Modeling fecundity in birds: 
Conceptual overview, current models, and considerations for fu-
ture developments. Ecological Modelling, 222(14), 2178–2190. 
https://​doi.​org/​10.​1016/j.​ecolm​odel.​2010.​10.​013

Feige, N., van der Jeugd, H. P., van der Graaf, A. J., Larsson, K., Leito, A., 
& Stahl, J. (2008). Newly established breeding sites of the Barnacle 
Goose Branta leucopsis in North-Western Europe—An overview 
of breeding habitats and colony development. Vogelwelt, 129, 
244–252.

Fox, A. D., & Leafloor, J. O. (2018). A global audit of the status and 
trends of Arctic and Northern Hemisphere goose population. In 
Conservation of arctic flora and fauna (CAFF). Akureyri.

Gauthier, G., Bêty, J., & Hobson, K. A. (2003). Are Greater Snow Geese 
capital breeders? New evidence from a stable-isotope model. 
Ecology, 84(12), 3250–3264. https://​doi.​org/​10.​1890/​02-​0613

Gilg, O., Sittler, B., Sabard, B., Hurstel, A., Sané, R., Delattre, P., & Hanski, 
I. (2006). Functional and numerical responses of four lemming 
predators in high arctic Greenland. Oikos, 113(2), 193–216. https://​
doi.​org/​10.​1111/j.​2006.​0030-​1299.​14125.​x

Giorgino, T. (2009). Computing and visualizing dynamic time warping 
alignments in R: The dtw package. Journal of Statistical Software, 
31(7), 1–24. https://​doi.​org/​10.​18637/​​jss.​v031.​i07

Herrmann, C., Krone, O., Stjernberg, T., & Helander, B. (2009). Population 
development of Baltic bird species: White-tailed Sea Eagle (Haliaeetus 
albicilla), HELCOM Indicator Fact Sheets 2009.

Holt, R. D., & Fryxell, J. M. (2011). Theoretical reflections on the evo-
lution of migration. In E. J. Milner-Gulland, J. M. Fryxell, & A. R. 
E. Sinclair (Eds.), Animal migrations, a synthesis (pp. 17–31). Oxford 
University Press. https://​doi.​org/​10.​1093/​acprof:​oso/​97801​99568​
994.​003.​0003

Hupp, J. W., Ward, D. H., Soto, D. X., & Hobson, K. A. (2018). Spring 
temperature, migration chronology, and nutrient allocation to eggs 
in three species of arctic-nesting geese: Implications for resilience 

 13652656, 2023, 12, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2656.14020 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [05/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s00300-014-1574-y
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1046/j.0021-8790.2001.00581.x
https://doi.org/10.1046/j.0021-8790.2001.00581.x
https://doi.org/10.1007/s00265-004-0840-3
https://doi.org/10.1007/s00265-004-0840-3
https://doi.org/10.1007/s00442-023-05386-x
https://doi.org/10.1007/s00442-023-05386-x
https://doi.org/10.5061/dryad.m63xsj47x
https://doi.org/10.1111/1365-2656.13638
https://doi.org/10.1111/1365-2656.13638
https://doi.org/10.1007/s10336-012-0908-1
https://doi.org/10.1007/s10336-012-0908-1
https://doi.org/10.2307/176526
https://doi.org/10.1111/j.1474-919X.1995.tb08033.x
https://doi.org/10.1111/j.1474-919X.1995.tb08033.x
https://doi.org/10.1007/s00265-019-2761-1
https://doi.org/10.1007/s00265-019-2761-1
https://doi.org/10.1111/ibi.12560
https://doi.org/10.1038/ngeo2234
https://doi.org/10.1038/ngeo2234
https://doi.org/10.1080/00063650903295729
https://doi.org/10.1080/00063650903295729
https://doi.org/10.1098/rsbl.2010.0778
https://doi.org/10.1098/rsbl.2010.0778
https://doi.org/10.1007/s00442-022-05300-x
https://doi.org/10.1111/j.1365-2486.2008.01622.x
https://doi.org/10.1111/j.1365-2486.2008.01622.x
https://doi.org/10.1111/gcb.13057
https://doi.org/10.1111/gcb.13057
https://doi.org/10.1007/s10336-006-0066-4
https://doi.org/10.1007/s10336-006-0066-4
https://doi.org/10.1890/es11-00316.1
https://doi.org/10.1890/es11-00316.1
https://doi.org/10.1525/auk.2009.09057
https://doi.org/10.1016/j.ecolmodel.2010.10.013
https://doi.org/10.1890/02-0613
https://doi.org/10.1111/j.2006.0030-1299.14125.x
https://doi.org/10.1111/j.2006.0030-1299.14125.x
https://doi.org/10.18637/jss.v031.i07
https://doi.org/10.1093/acprof:oso/9780199568994.003.0003
https://doi.org/10.1093/acprof:oso/9780199568994.003.0003


    |  2409BOOM et al.

to climate warming. Global Change Biology, 24(11), 5056–5071. 
https://​doi.​org/​10.​1111/​gcb.​14418​

Janoska, Z. (2014). Trajectory similarity calculation using dynamic time 
warping. Retrieved January 24, 2022, from https://​rpubs.​com/​janos​
kaz/​10351​

Jensen, R. A., Madsen, J., O'connell, M., Wisz, M. S., Tømmervik, H., & 
Mehlum, F. (2008). Prediction of the distribution of Arctic-nesting 
pink-footed geese under a warmer climate scenario. Global Change 
Biology, 14(1), 1–10. https://​doi.​org/​10.​1111/j.​1365-​2486.​2007.​
01461.​x

Jonker, R. M., Eichhorn, G., van Langevelde, F., & Bauer, S. (2010). 
Predation danger can explain changes in timing of migration: The 
case of the barnacle goose. PLoS One, 5(6), e11369. https://​doi.​org/​
10.​1371/​journ​al.​pone.​0011369

Jönsson, K. I. (1997). Capital and income breeding as alternative tactics 
of resource use in reproduction. Oikos, 78(1), 57–66.

Kemp, M. U., Emiel van Loon, E., Shamoun-Baranes, J., & Bouten, W. 
(2012). RNCEP: Global weather and climate data at your fingertips. 
Methods in Ecology and Evolution, 3(1), 65–70. https://​doi.​org/​10.​
1111/j.​2041-​210X.​2011.​00138.​x

Klaassen, M., Abraham, K. F., Jefferies, R. L., & Factors, V. M. (2006). 
Factors affecting the site of investment, and the reliance on savings 
for arctic breeders: The capital–income dichotomy revisited. Ardea, 
94(3), 371–384.

Knudsen, E., Lindén, A., Both, C., Jonzén, N., Pulido, F., Saino, N., 
Sutherland, W. J., Bach, L. A., Coppack, T., Ergon, T., Gienapp, P., 
Gill, J. A., Gordo, O., Hedenström, A., Lehikoinen, E., Marra, P. P., 
Møller, A. P., Nilsson, A. L. K., Péron, G., … Stenseth, N. C. (2011). 
Challenging claims in the study of migratory birds and climate 
change. Biological Reviews, 86(4), 928–946. https://​doi.​org/​10.​
1111/j.​1469-​185X.​2011.​00179.​x

Kölzsch, A., Bauer, S., de Boer, R., Griffin, L., Cabot, D., Exo, K.-M., van 
der Jeugd, H. P., & Nolet, B. A. (2015). Forecasting spring from 
afar? Timing of migration and predictability of phenology along 
different migration routes of an avian herbivore. The Journal of 
Animal Ecology, 84(1), 272–283. https://​doi.​org/​10.​1111/​1365-​
2656.​12281​

Lack, D. L. (1968). Bird migration and natural selection. Oikos, 19(1), 1–9.
Lameris, T. K. (2020). A long-distance shift in nest site of an otherwise 

site-faithful Barnacle Goose: Evidence from GPS-tracking data. 
Goose Bulletin, 25, 29–35.

Lameris, T. K., de Jong, M. E., Boom, M. P., van der Jeugd, H. P., Litvin, 
K. E., Loonen, M. J. J. E., Nolet, B. A., & Prop, J. (2019). Climate 
warming may affect the optimal timing of reproduction for mi-
gratory geese differently in the low and high Arctic. Oecologia, 
191(4), 1003–1014. https://​doi.​org/​10.​1007/​s0044​2-​019-​04533​
-​7

Lameris, T. K., Kölzsch, A., Dokter, A. M., Nolet, B. A., & Müskens, G. J. D. 
M. (2017). A novel harness for attaching tracking devices to migra-
tory geese. Goose Bulletin, 22, 25–30.

Lameris, T. K., Müskens, G. J. D. M., Kölzsch, A., Dokter, A. M., van der 
Jeugd, H. P., & Nolet, B. A. (2018). Effects of harness-attached 
tracking devices on survival, migration, and reproduction in three 
species of migratory waterfowl. Animal Biotelemetry, 6(1), 4–11. 
https://​doi.​org/​10.​1186/​s4031​7-​018-​0153-​3

Lameris, T. K., Pokrovskaya, O. B., Kondratyev, A. V., Anisimov, Y. A., 
Buitendijk, N. H., Glazov, P. M., van der Jeugd, H. P., Kampichler, 
C., Kruckenberg, H., Litvin, K. E., Loshchagina, J. A., Moonen, 
S., Müskens, G. J. D., Nolet, B. A., Schreven, K. H. T., Sierdsema, 
H., Zaynagutdinova, E. M., & Boom, M. P. (2022). Barnacle geese 
Branta leucopsis breeding on Novaya Zemlya: Current distribution 
and population size estimated from tracking data. Polar Biology, 46, 
67–76. https://​doi.​org/​10.​1007/​s0030​0-​022-​03110​-​8

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. Current Biology, 28(15), 2467–2473. https://​
doi.​org/​10.​1016/j.​cub.​2018.​05.​077

Layton-Matthews, K., Hansen, B. B., Grøtan, V., Fuglei, E., & Loonen, 
M. J. J. E. (2020). Contrasting consequences of climate change for 
migratory geese: Predation, density dependence and carryover ef-
fects offset benefits of high-arctic warming. Global Change Biology, 
26(2), 642–657. https://​doi.​org/​10.​1111/​gcb.​14773​

Lee, A. M., Reid, J. M., & Beissinger, S. R. (2017). Modelling effects of 
nonbreeders on population growth estimates. Journal of Animal 
Ecology, 86(1), 75–87. https://​doi.​org/​10.​1111/​1365-​2656.​12592​

Legagneux, P., Hennin, H. L., Gilchrist, H. G., Williams, T. D., Love, O. 
P., & Bêty, J. (2016). Unpredictable perturbation reduces breeding 
propensity regardless of pre-laying reproductive readiness in a par-
tial capital breeder. Journal of Avian Biology, 47(6), 880–886. https://​
doi.​org/​10.​1111/​jav.​00824​

Lepage, D., Gauthier, G., & Menu, S. (2000). Reproductive consequences 
of egg-laying decisions in snow geese. Journal of Animal Ecology, 69(3), 
414–427. https://​doi.​org/​10.​1046/j.​1365-​2656.​2000.​00404.​x

Lindberg, M. S., Sedinger, J. S., & Flint, P. L. (1997). Effects of spring en-
vironment on nesting phenology and clutch size of Black Brant. 
Condor, 99(2), 381–388. https://​doi.​org/​10.​2307/​1369944

Lindholm, A., Gauthier, G., & Desrocher, A. (1994). Effects of hatch 
date and food supply on gosling growth in Arctic-nesting Greater 
Snow Geese. The Condor, 96(4), 898–908. https://​doi.​org/​10.​2307/​
1369100

Lisovski, S., Ramenofsky, M., & Wingfield, J. C. (2017). Defining the 
degree of seasonality and its significance for future research. 
Integrative and Comparative Biology, 57(5), 934–942. https://​doi.​
org/​10.​1093/​icb/​icx040

Loonstra, A. H. J., Verhoeven, M. A., Senner, N. R., Both, C., & Piersma, 
T. (2019). Adverse wind conditions during northward Sahara cross-
ings increase the in-flight mortality of Black-tailed Godwits. Ecology 
Letters, 22(12), 2060–2066. https://​doi.​org/​10.​1111/​ele.​13387​

Ma, Z., Hua, N., Zhang, X., Guo, H., Zhao, B., Ma, Q., Xue, W., & Tang, C. 
(2011). Wind conditions affect stopover decisions and fuel stores 
of shorebirds migrating through the South Yellow Sea. Ibis, 153(4), 
755–767. https://​doi.​org/​10.​1111/j.​1474-​919X.​2011.​01164.​x

Madsen, J., Schreven, K. H., Jensen, G. H., Johnson, F. A., Nilsson, L., 
Nolet, B. A., & Pessa, J. (2023). Rapid formation of new migration 
route and breeding area by Arctic geese. Current Biology, 33(6), 
1162–1170. https://​doi.​org/​10.​1016/j.​cub.​2023.​01.​065

Madsen, M., Tamstorf, J., Klaassen, M., Eide, M., Glahder, N., Rigét, C., 
Nyegaard, F., & Cottaar, F. (2007). Effects of snow cover on the tim-
ing and success of reproduction in high-Arctic pink-footed geese 
Anser brachyrhynchus. Polar Biology, 30(11), 1363–1372. https://​doi.​
org/​10.​1007/​s00300-​007-​0296-​9

Mayfield, H. (1961). Nesting success calculated from exposure. The 
Wilson Bulletin, 73, 255–261.

Newton, I. (2008). The migration ecology of birds (1st ed.). Academic Press. 
https://​doi.​org/​10.​1017/​CBO97​81107​415324.​004

Nicolau, P. G., Burgess, M. D., Marques, T. A., Baillie, S. R., Moran, N. J., 
Leech, D. I., & Johnston, A. (2021). Latitudinal variation in arrival 
and breeding phenology of the pied flycatcher Ficedula hypoleuca 
using large-scale citizen science data. Journal of Avian Biology, 52, 
1–12. https://​doi.​org/​10.​1111/​jav.​02646​

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. The Auk, 137, 1–9. https://​doi.​org/​10.​1093/​
auk/​ukz063

Owen, M., & Black, J. M. (1991). Geese and their future fortune. Ibis, 133, 
28–35. https://​doi.​org/​10.​1111/j.​1474-​919X.​1991.​tb076​66.​x

Pennington, M. G. (2000). Greylag Geese breeding in Shetland. Scottish 
Birds, 21(1), 27–35.

Pithan, F., & Mauritsen, T. (2014). Arctic amplification dominated by 
temperature feedbacks in contemporary climate models. Nature 
Geoscience, 7(3), 181–184. https://​doi.​org/​10.​1038/​ngeo2071

 13652656, 2023, 12, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2656.14020 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [05/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/gcb.14418
https://rpubs.com/janoskaz/10351
https://rpubs.com/janoskaz/10351
https://doi.org/10.1111/j.1365-2486.2007.01461.x
https://doi.org/10.1111/j.1365-2486.2007.01461.x
https://doi.org/10.1371/journal.pone.0011369
https://doi.org/10.1371/journal.pone.0011369
https://doi.org/10.1111/j.2041-210X.2011.00138.x
https://doi.org/10.1111/j.2041-210X.2011.00138.x
https://doi.org/10.1111/j.1469-185X.2011.00179.x
https://doi.org/10.1111/j.1469-185X.2011.00179.x
https://doi.org/10.1111/1365-2656.12281
https://doi.org/10.1111/1365-2656.12281
https://doi.org/10.1007/s00442-019-04533-7
https://doi.org/10.1007/s00442-019-04533-7
https://doi.org/10.1186/s40317-018-0153-3
https://doi.org/10.1007/s00300-022-03110-8
https://doi.org/10.1016/j.cub.2018.05.077
https://doi.org/10.1016/j.cub.2018.05.077
https://doi.org/10.1111/gcb.14773
https://doi.org/10.1111/1365-2656.12592
https://doi.org/10.1111/jav.00824
https://doi.org/10.1111/jav.00824
https://doi.org/10.1046/j.1365-2656.2000.00404.x
https://doi.org/10.2307/1369944
https://doi.org/10.2307/1369100
https://doi.org/10.2307/1369100
https://doi.org/10.1093/icb/icx040
https://doi.org/10.1093/icb/icx040
https://doi.org/10.1111/ele.13387
https://doi.org/10.1111/j.1474-919X.2011.01164.x
https://doi.org/10.1016/j.cub.2023.01.065
https://doi.org/10.1007/s00300-007-0296-9
https://doi.org/10.1007/s00300-007-0296-9
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1111/jav.02646
https://doi.org/10.1093/auk/ukz063
https://doi.org/10.1093/auk/ukz063
https://doi.org/10.1111/j.1474-919X.1991.tb07666.x
https://doi.org/10.1038/ngeo2071


2410  |    BOOM et al.

Prop, J., & de Vries, J. (1993). Impact of snow and food conditions on 
the reproductive performance of Barnacle Geese Branta leucopsis. 
Ornis Scandinavia, 24(2), 110–121.

R Development Core Team. (2021). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing.

Reed, E. T., Gauthier, G., & Giroux, J. F. (2004). Effects of spring con-
ditions on breeding propensity of Greater Snow Goose females. 
Animal Biodiversity and Conservation, 27, 35–46.

Reed, E. T., Gauthier, G., & Pradel, R. (2005). Effects of neck bands on 
reproduction and survival of female greater snow geese. Journal of 
Wildlife Management, 69, 91–100.

Samelius, G., & Alisauskas, R. T. (2000). Foraging patterns of arctic foxes 
at a large arctic goose colony. Arctic, 53(3), 279–288. https://​doi.​
org/​10.​14430/​​arcti​c858

Schmutz, J. A., & Morse, J. A. (2000). Effects of neck collars and radio-
transmitters on survival and reproduction of emperor geese. The 
Journal of Wildlife Management, 64(1), 231–237.

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. Animal 
Biotelemetry, 9(1), 1–13. https://​doi.​org/​10.​1186/​s4031​7-​021-​
00249​-​9

Sedinger, J. S., Chelgren, N. D., Ward, D. H., & Lindberg, M. S. (2008). 
Fidelity and breeding probability related to population density and 
individual quality in black Brent geese Branta bernicla nigricans. 
Journal of Animal Ecology, 77(4), 702–712. https://​doi.​org/​10.​1111/j.​
1365-​2656.​2008.​01403.​x

Shariati-Najafabadi, M., Darvishzadeh, R., Skidmore, A. K., Kölzsch, 
A., Exo, K. M., Nolet, B. A., Griffin, L., Stahl, J., Havinga, P. J. M., 
Meratnia, N., & Toxopeus, A. G. (2016). Environmental parameters 
linked to the last migratory stage of barnacle geese en route to their 
breeding sites. Animal Behaviour, 118, 81–95. https://​doi.​org/​10.​
1016/j.​anbeh​av.​2016.​05.​018

Smith, J. A. M., Regan, K., Cooper, N. W., Johnson, L., Olson, E., Green, 
A., Tash, J., Evers, D. C., & Marra, P. P. (2020). A green wave of 
saltmarsh productivity predicts the timing of the annual cycle in 
a long-distance migratory shorebird. Scientific Reports, 10(1), 1–13. 
https://​doi.​org/​10.​1038/​s4159​8-​020-​77784​-​7

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(10), 2723–2735. https://​
doi.​org/​10.​1890/​13-​1277.​1

Spaans, B., Blijleven, H., Popov, I. 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(1), 11–20.

Stearns, S. C. (2000). Life history evolution: Successes, limitations, and 
prospects. Naturwissenschaften, 87(11), 476–486. https://​doi.​org/​
10.​1007/​s0011​40050763

Tavera, E. A., Stauffer, G. E., Lank, D. B., & Ydenberg, R. C. (2020). 
Oversummering juvenile and adult semipalmated sandpipers in 
Perú gain enough survival to compensate for foregone breeding 
opportunity. Movement Ecology, 8(1), 1–14. https://​doi.​org/​10.​
1186/​s4046​2-​020-​00226​-​6

van der Graaf, A. J., Stahl, J., Klimkowska, A., Bakker, J. P., & Drent, R. H. 
(2006). Surfing on a green wave-how plant growth drives spring 
migration in the Barnacle Goose Branta leucopsis. Ardea, 94(3), 
567–578.

van der Jeugd, H. P., Eichhorn, G., Litvin, K. E., Stahl, J., Larsson, K., van 
der Graaf, A. J., & Drent, R. H. (2009). Keeping up with early springs: 
Rapid range expansion in an avian herbivore incurs a mismatch be-
tween reproductive timing and food supply. Global Change Biology, 
15(5), 1057–1071.

van der Jeugd, H. P., Oosterbeek, K., Ens, B. J., Shamoun-Baranes, J., & 
Exo, K. (2014). Data from: Forecasting spring from afar? Timing of 
migration and predictability of phenology along different migration 

routes of an avian herbivore [Barents Sea data]. Movebank Data 
Repository. https://​doi.​org/​10.​5441/​001/1.​ps244r11

van Eerden, M. R., Drent, R. H., Stahl, J., & Bakker, J. P. (2005). Connecting 
seas: Western Palaearctic continental flyway for water birds in 
the perspective of changing land use and climate. Global Change 
Biology, 11(6), 894–908. https://​doi.​org/​10.​1111/j.​1365-​2486.​
2005.​00940.​x

van Wijk, R. E., Kölzsch, A., Kruckenberg, H., Ebbinge, B. S., Müskens, 
G. J. D. M., & Nolet, B. A. (2012). Individually tracked geese follow 
peaks of temperature acceleration during spring migration. Oikos, 
121(5), 655–664. https://​doi.​org/​10.​1111/j.​1600-​0706.​2011.​
20083.​x

Verhoeven, M. A., Loonstra, A. H. J., McBride, A. D., Macias, P., 
Kaspersma, W., Hooijmeijer, J. C. E. W., van der Velde, E., Both, C., 
Senner, N. R., & Piersma, T. (2020). Geolocators lead to better mea-
sures of timing and renesting in black-tailed godwits and reveal the 
bias of traditional observational methods. Journal of Avian Biology, 
51(4), 1–12. https://​doi.​org/​10.​1111/​jav.​02259​

Weiser, E. L., Brown, S. C., Lanctot, R. B., Gates, H. R., Abraham, K. F., 
Bentzen, R. L., Bêty, J., Boldenow, M. L., Brook, R. W., Donnelly, 
T. F., English, W. B., Flemming, S. A., Franks, S. E., Gilchrist, H. G., 
Giroux, M. A., Johnson, A., Kendall, S., Kennedy, L. V., Koloski, L., 
… Sandercock, B. K. (2018). Effects of environmental conditions on 
reproductive effort and nest success of Arctic-breeding shorebirds. 
Ibis, 160(3), 608–623. https://​doi.​org/​10.​1111/​ibi.​12571​

Wooller, R. D., Bradley, J. S., Skira, I. J., & Serventy, D. L. (1990). 
Reproductive success of short-tailed shearwaters Puffinus tenuiros-
tris in relation to their age and breeding experience. The Journal of 
Animal Ecology, 59(1), 161. https://​doi.​org/​10.​2307/​5165

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1. Dissimilarities for each track and the most similar breeding 
track determined by the dynamic time warping analysis, ranked on 
dissimilarity distance. Values of 0 represent breeding tracks, with 
the most similar breeding track being identical.
Figure S2. Examples of non-breeding tracks (black) and their most 
similar breeding track (red) for four different dissimilarities. The red 
dot indicates the breeding location determined for the breeding 
track, and assigned to the non-breeding track. Note that the 
projection may obscure track differences, especially in the east-west 
direction at high latitudes.
Figure S3. Local onset of spring (mean GDD jerk ± SD) in relation 
to latitude (a) and longitude (b). Colours show locations in the 
temperate region (blue) Kolguev and the Russian mainland (yellow) 
and Vaigach and Novaya Zemlya (red).
Figure S4. Relation between local onset of spring and the arrival-
breeding interval (mean ± SD) in the Arctic. Points represent the 
arrival-breeding interval grouped at three different latitudes for 
visualization purposes: 67°–68.5° N (black; N = 7), 68.5°–70° N 
(yellow; N = 36) and 70°–74° N (red; N = 16, with 14 observation 
between 70° and 72° N). Dashed lines show the linear relationship 
between onset of spring and arrival-breeding interval (not tested for 
significance, see main text).
Figure S5. (Reproduced from Boom et al., 2023): Probability density 
histograms for the VeDBA of the four transmitter types used in this 
study. Green lines give the probability density functions, red lines 
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show the fitted gamma distributions. Red triangles indicate the mid 
points of the gamma distributions for inactive and active behaviour. 
Dashed vertical lines indicate the thresholds used to distinguish 
VeDBA values indicating active and inactive behaviour (24, 16.5, 29 
and 26.5 respectively).
Table S1. Model selection results based on the GLMMs on breeding 
propensity in relation to latitude, local onset of spring (GDD_jerk) 
and relative arrival (rel_arrival). All models included an intercept as 
well as random effects for individual (Bird_ID). All fixed effects were 
standardized (see main text). Resident birds were excluded from this 
analysis.
Table S2. Model selection results based on the GLMMs on breeding 
propensity in relation to latitude and local onset of spring (GDD_jerk) 
on the whole dataset (including resident birds). All models included 
an intercept as well as random effects for individual (Bird_ID). All 
fixed effects were standardized (see main text). The best performing 
(most parsimonious) model is given in bold.
Table S3. Model selection results based on the GLMMs on breeding 
propensity in relation to latitude and local onset of spring (GDD_
jerk) on Arctic-breeding birds (above 66° N) only. All models included 
an intercept as well as random effects for individual (Bird_ID). All 
fixed effects were standardized (see main text). The best performing 
(most parsimonious) model is given in bold.
Table  S4. Model selection results based on the GLMs on nesting 
success in relation to latitude, local onset of spring (GDD_jerk) and 

relative arrival (rel_arrival). All models included an intercept. All 
fixed effects were standardized (see main text). Resident birds were 
excluded from this analysis.
Table S5. Model selection results based on the GLMs on nesting 
success in relation to latitude and local onset of spring (GDD_
jerk) on the whole dataset (including resident birds). All models 
included an intercept. All fixed effects were standardized (see 
main text). The best performing (most parsimonious) model is 
given in bold.
Table  S6. Model selection results based on the GLMs on nesting 
success in relation to latitude and local onset of spring (GDD_jerk) 
on Arctic breeding birds (above 66° N) only. All models included an 
intercept. All fixed effects were standardized (see main text). The 
best performing (most parsimonious) model is given in bold.
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