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Journal of Avian Biology Migration patterns in birds vary in space and time. Spatial patterns include chain, leap-
frog and telescopic migration. Temporal patterns such as migration duration, number, 
and duration of stopovers may vary according to breeding latitude, sex, and season. 
This study aimed to verify these patterns in a long-distance migrant, the Eurasian cur-
lew Numenius arquata arquata, and to provide a synopsis of spatio-temporal migration 
patterns in this species of concern throughout the East Atlantic Flyway. We tagged 85 
adults with GPS-data loggers in Germany, Poland, France and Estonia between 2013 
and 2019. We computed the distance flown, linear loxodromic distance, duration, 
stopover number, total stopover duration, mean stopover duration, departure time 
and arrival time for 177 out of 187 tracks. On average (± standard deviation), spring 
migration occurred from 4 to 14 April (10.2 ± 8.4 days), curlews flew 3.623 ± 1.366 
km, and had 5.8 ± 3.6 stopovers, with a duration of 29.4 ± 38.2 h per stopover, 
while autumn migration occurred from 18 to 29 June (10.9 ± 9.9 days), curlews flew 
3.362 ± 1.351 km, and had 5.4 ± 4.0 stopovers, with 31.8 ± 32.3 h per stopover. 
Curlews displayed chain migration because wintering curlews maintained the latitudi-
nal sequence to their breeding sites. Southern curlews had a longer nesting period due 
to their earlier arrivals. While spring arrival at breeding sites did not differ between the 
sexes, in autumn females departed earlier than males. Migration duration and distance, 
as well as stopover number and duration, showed a significant increase with breeding 
site latitude but did not differ between the sexes or between spring and autumn migra-
tions, suggesting that curlews took a comparable amount of time migrating during 
both seasons. The high site faithfulness in curlews suggests that rapid autumn migra-
tion allows them to return to defend their winter foraging areas.
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Introduction

Migration drives the seasonal redistribution of birds in gen-
eral (Alerstam 1990). There are three main patterns regarding 
bird migration. 1) Chain migration occurs when bird popu-
lations at their wintering sites are arranged in a latitudinal 
sequence similar to their breeding sites; i.e. birds breeding 
at higher latitudes tend to migrate to more northerly winter-
ing areas, while birds breeding at lower latitudes migrate to 
more southerly wintering areas (Nilsson 1858, Lundberg and 
Alerstam 1986, Newton 2010). 2) Leapfrog migration results 
in a latitudinal sequence of wintering sites that is the reverse 
of the breeding areas, with populations of a species that breed 
farther north having wintering sites farther south (Palmén 
1874, Lundberg and Alerstam 1986, Newton 2010). The 
leapfrog migration pattern tends to be more common than 
chain migration, though some species may use a combination 
of both (Salomonsen 1955, Lundberg and Alerstam 1986). 
3) Telescopic migration occurs when different populations all 
migrate to the same latitudinal location, such that different 
populations meet for one season during their annual migra-
tion (Newton 2010, Chapman et al. 2014).

Besides these possible spatial patterns, the temporal com-
ponent of migration is also essential. Usually, birds breed-
ing in northern latitudes start their spring migration later 
than birds breeding farther south because conditions in 
the breeding areas (such as food peaks, temperature, snow 
cover etc.) enabling a successful reproduction are met later 
in the year (Reneerkens  et  al. 2016, Saalfeld  et  al. 2019). 
This might lead to a later departure from wintering grounds 
in individuals breeding in higher latitudes (Amélineau et al. 
2021, Schwemmer et al. 2021). Furthermore, the time spent 
at breeding grounds is often longer in southern latitudes as 
the conditions for reproduction last longer than in northern 
latitudes (Wyndham 1986). Finally, migration speed might 
differ significantly between the seasons (i.e. between spring 
and autumn migration): Nilsson et al. (2013) found in their 
compilation study that birds had higher flight speeds and 
shorter migration durations during spring migration rather 
than autumn migration due to the competition pressures 
at the breeding sites. However, a faster spring migration 
does not hold true for all bird species, e.g. Kölzsch  et  al. 
(2016) found a faster autumn than spring migration in 
white-fronted geese Anser albifrons. Similar results were also 
found in Icelandic whimbrels Numenius phaeopus islandicus 
(Carneiro et al. 2019).

Sex can also be a reason for the variation of migration 
behavior when males and females display different methods in 
migration (Cristol et al. 1999, Morbey and Ydenberg 2001). 
One example of this variation is protandry where males arrive 
earlier to breeding sites than females, or protogyny where the 
females arrive earlier than the males (Morbey and Ydenberg 
2001). Departure timing from the breeding site can also dif-
fer between the sex such as in offspring desertion when one 

parent may leave its offspring before it becomes independent 
(Fujioka 1989). In shorebirds, it is most common that the 
females will desert earlier than males (Székely and Reynolds 
1995).

Although information on migration patterns is an essential 
prerequisite for ensuring conservation, the migration period 
remains a crucial, but poorly studied part of the annual cycle 
for many bird species. It is also important to have a good 
understanding of the migration behaviors of individual pop-
ulations and different sexes, which could differ from those of 
the species as a whole. Migratory birds are less-well protected 
due to the need to consider multiple sites with different habi-
tat uses (Runge et al. 2015, Pearce-Higgins et al. 2017). It 
is therefore important to identify the birds’ movements and 
stopover sites as well as the timing of the start and end of the 
migration in order to improve their population management 
and habitat conservation (Palm et al. 2015).

We analyzed the spatial and temporal patterns of the 
migration of Eurasian curlews (Numenius arquata arquata; 
hereafter named curlews) along the East Atlantic Flyway and 
explored differences in migration duration, distance flown 
as well as number and mean duration of stopovers with 
respect to breeding latitudes, sex, and season (i.e. spring ver-
sus autumn migration). Curlews winter along the Atlantic 
coast from North Africa to the North Sea, and breed from 
Spain and Ireland to the Ural Mountains and up to the 
Arctic Circle (Summers  et  al. 2013, van Gils  et  al. 2020). 
Few studies have looked specifically at curlew migration pat-
terns (Palm et al. 2015); however, two studies using GPS tags 
revealed the migration patterns of curlews wintering in the 
German Wadden Sea and migrating to western Russia for 
breeding (Schwemmer et al. 2016, 2021). These studies also 
showed the feasibility of GPS-tagging of curlews. Based on 
observations and ring recoveries it has also been implied that 
curlews might display chain migration (Delany et al. 2009). 
The current study aimed to extend this knowledge using an 
extensive dataset of curlew migratory movements recorded by 
GPS dataloggers, including 85 individuals tagged in different 
parts of the East Atlantic Flyway. In addition to unraveling 
the spatial (i.e. chain migration versus leapfrog migration) 
and temporal patterns (i.e. differences among both migration 
periods), this study also aimed to describe Eurasian curlew 
migration patterns across different regions of their global dis-
tribution area.

This study tested the following four hypotheses: 1) cur-
lews on the whole East Atlantic Flyway perform chain migra-
tion with the northern wintering populations migrating to 
more northern breeding areas (Nilsson 1858, Lundberg and 
Alerstam 1986, Delany et al. 2009). 2) Location of the breed-
ing site (i.e. breeding site latitude) has been found to influ-
ence the onset of curlew migration (Amélineau et al. 2021, 
Schwemmer  et  al. 2021). Therefore, we expected further 
migration characteristics such as duration of migration, dis-
tance flown, number of stopovers and stopover duration to 
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depend on the location of the breeding site. 3) Based on the 
available research, migration patterns might differ between 
spring and autumn migration dependent on the respective 
bird species (Alerstam and Lindström 1990, Hedenström 
and Alerstam 1997, Kölzsch  et  al. 2016, Carneiro  et  al. 
2019). Therefore, we will test for seasonal differences in cur-
lew migration patterns. 4) Finally, we expected females to 
leave their breeding sites earlier than males, based on previous 
findings for curlews and other shorebird species (Currie et al. 
2001, Krupa et al. 2009, Sanders and Rees 2018).

Methods

Study area and tagging of curlews

We tagged 85 adult curlews (43 males, 42 females) across 
six different programs in Europe between 2013 and 2019 
(three German, one Polish, one French and one Estonian; 
green triangles for breeding curlews and green rectangles 
for wintering curlews in Fig. 1, Table 1). For detailed 
information about each curlew, see Supporting information. 
The curlews were caught using either a scoop or cage on 
the nest (breeding curlews), or with a mist net (wintering 
curlews). Four different brands of GPS tags including eight 
different types of solar tags were used to track the curlews, all 
weighing within 4–5% of the bird’s body mass (Phillips et al. 
2003): three tag types were manufactured by Ecotone, Poland 
(Sterna (7.5 g), Saker L (17 g) and Skua (17 g)), three by 
Ornitela, Lithuania (OT-10 (10 g), OT-15 (15 g) and OT-20 
(20 g)), one by Milsar, Poland (M-9 (16 g)) and one by e-obs, 
Germany (e-obs (20 g)). Fifty-eight tags were attached using 
breast-harnesses (Guillaumet et al. 2011) and the remaining 
27 were attached using leg-loop harnesses (Mallory and 
Gilbert 2008). Tag intervals ranged from 1 min to 12 h. All 
curlews were weighed and ringed, and their biometrics were 
recorded (i.e. wing, tarsus and bill length). Curlews were 
sexed either morphologically (n = 49) (after Summers et al. 
2013) or genetically through blood samples (n = 36) (Tauros 
Diagnostics, Berlin, Germany).

Mapping of tracks and designation of breeding and 
wintering sites

The GPS latitude and longitude were mapped for each curlew, 
using ArcGIS 10.6.1 (Environmental Systems Research Inst. 
(ESRI) 2018). GPS data were represented as points and 
then converted to lines to show the migration routes taken 
by each curlew. Based on these maps, curlews that did not 
migrate (either because tags malfunctioned or the curlews 
stayed in their wintering grounds over summer) and curlews 
with incomplete tracks were excluded (for sample sizes 
see Table 1). Seventy-four curlews performed at least one 
complete migration trip, and 23 birds had migration data 
for consecutive years, with a maximum of four years. We 
thus obtained a total of 187 migration tracks, including 90 
complete spring migration tracks, with 49 tracks being a single 

migration (Table 1), and 97 complete autumn migration 
tracks, with 48 tracks being a single migration (Table 1). 
Wintering and breeding sites were identified for each curlew 
and were used to calculate migration dates and distances. We 
visually identified the main high tide roost at each wintering 
site, corresponding to the highest concentration of points 
outside the tidal range area for the whole wintering period. 
The mean latitudes and longitudes of these main roosts were 
calculated to define the wintering locations of the curlews.

Locations of nest sites were either recorded directly in the 
field (if the curlew was caught while incubating) or calculated 
(if the curlew was tagged while wintering) using R (ver. 3.5.3) 
(<www.r-project.org>). First, we took account of all the GPS 
points to create a subset for the breeding season, based on 
the curlew’s rough arrival and departure times. From this 
subset, we defined the most likely location of the nest site 
using a latitudinal and longitudinal grid (cell size 0.0001° × 
0.0001°) over the area visited by the curlew, by counting the 
number of positions in each cell within the breeding period. 
The grid cell centroid containing the most positions was then 
defined as the breeding site and showed a maximum error of 
5 km, which is of a negligible magnitude for the spatial scale 
of this study (Amélineau et al. 2021).

The start and end dates for each migration were established 
when the curlew entered and exited 20 km from either the 
breeding or the wintering site, respectively. This limit was 
chosen because the curlews can be vagrant around the defined 
breeding or wintering locations, and it helped to avoid the 
inclusion of stops outside the breeding or wintering sites as 
stopovers. We then used the start and end dates and times to 
calculate the duration of each migration.

Statistical analysis

Migration parameters were computed using the statistical 
open-source software R (<www.r-project.org>). The raw 
tracking data were combined into one data frame, and we 
then calculated the temporal (dt) and spatial (dx) differences 
between the subsequent tracking points, and an approxima-
tion of the speed (dx/dt). The histogram showed a distinct 
bimodal pattern (Supporting information), corresponding to 
the two behavioral modes ‘flight’ versus ‘resting’. Although 
values lower than 24 km h−1 might also appear during flight 
(and values higher than 24 km h−1 may appear during short 
flights within resting periods), the minimum between the 
two distinct ‘behavioral modes’ suggests that the likelihood 
of incorrect attribution is lowest when using approximately 
24 km h−1 as a threshold, which has been slightly corrected 
up by visual checks of classified tracking points within known 
resting and migration areas. The different time intervals of 
the tags from geofencing using Ornitela devices (i.e. increas-
ing the number of tag intervals within a given area, battery 
level or setting preference) resulted in major differences in 
fix intervals, leading to potential biases in the calculation 
of migration parameters: e.g. tags with a shorter fix inter-
val would produce a more accurate spatial resolution of the 
migration route and stopovers. To account for this bias, we 
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Figure 1. Migration tracks with stopovers (black) and breeding sites (yellow) based on (a) spring and (b) autumn periods. Green triangles: 
curlew caught at breeding sites, green rectangles: curlew caught at wintering sites.
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only included migration tracks from individuals with average 
time intervals < 100 min. We also discarded data for individ-
uals with tracks including single gaps of > 24 h. Therefore, 
we discarded 10 of the originally 187 tracks and used an over-
all sample size of 177 tracks for our analyses. Finally, the data 
were further processed to redefine a ‘rest’ period as a period 
≥ 60 min long, a similar approach was applied to ‘migration’. 
We defined this ‘rest’ period as ‘stopover’ based on Warnock’s 
(2010) definition of stopovers. We produced several visu-
alizations of stopover lengths and stopover versus flight for 
additional visual validation, e.g. checking that only migration 
behavior was observed offshore and that a high proportion 
of resting occurred in well-known resting areas, such as the 
Wadden Sea. We then pooled the data on a daily basis (sepa-
rately for each individual) and applied it to different appro-
priate regression models (generalized additive mixed models; 
Wood 2006, Zuur 2012) using the R package 'mgcv' (Wood 
2006). This regression analysis was performed to detect pos-
sible bias due to the varying interval length dt. In particu-
lar, we systematically checked for dependencies between dt 
and several variables of interest (used as outcome variables 
in generalized linear mixed effect model (GLMM) analysis), 
namely daily track length, rest number, average rest length 
and total rest length. These first three models showed signifi-
cant relationships, and the variables of interest were corrected 
correspondingly (based on the inverse of the predicted corre-
lation). There was no significant relationship between dt and 
total rest length per day, and correction for this parameter 
was therefore unnecessary. Finally, we temporally pooled the 
corrected daily data down to the level of individual migra-
tion tracks, to calculate the unbiased number of stopovers, 
duration of stopovers, mean duration of stopovers, distance 
flown and linear distance per individual and migration, to 
provide a database that was comparable among the different 
types of devices with different fix intervals. Linear distance 
was defined as the Haversine (great circle) distance between 
the start and end points of each migration route.

Based on the above calculations, each GPS fix was assigned 
to one of four categories: 1) wintering, 2) spring migration, 
3) breeding or 4) autumn migration. The four categories were 
plotted for each curlew and year of migration based on the 
breeding latitude, to illustrate differences in phenological 
patterns across a gradient from south to north.

We analyzed the effect of the migration season (i.e. spring 
versus autumn migration), sex and breeding site latitude on 
the four outcome variables (migration duration, flown dis-
tance, number of stopovers and mean stopover duration) 
using GLMMs. Furthermore, we determined if the spring and 
autumn departure dates were significantly related to breed-
ing site latitude, and if there were differences between the 
sexes with regard to the spring and autumn departure dates. 
Bird-ID was included as a random intercept in the GLMM 
models, to prevent pseudo-replication due to multiple obser-
vations of the same individual. The most appropriate probabil-
ity distribution (Gaussian, Tweedie or Negative Binomial) was 
selected, based on the Akaike information criterion (Akaike 
1973). Tweedie distribution was used for all the variables, Ta
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except for mean stopover duration, where Negative Binomial 
was used. Flown distance and linear distance were compared 
separately for both migrations. All plots were visualized using 
the R package ‘ggplot2’ (Wickham et al. 2010).

Results

Spatio-temporal migration patterns

The tagged curlews exhibited a large migration range across the 
East Atlantic Flyway, from as far west as north-western Africa 
(Morocco) to east of the Ural Mountains (Russia) (Fig. 1). 
Stopover sites were located in all parts of the migration range 
(Fig. 1). Many stopover sites during spring migration were in 
the eastern part of the range, with a high proportion around 
the southern Baltic coast, the southern North Sea (including 
the Wadden Sea) and the Atlantic coast during autumn 
migration. This connectivity was also present, but less 
prominent, during spring migration. There was a significant 
relationship between wintering site latitude and breeding site 
latitude, with the latter increasing on average by approximately 
one degree for each increased degree in wintering latitude (p 
< 0.001; Fig. 2). This relationship clearly showed that the 
curlews performed chain migration. The spatial and temporal 
migration patterns of migrating individuals throughout the 
study sites are shown in Supporting information. While 
individuals tagged in northern Germany migrated in a 
broad front across the Baltic Sea and exclusively bred in 
western Russia (Supporting information), curlews tagged 
in the breeding colonies in southern and western Germany 
migrated to the Iberian Peninsula by crossing the Pyrenees 
(Supporting information). The majority of curlews tagged in 

the wintering site of the French Atlantic coast followed the 
coastline of the southern North Sea and crossed the Baltic 
Sea in a similar way to the individuals tagged in northern 
Germany (Supporting information). Breeding curlews tagged 
in Estonia crossed the Baltic Sea and the southern North Sea 
and mainly wintered in the UK (Supporting information). 
Finally, about half of the breeding curlews tagged in Poland 
followed the southern Baltic Sea coastline and crossed the 
southern North Sea to winter in the UK or France while 
the other half of the curlews migrated across central Europe 
and mainly used the Iberian Peninsula as wintering grounds 
(Supporting information).

Both migration periods took around 10 days and were 
therefore very short (Fig. 3, Table 2). Overall, wintering 
accounted for the longest part of the annual cycle (average 
75.83 ± 5.2% of total time). Curlews that bred farther south 
and west started their spring migrations approximately 50 days 
(seven weeks) earlier than individuals breeding farther north 
and east. However, all curlews left their breeding site for their 
autumn migration at roughly the same time, irrespective of 
their breeding latitude (mean: June 18 ± 10.76 days, range: 
28 May–19 July). Consequently, curlews breeding farther 
south spent significantly more time at their breeding sites 
than curlews breeding farther north (p < 0.001; mean: 62.78 
± 18.68 days, range: 18.00–108.63 days; Fig. 4 and also see 
animation in Supporting information).

Effects of season, sex and breeding location on 
migration

Migration duration, distance flown, number of stopovers and 
mean stopover duration did not differ significantly between 
the two seasons (Table 2, 3; Supporting information), and 

Figure 2. Relationship between wintering and breeding site latitudes. Solid line: model curve, dashed lines: 95% confidence intervals.
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between males and females (Table 3; Supporting information). 
In contrast, migration duration, distance flown and stopover 
number, but not mean stopover duration, showed significant 
positive linear relationships with breeding latitude (Fig. 5, 
Table 3). The ratio between distance flown and linear distance 
decreased significantly with increasing breeding site latitude 
(Fig. 5e).

The ratio of distance flown to linear distance was similar in 
the spring and autumn migrations (Supporting information). 
The distance flown exceeded the linear distance by > 33% 
during both migrations (flown distance exceeded linear 
distance by 38.0 ± 10.8% and by 37.1 ± 11.0% during 
spring and autumn migrations, respectively). The correlation 
between flown and linear distances was high in both seasons 
(both p < 0.001; Supporting information).

Spring migration-departure time did not differ sig-
nificantly between the sexes (p = 0.876, Fig. 6a); however, 
autumn migration-departure time did (p = 0.041; Fig. 6b), 
with males staying at the breeding sites for an average of 3.83 
days longer (females: mean 16 June ± 10.26 days, range 28 
May–16 July; males: mean 20 June ± 11.08 days, range 28 

May–19 July). However, there was no significant difference 
in departure times during spring migration (females: mean 5 
April ± 18.57 days, range 25 February–5 May; males: mean 
4 April ± 22.52 days, range 25 February–17 May). Spring 
departure dates from the wintering sites were positively and 
highly significantly related to breeding site latitude for both 
females and males (both p < 0.001), showing similar pat-
terns (Fig. 7a). The same was true for autumn departure dates 
from breeding sites for both females (p < 0.001) and males 
(p = 0.012), although this relationship showed broader confi-
dence intervals as compared to spring departure date (Fig. 7b).

Discussion

Potential tag biases

It is important to look critically at potential time interval biases 
associated with the different tag types used. We accounted for 
those biases by correcting our data with GLMM predictions, 
which produced reliable overall values of migration parameters. 

Figure 3. Phenology of annual cycle per individual (n = 85) according to (a) breeding latitude and (b) breeding longitude.

Table 2. Characteristics of spring and autumn migrations of tagged curlews. Data represent mean values, standard deviation and ranges.

Spring Autumn
n=82 Standard deviation Range n=95 Standard deviation Range

Start date April 4 20.5 25 Feb.–18 May 18 June 10.8 28 May–19 July
Midpoint April 9 21.6 25 Feb.–28 May 23 June 11.5 29 May–20 July
End date April 14 23.5 26 Feb.–7 June 29 June 14.1 31 May–24 July
Duration (days) 10.2 8.4 0.8–41.7 10.9 9.9 0.8–48.4
Linear distance (km) 2210 803 523–3906 2082 822 563–3910
Distance flown (km) 3623 1366 961–7423 3362 1351 810–7684
Number of stopovers 5.8 3.6 0.0–19.0 5.4 4.0 0.0–26.2
Stopover duration (days) 7.9 8.1 0.0–39.9 8.7 9.4 0.0–49.0*
Mean stopover duration (h) 29.4 38.2 0.0–290.5 31.8 32.3 0.0–164.9
Mean stopover duration (days) 1.2 1.6 0.0–12.1 1.3 1.3 0.0–6.9

*Due to correction of the calculations to account for tag bias, a few stopover durations were greater than the duration of the whole migration.
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However, this process led to outliers for some individuals, as 
seen in a few individuals for which the total stopover duration 
exceeded the overall migration duration. Using a threshold of 
24 km h−1 to separate resting from flying may also have led to 
errors. Although this method was the best statistical solution, 
this algorithm mistook a series of GPS fixes in the curlews, 
and sometimes indicated that they were considered to be rest-
ing were actually flying, because they were travelling below the 
24 km h−1 threshold, making these phases difficult to classify. 
However, such cases were rare and were therefore assumed to 
have no effect on our results and conclusions.

Spatial and temporal patterns of curlew migration

The results of this study showed that curlews exhibited chain 
migration throughout the East Atlantic Flyway, with indi-
viduals wintering at more southern latitudes breeding farther 
south, and individuals wintering at higher latitudes breeding 
farther north and east. Our results might be slightly biased 
due to site effects (for instance tagging multiple individuals 
within the large wintering area of the Wadden Sea where there 
is an increased chance of catching individuals from breeding 
sites in northern latitudes). However, recent unpublished data 
from curlews tagged in Finnish (Jiguet  et  al. unpubl.) and 
Russian (Schwemmer et al. unpubl.) breeding sites confirmed 
the chain migration pattern found in this study. Site effects 
are hard to be avoided in tagging studies. This is the first study 
that tried to minimize this potential bias by including mul-
tiple individuals of populations across the entire East Atlantic 

Flyway. Furthermore, our findings are in agreement with 
observations and ring recoveries that suggest chain migra-
tion (Delany et al. 2009). Our GPS data showed that curlews 
along the East Atlantic Flyway migrated along a broad front 
across the whole of Europe. Although migration was chan-
neled along the North Sea coast and across the Baltic, many 
tagged individuals chose inland routes and were able to fly 
over mountain ranges, such as the Alps and the Pyrenees.

Curlews also breeding further north showed a lower ratio 
between distance flown and linear distance, which suggest 
a straighter route for the birds with northern breeding lati-
tudes. Our data also showed that curlews breeding at lower 
latitudes left their wintering sites approximately 50 days 
earlier than individuals breeding at higher latitudes, con-
firming previous findings for curlews wintering in northern 
Germany (Schwemmer et al. 2021). This is probably a conse-
quence of the timing of favorable conditions at the breeding 
site, given that snowmelt starts later at higher latitudes and 
food resources will thus also be expected to be available later 
(Reneerkens et al. 2016, Saalfeld et al. 2019). Shorebirds that 
started breeding as early as possible are known to increase 
the chance of reproductive success, due to higher invertebrate 
availability (Saalfeld  et  al. 2019). Earlier breeding was also 
found to increase the chances of producing a second clutch, 
mainly among shorebirds with a failed first nest, but also 
allowing shorebirds to renest if the conditions were favorable 
(Gates et al. 2013) and particularly in lower latitudes where 
the breeding period is longer since all the curlews left their 
breeding sites around the same time (this study).

Figure 4. Relationship between time spent at breeding grounds (days) and breeding site latitude. Solid line: model curve, dashed lines: 95% 
confidence intervals.
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Differences between spring and autumn migrations

In theoretical and empirical findings, the duration of spring 
migration is shorter than that of autumn migration in some 
migrating bird species (Kokko 1999, Nilsson  et  al. 2013). 
Birds are also under pressure to reproduce within a short 
period of time and have to optimize their migration through 
time, fuel and risk, especially considering the shorter time 
frame for birds breeding at higher latitudes (Marcström and 
Mascher 1979, Alerstam and Lindström 1990, Kokko 1999). 
In black-tailed godwits Limosa limosa limosa, Senner  et  al. 
(2019) found that spring migration was shorter than autumn 
both within individuals and across populations over multiple 
years. In contrast, our study revealed no significant differences 
in migration duration, distance flown, number of stopovers 
and mean stopover duration between the spring and autumn 
migrations of our overall dataset. Also including an inter-
action term between season and breeding site latitude led 
to insignificant results in all of the four outcome variables. 
However, speed and duration of migration are not necessarily 
the primary factors for indicating time constraints or migra-
tory strategies that the birds display, environmental factors are 
key as well: The Icelandic whimbrels Numenius phaeopus islan-
dicus had a faster autumn migration than spring migration 
(Carneiro et al. 2019). The authors suggest that unfavorable 
wind patterns during spring migration could have caused the 
birds to stop more during spring. It is also theorized that the 
birds stopped more just before arriving to their breeding site 
to increase their reserves (Carneiro et  al. 2019). The white-
fronted goose Anser albifrons also showed a faster autumn 
migration than spring migration, even though their speeds 
were similar. This difference seemed to be due to the fact that 
these geese follow the green wave of spring growth that influ-
ence their timing for spring (Kölzsch et al. 2016).

Curlews are known to demonstrate high rates of mate and 
territory fidelity (Cramp et al. 1983, Berg 1994, Currie et al. 
2001, Brown 2015). This includes high faithfulness to their 
wintering sites, as shown by tracking the same individuals 
over multiple years and by ringing studies (Delany  et  al. 
2009, Brown 2015, Sanders and Rees 2018, see also 
Schwemmer et al. 2021 for a tagging study on curlews win-
tering in northern Germany). The northern German curlews 
tagged for this study tended to forage recurrently in the same 
places on the mudflats in the Wadden Sea (Schwemmer et al. 
unpubl.). It is therefore likely that the curlews might need to 
return quickly in autumn to defend their winter foraging sites 
and to decrease intraspecific and interspecific competition 
(the latter has been found in gulls before; Ens et al. 1990), 
especially given that the birds spend the largest proportion of 
their life cycle in the wintering grounds (Alerstam 1990, this 
study). This is in agreement with Cotter (1990) who found 
that curlews feeding on mudflats formed fixed territories of 
up to 1 hectare in size (in contrast to individuals that feed 
inland). However, Townshend (1981) implies that also bill 
biometry and food availability drive the habitat selection in 
curlews and that intraspecific and interspecific interactions 
are not the cause of movement between habitats. Multiple Ta
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studies have shown that curlews with shorter bill size tend to 
feed predominately in pastures, while birds with longer bill 
sizes feed on mudflats (Cramp et al. 1983).

As curlews are known to start the molt of their flight feath-
ers already from June to July onwards (Bauer  et  al. 2005), 
likely affecting their ability to migrate long distances, an 
early and short autumn migration can be the consequence. 
Even though environmental factors were not looked at for 
this study, the similar migration duration, distance flown, 
number of stopovers, and mean stopover duration for spring 
and autumn migration can be the result of similar weather 

conditions during spring and autumn. This can also be seen 
with the similarity in the higher distance flown compared 
to linear distance in spring and autumn migration, where 
the higher distance flown shows that a less direct route was 
taken, which could be due to environmental factors like 
wind patterns. However, a recent study on GPS-tagged cur-
lews revealed a high repeatability of migration timing for 
individuals that were tracked in consecutive years, whereas 
meteorological factors were largely ignored suggesting a 
high importance of genetic triggers in curlew migration 
(Schwemmer et al. 2021).

Figure 5. Relationship between breeding site latitude and (a) duration of migration (days); (b) distance flown (km); (c) number of stopovers; 
(d) mean stopover duration (h); and (e) ratio of distance flown and linear distance. Solid line: model curve, dashed lines: 95% confidence 
intervals.
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Sex-related differences in migration

Our results showed that females left their breeding sites ear-
lier than males, which is in line with previous studies on cur-
lews (Currie et al. 2001, Krupa et al. 2009, Sanders and Rees 
2018). There are several hypotheses why females might leave 
breeding sites earlier than males: 1) Females may be physi-
ologically less able to care for the chicks than males, since the 
female have higher energy costs due to producing the eggs 
(Ashkenazie and Safriel 1979, Lenington 1980, Brunton 
1988, Gratto-Trevor 1991). Males also showed more aggres-
sion before the females left, suggesting that the males could 
protect the older chicks alone (Currie et al. 2001). However, 
given the larger body size of female compared with male 

curlews, this explanation seems unlikely. It has also been 
seen in other shorebirds that males spend more time defend-
ing their territories than females (Brunton 1988). 2) Several 
studies found that leaving the breeding site earlier could 
increase success in future years (Lenington 1984, Jönsson 
and Alerstam 1990, Székely and Williams 1994). This could 
explain their haste to return to their wintering sites, which 
are more food-rich than the breeding sites and birds usually 
have a reliable knowledge on food availability; early return 
to the wintering sites could thus increase their likelihood of 
survival (Alerstam 1990). 3) Finally, the departure decision 
may be linked to reproductive failure, which we were not able 
to estimate, with failed breeders returning to their winter-
ing sites earlier. However, this would be likely to cause both 

Figure 6. Boxplots of departure dates for female (pink) and male (blue) curlews for the overall dataset. Bold line is the median and the lines 
extended from the box are the lower and upper quartiles. Departure dates for (a) spring and (b) autumn migration * p < 0.05.

Figure 7. Relationship between breeding site latitude and departure dates for female (pink) and male (blue) curlews for (a) spring and (b) 
autumn migrations. Solid blue and red lines: model curve, dashed lines: 95% confidence intervals.
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members of the affected pairs to depart their breeding sites 
earlier, rather than just the females. In addition, if the birds 
breed early enough, there is a good chance that they could 
try for a replacement clutch if the first one fails (Currie et al. 
2001, Verhoeven et al. 2020).

Currie et al. (2001) found that female curlews at northern 
breeding latitudes deserted their offspring earlier relative to 
chick age than females at southern latitudes. It is also sug-
gested that at northern latitudes timing of desertion varies due 
to migratory distance and shorter breeding season. Our results 
showed that curlew females at lower latitudes left their breed-
ing sites earlier than females at higher latitudes. However, our 
study only looked at the departure date from the breeding site. 
This did not take into account the chicks age at time of depar-
ture. So, the southern curlews may desert earlier due to being 
able to breed earlier. It was also shown that females spent more 
time with broods that hatched earlier, which is a tradeoff for 
individuals that breed later (Currie et al. 2001).

Outlook and significance of cooperative tracking 
studies

The current study was able to shed light on spatio-temporal 
migration patterns of a species of concern along major parts 
of the East Atlantic Flyway using a large dataset. Therefore, it 
provides a good example of how the combination of different 
international telemetry data can help to fill important gaps 
on the movement ecology of migrating species. The study was 
a cooperative project conducted throughout Europe with an 
international consortium of research laboratories and nature 
associations, which may help to protect the species by involv-
ing multiple countries. The extensive cooperation from dif-
ferent organizations means that the current study included 
one of the largest high resolution migration datasets available 
among all shorebirds, as well as covering a long timeframe. 
The study was thus able to create a better overall picture by 
building on preliminary studies (Schwemmer  et  al. 2016, 
2021) and providing data to fill gaps in our knowledge about 
the migratory behavior of curlews. The current dataset will 
also be suitable for the study of inter-individual variability of 
migration as well as habitat choice within the breeding and 
wintering habitats, which will hopefully contribute to a better 
understanding of the life cycle of this long-distance migrant.

Acknowledgements – We would like to acknowledge Tomasz 
Tumiel, Grzegorz Grygoruk and Piotr Świętochowski from Nature 
Association Dubelt for great support with fieldwork; workers from 
the Höheren Naturschutzbehörden der Regierungen der Bezirke 
Oberbayern, Mittelfranken, Niederbayern und Oberpfalz; Institut 
für Vogelforschung Wilhelmshafen (Prof. Franz Bairlein); Birdlife 
Portugal, Spain and France; and Landesamt für Umwelt (Günter 
von Lossow). We also thank Loïc Jomat, Vincent Lelong, Julien 
Gernigon, Jen-Christophe Lemesle, Frédéric Robin, Clément 
Jourdan, Françoise Amélineau and Chloé Tanton for their help 
during bird capture/marking sessions in France. We also thank 
all the volunteers who participated in bird capturing. We are 
grateful to Françoise Amélineau for developing the R script for 

nest identification. We thank Christine Dupuy and Christel 
Lefrançois for logistic support. We thank Thierry Guyot for the 
map conception. The National Park Administration within the 
Landesbetrieb für Küstenschutz, Nationalpark und Meeresschutz, 
provided permission to enter bird protection sites for catching in 
the Wadden Sea. Sue Furness gave linguistic support. We would like 
to thank T. Piersma, Petr Procházka and two anonymous reviewers 
for their valuable suggestions to improve the manuscript. Open 
Access funding enabled and organized by Projekt DEAL
Funding – Parts of the study were funded by the German Federal 
Agency for Nature Conservation (Bundesamt für Naturschutz, 
BfN) within the projects ‘Birdmove’ (grant no. FKZ 3515822100) 
and ‘Trackbird’ (grant no. FKZ 3519861400) with funds from 
the Federal Ministry for the Environment, Nature Conservation 
and Nuclear Safety (BMU). Funding in Bavaria was provided 
by Bayerischer Naturschutzfond and Bayerisches Landesamt 
für Umwelt. Funding in Estonia was provided by the Estonian 
Environmental Investment Centre. Funding for work in France was 
provided as part of the ECONAT project funded by the Contrat 
de Plan Etat-Région, the CNRS and the European Regional 
Development Fund (QUALIDRIS project) and by the Ligue pour 
la Protection des Oiseaux. Funding in Poland was provided by the 
EU Cohesion Fund under the Operational Program Infrastructure 
and Environment 2014–2020, under the project POIS.02.04.00-
00-0019/16 entitled ‘Implementation of the National Action 
Plan for Eurasian Curlew – stage I’ (<http://ochronakulika.pl/>), 
coordinated by the Wildlife Society ‘Stork’.

Author contributions

Rebecca Pederson: Conceptualization (supporting); Data 
curation (equal); Formal analysis (equal); Investigation 
(equal); Methodology (equal); Project administration 
(equal); Validation (equal); Writing – original draft (lead); 
Writing – review and editing (equal). Pierrick Bocher: 
Conceptualization (equal); Data curation (equal); Formal anal-
ysis (supporting); Funding acquisition (equal); Investigation 
(equal); Methodology (equal); Project administration (equal); 
Resources (equal); Supervision (equal); Validation (equal); 
Visualization (equal); Writing – review and editing (sup-
porting). Stefan Garthe: Conceptualization (equal); Data 
curation (equal); Funding acquisition (equal); Investigation 
(equal); Methodology (equal); Project administration (sup-
porting); Resources (equal); Supervision (equal); Validation 
(equal); Visualization (equal); Writing – review and editing 
(supporting). Jérôme Fort: Conceptualization (equal); Data 
curation (equal); Funding acquisition (equal); Methodology 
(equal); Project administration (supporting); Resources 
(equal); Supervision (equal); Visualization (equal); Writing – 
review and editing (supporting). Moritz Mercker: Data cura-
tion (equal); Formal analysis (equal); Investigation (equal); 
Methodology (equal); Project administration (supporting); 
Writing – original draft (supporting); Writing – review and 
editing (supporting). Verena Auernhammer: Data curation 
(equal); Funding acquisition (equal); Project administration 
(supporting); Resources (equal); Writing – review and edit-
ing (supporting). Martin Boschert: Data curation (equal); 
Formal analysis (equal); Project administration (supporting); 
Resources (equal); Writing – review and editing (supporting). 



13

Philippe Delaporte: Data curation (supporting); Funding 
acquisition (equal); Resources (equal). Jaanus Elts: Data cura-
tion (equal); Funding acquisition (equal); Resources (equal); 
Writing – review and editing (supporting). Wolfgang Fiedler: 
Data curation (equal); Funding acquisition (equal); Project 
administration (supporting); Resources (equal); Writing – 
review and editing (supporting). Michał Korniluk: Data 
curation (equal); Funding acquisition (equal); Project admin-
istration (supporting); Resources (equal); Writing – review 
and editing (supporting). Dominik Krupiński: Data cura-
tion (equal); Funding acquisition (equal); Project administra-
tion (supporting); Resources (equal); Writing – review and 
editing (supporting). Riho Marja: Data curation (equal); 
Funding acquisition (equal); Project administration (support-
ing); Resources (equal); Writing – review and editing (support-
ing). Pierre Rousseau: Data curation (supporting); Funding 
acquisition (equal); Resources (equal). Lukas Thiess: Data 
curation (supporting); Writing – review and editing (support-
ing). Philipp Schwemmer: Conceptualization (equal); Data 
curation (equal); Formal analysis (equal); Funding acquisition 
(equal); Investigation (equal); Methodology (equal); Project 
administration (equal); Resources (equal); Supervision (lead); 
Validation (equal); Visualization (equal); Writing – original 
draft (supporting); Writing – review and editing (lead).

Transparent peer review

The peer review history for this article is available at <https://
publons.com/publon/10.1111/jav.02924>.

Data availability statement

Data is available from the Dryad Digital Repository: <https://
doi.org/10.5061/dryad.nk98sf7w6> (Pederson et al. 2022).

Supporting information

The Supporting information associated with this article is 
available with the online version.

References

Akaike, H. 1973. Information theory and an extension of the 
maximum likelihood principle. – In: Petrov, B. N. and Csaki, 
F. (eds), Proc. 2nd Int. Symp. on information theory. Springer, 
pp. 267–281.

Alerstam, T. 1990. Bird migration. – Cambridge Univ. Press.
Alerstam, T. and Lindström, Å. 1990. Optimal bird migration: the 

relative importance of time, energy and safety. – In: Gwinner, 
E. (ed.), Bird migration. Springer, pp. 331–351.

Amélineau, F., Delbart, N., Schwemmer, P., Marja, R., Fort, J., 
Garthe, S., Elts, J., Delaporte, P., Rousseau, P., Duraffour, F. 
and Bocher, P. 2021. Timing of spring departure of long 
distance migrants correlates with previous year’s conditions at 
their breeding site. – Biol. Lett. 17: rsbl.2021.0331.

Ashkenazie, S. and Safriel, U. N. 1979. Time-energy budget of the 
semipalmated sandpiper Calidris pusilla at Barrow, Alaska. – 
Ecology 60: 783–799.

Bauer, H. G., Bezzel, E. and Fiedler, W. 2005. Das Kompendium 
der Vögel Mitteleuropas Alles über Biologie, Gefährdung und 
Schutz: Nonpasseriformes-Nichtsperlingsvögel, 2nd edn. – Aula.

Berg, Å. 1994. Maintenance of populations and causes of popula-
tion changes of curlews Numenius arquata breeding on farm-
land. – Biol. Conserv. 67: 233–238.

Brown, D. J. 2015. International single species action plan for the 
conservation of the Eurasian curlew Numenius arquata arquata, 
N. a. orientalis and N. a. suschkini. – AEWA Tech. Ser. no. 58.

Brunton, D. H. 1988. Sexual differences in reproductive effort: 
time-activity budgets of monogamous killdeer, Charadrius 
vociferus. – Anim. Behav. 36: 705–717.

Carneiro, C., Gunnarsson, T. G. and Alves, J. A. 2019. Faster 
migration in autumn than in spring: seasonal migration patterns 
and non-breeding distribution of Icelandic whimbrels Numenius 
phaeopus islandicus. – J. Avian Biol. 50: 1–8.

Chapman, B. B., Hulthén, K., Wellenreuther, M., Hansson, L. A., 
Nilsson, J. Å. and Brönmark, C. 2014. Patterns of animal 
migration. – In: Hansson, L. A. and Akesson, S. (eds), Animal 
movement across scales. Oxford Univ. Press, pp. 11–35.

Cotter, G. 1990. The curlew. – Shire Publications.
Cramp, S., Simmons, K. L. E., Brooks, D. C., Collar, N. J., Dunn, 

E., Gillmor, R. and Olney, P. J. S. 1983. Handbook of the birds 
of Europe, the Middle East and North Africa: the birds of the 
Western Palearctic. Waders to gulls, vol. 3. – Oxford Univ. Press.

Cristol, D. A., Baker, M. B. and Carbone, C. 1999. Differential 
migration revisited. – In: Nolan, V., Ketterson, E. D. and Thom-
son, C. F. (eds), Current ornithology. Springer, pp. 33–88.

Currie, D., Valkama, J., Berg, Å., Boschert, M., Norrdahl, K. A. I., 
Hänninen, M., Korpimäki, E., Pözri, V. and Hemminki, O. 2001. 
Sex roles, parental effort and offspring desertion in the monoga-
mous Eurasian curlew Numenius arquata. – Ibis 143: 642–650.

Delany, S., Scott, D., Dodman, T. and Stroud, D. 2009. Eurasian 
curlew Numenius arquata. – In: Delany, S., Scott, D., Dodman, 
T. and Stroud, D. (eds), An atlas of wader populations in Africa 
and Western Eurasia. Wetlands International, pp. 307–311.

Ens, B. J., Esselink, P. and Zwarts, L. 1990. Kleptoparasitism as a 
problem of prey choice: a study on mudflat-feeding curlews, 
Numenius arquata. – Anim. Behav. 39: 219–230.

Environmental Systems Research Institute (ESRI) 2018 ArcGIS 
(ver. 10.6.1). – ESRI.

Fujioka, M. 1989. Mate and nestling desertion in colonial little 
egrets. – Auk 106: 292–302.

Gates, H. R., Lanctot, R. B. and Powell, A. N. 2013. High renest-
ing rates in Arctic-breeding dunlin Calidris alpina: a clutch-
removal experiment. – Auk 130: 372–380.

Gratto-Trevor, C. L. 1991. Parental care in semipalmated sandpi-
pers Calidris pusilla: brood desertion by females. – Ibis 133: 
394–399.

Guillaumet, A., Dorr, B., Wang, G., Taylor, J. D., Chipman, R. B., 
Scherr, H., Bowman, J., Abraham, K. F., Doyle, T. J. and 
Cranker, E. 2011. Determinants of local and migratory 
movements of Great Lakes double-crested cormorants. – Behav. 
Ecol. 22: 1096–1103.

Hedenström, A. and Alerstam, T. 1997. Optimum fuel loads in 
migratory birds: distinguishing between time and energy 
minimization. – J. Theor. Biol. 189: 227–234.

Jönsson, P. E. and Alerstam, T. 1990. The adaptive significance of 
parental role division and sexual size dimorphism in breeding 
shorebirds. – Biol. J. Linn. Soc. 41: 301–314.

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



14

Kölzsch, A., Müskens, G. J., Kruckenberg, H., Glazov, P., Weinzi-
erl, R., Nolet, B. A. and Wikelski, M. 2016. Towards a new 
understanding of migration timing: slower spring than autumn 
migration in geese reflects different decision rules for stopover 
use and departure. – Oikos 125: 1496–1507.

Krupa, R., Meissner, W., Krupa, M. and Sereda, A. 2009. Migra-
tion dynamics and seasonal variation in the biometrics of the 
Eurasian curlew Numenius arquata migrating through the lower 
Vistula valley (N Poland) in autumn. – Ring 31: 41–51.

Lenington, S. 1980. Bi-parental care in killdeer: an adaptive 
hypothesis. – Wilson Bull. 92: 8–20.

Lenington, S. 1984. The evolution of polyandry in shorebirds. – In: 
Burger, J. and Olla, B. L. (eds), Shorebirds. Springer, pp. 149–167.

Lundberg, S. and Alerstam, T. 1986. Bird migration patterns: con-
ditions for stable geographical population segregation. – J. 
Theor. Biol. 123: 403–414.

Mallory, M. L. and Gilbert, C. D. 2008. Leg-loop harness design 
for attaching external transmitters to seabirds. – Mar. Ornithol. 
36: 183–188.

Marcström, V. and Mascher, J. W. 1979. Weights and fat in lap-
wings Vanellus vanellus and oystercatchers Haematopus ostralegus 
starved to death during a cold spell in spring. – Ornis Scand. 
10: 235–240.

Morbey, Y. E. and Ydenberg, R. C. 2001. Protandrous arrival tim-
ing to breeding areas: a review. – Ecol. Lett. 4: 663–673.

Newton, I. 2010. The migration ecology of birds. – Elsevier.
Nilsson, C., Klaassen, R. H. and Alerstam, T. 2013. Differences in 

speed and duration of bird migration between spring and 
autumn. – Am. Nat. 181: 837–845.

Nilsson, S. 1858. Skandinavisk Fauna. Foglarna. Första bandet. – 
Gleerups.

Palm, E. C., Newman, S. H., Prosser, D. J., Xiao, X., Ze, L., Bat-
bayar, N., Sivananithaperumal, B. and Takekawa, J. Y. 2015. 
Mapping migratory flyways in Asia using dynamic Brownian 
bridge movement models. – Mov. Ecol. 3: 1–10.

Palmén, J. A. 1874. Om foglarnes flyttningsvägar. – Frenckell.
Pearce-Higgins, J. W., Brown, D. J., Douglas, D. J., Alves, J. A., 

Bellio, M., Bocher, P. and Dann, P. 2017. A global threats over-
view for Numeniini populations: synthesizing expert knowledge 
for a group of declining migratory birds. – Bird Conserv. Int. 
27: 6–34.

Pederson, R., Bocher, P., Garthe, S., Fort, J., Mercker, M., Auern-
hammer, V., Boschert, M., Delaporte, P., Elts, J., Fiedler, W., 
Korniluk, M., Krupiński, D., Marja, R., Rousseau, P., Tiess, L. 
and Schwemmer, P. 2022. Data from: Bird migration in space 
and time: chain migration by Eurasian curlew Numenius arquata 
arquata along the East Atlantic Flyway. – Dryad Digital Repos-
itory, <https://doi.org/10.5061/dryad.nk98sf7w6>.

Phillips, R. A., Xavier, J. C. and Croxall, J. P. 2003. Effects of satel-
lite transmitters on albatrosses and petrels. – Auk 120: 1082–1090.

Reneerkens, J., Schmidt, N. M., Gilg, O., Hansen, J., Hansen, L. 
H., Moreau, J. and Piersma, T. 2016. Effects of food abundance 
and early clutch predation on reproductive timing in a high 
Arctic shorebird exposed to advancements in arthropod abun-
dance. – Ecol. Evol. 6: 7375–7386.

Runge, C. A., Watson, J. E., Butchart, S. H., Hanson, J. O., Poss-
ingham, H. P. and Fuller, R. A. 2015. Protected areas and global 
conservation of migratory birds. – Science 350: 1255–1258.

Saalfeld, S. T., McEwen, D. C., Kesler, D. C., Butler, M. G., Cun-
ningham, J. A., Doll, A. C. and Lanctot, R. B. 2019. Pheno-
logical mismatch in Arctic-breeding shorebirds: impact of 
snowmelt and unpredictable weather conditions on food avail-
ability and chick growth. – Ecol. Evol. 9: 6693–6707.

Salomonsen, F. 1955. The evolutionary significance of bird migra-
tion. – Dan. Biol. Medd. 22: 1–62.

Sanders, J. D. and Rees, E. C. 2018. Arrival and departure patterns 
of Eurasian curlew Numenius a. arquata wintering on the River 
Severn estuary, Gloucestershire, southwest England. – Wildfowl 
68: 155–171.

Schwemmer, P., Enners, L. and Garthe, S. 2016. Migration routes of 
Eurasian curlews Numenius arquata resting in the eastern Wad-
den Sea based on GPS telemetry. – J. Ornithol. 157: 901–905.

Schwemmer, P., Mercker, M., Vanselow, K. H., Bocher, P. and 
Garthe, S. 2021. Migrating curlews on schedule: departure and 
arrival patterns of a long-distance migrant depend on time and 
breeding location rather than on wind conditions. – Mov. Ecol. 
9: 9.

Senner, N. R., Verhoeven, M. A., Abad-Gómez, J. M., Alves, J. A., 
Hooijmeijer, J. C., Howison, R. A., Kentie, R, Loonstra, A. H. 
J., Masero, J. A., Rocha, A., Stager, M. and Piersma, T. 2019. 
High migratory survival and highly variable migratory behavior 
in black-tailed godwits. – Front. Ecol. Evol. 7: 96.

Summers, R. W., Pálsson, S., Etheridge, B., Foster, S. and Swann, 
R. L. 2013. Using biometrics to sex adult Eurasian curlews 
Numenius a. arquata. – Wader Study Group Bull. 120: 71–74.

Székely, T. and Reynolds, J. D. 1995. Evolutionary transitions in 
parental care in shorebirds. – Proc. R. Soc. B 262: 57–64.

Székely, T. and Williams, T. D. 1994. Factors affecting timing of 
brood desertion by female Kentish plovers Charadrius alexan-
drinus. – Behaviour 130: 17–28.

Townshend, D. J. 1981. The importance of field feeding to the 
survival of wintering male and female curlews Numenius arquata 
on the tees estuary. – In: Jones, N. V. and Wolff, W. J. (eds), 
Feeding and survival strategies of Estuarine organisms. Springer, 
pp. 261–273.

van Gils, J., Wiersma, P., Kirwan, G. M. and Sharpe, C. J. 2020. 
Eurasian curlew Numenius arquata. – In: del Hoyo, J., Elliott, 
A., Sargatal, J., Christie, D. A. and de Juana, E. (eds), Birds of 
the world. Cornell Lab of Ornithology, accessed April 2022.

Verhoeven, M. A., Loonstra, A. J., McBride, A. D., Macias, P., 
Kaspersma, W., Hooijmeijer, J. C., van der Velde, E., Both, C., 
Senner, R. and Piersma, T. 2020. Geolocators lead to better 
measures of timing and renesting in black-tailed godwits and 
reveal the bias of traditional observational methods. – J. Avian 
Biol. 51: 1–12.

Warnock, N. 2010. Stopping vs. staging: the difference between a 
hop and a jump. – J. Avian Biol. 41: 621–626.

Wickham, H., Chang, W., Henry, L., Pedersen, T. L., Takahashi, 
K. and Wilke, C. 2010. R package ‘ggplot2’. – <https://cran.r-
project.org/web/packages/ggplot2/ggplot2.pdf>.

Wood, S. N. 2006. Generalized additive models: an introduction 
with R, 1st edn. – Chapman & Hall/CRC.

Wyndham, E. 1986. Length of birds’ breeding seasons. – Am. Nat. 
128: 155–164.

Zuur, A. F. 2012. A Beginner’s guide to generalized additive mod-
els with R. – Highland Statistics Limited.


