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The northern wheatear Oenanthe oenanthe has an almost circumpolar breeding dis-
tribution in the Northern Hemisphere, but all populations migrate to sub-Saharan
Africa in winter. Currently, tracking data suggest two main access routes to the north-
ern continents via the Middle East and the Iberian Peninsula. These routes would
require detours for birds breeding in the European Alps. Our aim was to map the
migration routes and determine annual schedules for birds breeding in Switzerland
and Austria, using light level geolocators. We compared their migration patterns with
birds from a lowland breeding population in Germany. Birds from the Alps cross
the Mediterranean Sea directly heading straight to their non-breeding sites. In con-
trast, birds from Germany travelled further west via the Iberian Peninsula. While the
German population initiated autumn migration relatively early, arrival on the winter-
ing sites was nearly synchronous across the three populations. During spring migra-
tion, German birds arrived earlier at their breeding grounds than birds from the Alps.
A comparison with the literature indicated that the breeding populations in the Alps
use their own route and are among the latest to arrive in spring, showing resemblance
to the phenology of Arctic breeding populations. Our results indicate that the annual
cycle of Alps-breeding wheatears is influenced primarily by breeding ground condi-
tions, and not solely by migration distance.

Keywords: Alpine birds, barrier crossing, connectivity, evolutionary legacy, full
annual cycle, geolocator, migration timing, population comparison

Introduction

The typical annual cycle of a migratory bird consists of a round trip between their
breeding and non-breeding ranges that provide save conditions and abundant food
resources for their annual survival (Lack 1968, Cox 1985). However, the route linking
both ranges may deviate from the shortest geographical route (Alerstam and Lindstrom
1990). Birds may take longer routes to avoid barriers (Moreau 1972), minimize sea
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crossings (Fortin et al. 1999), utilize more favourable wind
(Hedenstrom 1993, Kranstauber et al. 2015, Shamoun-
Baranes et al. 2017), enhance safety (Pomeroy et al. 2006)
or ensure resources (Hahn et al. 2013, Lisovski et al. 2021).
Some flyways might also be the result of a species” ‘evolution-
ary legacy’, which arises from shifting in breeding range and
birds iteratively follow as much as possible the former route
(Cox 1968, Newton 2008). This can lead to detour via the
former breeding range and the northern wheatear Oenanthe
oenanthe (hereafter referred to as wheatear) has long been used
as a textbook example supporting this hypothesis (Newton
2008). Wheatears have one of the largest breeding ranges
in the Northern Hemisphere (Cramp 1988). Yet all known
populations migrate to sub-Saharan Africa during the non-
breeding period, using Mediterranean and Middle Eastern
routes (Baitlein et al. 2012, Schmaljohann et al. 2012b).
The radiation of the genus Oenanthe initiated at the Horn of
Africa in the late Miocene (Alaei Kakhki et al. 2016) and the
last glacial refuge of wheatear species might have been in the
Mediterranean region (Wang et al. 2020). After the last glacial
period, the nominate form of the species spread throughout
temperate Eurasia, mainly occupying coastlines and moun-
tain regions. Today, the breeding range of wheatears extends
above the Arctic Circle, to Newfoundland (CA) in the west,
and the Alaskan (USA) peninsula in the east (Cramp 1988,
Panov 2005). Despite this large breeding range, all popula-
tions still spend the non-breeding period in Africa instead of
flying towards their closest equatorial landmass. As a result,
some populations have extremely long migration distances
of up to 14 500 km roundtrip (Alaskan-breeding wheatears;
Schmaljohann et al. 2012b).

While evolutionary legacy may explain the migratory
behaviour of populations at the northern edge of their breed-
ing range, little research has focused on describing the migra-
tion patterns of populations at the southern edge of their
range. Since these are the refuge populations from the last ice
age (Wang et al. 2020), we expect to find high heterogeneity
in migration behaviour among birds breeding at the edge of
the southern range.

Timing of the annual cycle is generally considered to be
constrained by the availability of resources, consequently
limiting birds in high latitude breeding areas to a shorter
breeding season (Lack 1950, van Loon et al. 2017). In order
to understand the effect of a shorter breeding season on the
annual cycle of birds, Lack (1950) suggested the comparison
of migration phenology between populations along a latitu-
dinal gradient. From the few studies which have made this
comparison, two main patterns stand out. First, timing of
reproduction has a major influence on migration phenology,
shifting the entire annual cycle with the onset of breeding
(Conklin et al. 2010, Briedis et al. 2016, Gow et al. 2019,
Meier et al. 2020). Second, birds continuously adjust timing
to match resource availability along their routes (Thorup et al.
2017, Pedersen et al. 2020). The pattern that is used can be
observed in individuals from latitudinally-different breeding
populations which share the same non-breeding site. If repro-
ductive timing has greater influence on migration phenology,

arrival and departure should occur on a population-specific
schedule, and if resource availability has greater influence, all
birds should arrive and depart at similar time in synchrony
with environmental conditions.

In the wheatear study system, most tracking studies have
been conducted on individuals from populations with a
migration distance of at least 4000 km (Arlt et al. 2015). To
our knowledge, there are four published studies using geo-
locators, tracking wheatears from Central Europe. Breeding
birds from the Netherlands and from Rhineland-Palatinate
in Germany showed some heterogeneity in migration routes
(Schmaljohann et al. 2012a, van Oosten et al. 2014) Five
birds partly followed the European continent via the Iberian
Peninsula, while two birds followed more direct routes across
the Mediterranean basin. Similar heterogeneity in migration
routes had been described for birds breeding in Sweden too
(Arlcetal. 2013). In a comparative study on protandry during
spring migration among populations, Schmaljohann et al.
(2016) also included a few tracks of Swiss breeding indi-
viduals, however, no routes towards the non-breeding sites
were identified. Most recently, Sander et al. (2021) pre-
sented six complete tracks from a population in the Italian
Alps and showed that these birds homogeneously crossed the
Mediterranean basin on a direct north—south route.

Here, we aimed to quantify the heterogeneity in migration
routes of alpine wheatears and determine whether all indi-
viduals cross the Mediterranean directly or whether a detour
is taken via the Iberian Peninsula. A high amount of het-
erogeneity would provide evidence that the effect of annual
differences in environmental conditions en route might be
balanced at population level by different individuals following
different routes (Schmaljohann et al. 2016). We analysed the
migration phenology of the full annual cycle of two popula-
tions breeding in the Eastern Alps and the Central Alps across
four years and compared them with data from an outgroup
population breeding in Rhineland-Palatinate, Germany. We
investigated spatial and temporal differences between their
migratory routes and non-breeding regions. We expected that
the shorter vegetation period in the Alps poses a stronger time
constraint for the schedule of the annual cycle, leading to an
overall shorter period at the breeding site compared to the
lowland population from Rhineland-Palatinate. In addition,
we compared migratory schedules of our study populations
with published data of migration timing in other wheatear
populations.

Material and methods

Study sites

We conducted studies in three different wheatear populations;
in two alpine sites, 1) Austria, Hohen Tauern (12.317°E,
46.917°N) and 2) Switzerland, Val Piora (8.687°E,
46.551°N), and one lowland site, 3) Germany, Rhineland-
Palatinate, in Bad Durkheim (8.167°E, 49.467°N). The two
sites in the Alps are located above the tree line at 1800-2200



m above sea level and consist of alpine meadows with sparse
boulders. Nestlings in these sites typically hatch in mid-
June (Wartmann 1985, Glutz von Blotzheim et al. 1988).
Replacement broods are frequently observed but successful
completion of second broods is rare. The site in Rhineland-
Palatinate is situated in the lowland at about 130 m above
sea level in an agricultural landscape dominated by vineyards
(Buchmann et al. 2009). The ground is sandy, and birds rely
on stone walls and gravel pits for nest sites. Nestlings hatch
in early June and early July, in the first and second brood,
respectively (Buchmann 2001). In contrast to the Alpine
populations, second broods occur and are successful in a fifth
of all pairs.

Field work at all three sites consisted of searching the
entire area for displaying pairs and locating their nesting
sites. In addition, we captured birds at the nests while they
provided food to the chicks (mid-June to July in the Alps,
May to mid-June in Germany). To calculate re-capture rates,
we ringed all captured individuals with metal rings (National
ringing scheme at each site) and in Switzerland also with
three additional individually unique plastic colour rings
(<www.cr-birding.org/node/2595>, A C Hughes, UK and
Ecotone, PL). Metal rings allowed the calculation of re-cap-
ture rate and colour rings the calculation of re-sight rates,
which allowed also a comparison between the two rates. Birds
were also sexed, aged and weighed at every capture occasion.
Geolocators were deployed between 2014 and 2017 (GDL2,
mean weight 0.63 g including leg-loop harness (Rappole
and Tipton 1991), manufactured by Swiss Ornithological
Inst.) and distributed evenly between sexes (55% females) on
mature birds (2nd year and older, see Supporting informa-
tion for samples sizes). Tags were removed, and in two cases
replaced (one case each in the Swiss and the German popula-
tion, see Supporting information), at the next re-capture in
the following year.

Geolocator analysis

We identified twilight events (sunrises and sunsets) based
on light level data at 5-minute measurement intervals and
a threshold of three light units using the R package TwGeos
(Lisovski et al. 2015).

Identification of the migratory schedule required a clas-
sification of the bird’s movement behaviour at every twilight
events as either stationary or migratory. This can be done
by analysing four separate times series for changes in: sun-
rise time, sunset time, day length and night length. Abrupt
changes between consecutive days are a strong indicator for
a change of location of the bird. Hence, stationary periods
were identified when at least three consecutive twilight events
showed no indication for changes at any of the four-time
series. The method requires a tag specific gamma error distri-
bution of twilight times (Supporting information). The two
functions used (‘invChanges’ and ‘extractMovements’) are
explained in the Supporting information.

Geolocation to estimate the birds’ location requires cali-
bration. We performed a Hill-Ekstrom calibration on the

longest stationary period in Boreal winter, when we presume
that the birds spend most time in the same open habitat
(Lisovski et al. 2021). When tags comprised too little data
during the non-breeding period, mostly because the bat-
tery was empty, we applied an ‘in habitat’ calibration at the
breeding site (Supporting information). We used Bayesian
framework provided in R package SGAT to calculate the
most likely routes (Wotherspoon et al. 2013). Specifically, we
used the groupedThresholdModel, which provides one set of
coordinates with a 95% credibility interval (Crl) for each sta-
tionary site based on all the twilights recorded at this site. We
report median longitude and the quartiles of the route in the
Mediterranean and visualize the entire route including the
CrtI of all stationary sites for each population. Based on the
coordinates, we assigned the sites to five different regions. We
assigned all sites with less than 300 km greater circle distance
from the breeding site as belonging to the breeding ground.
The threshold is larger than the accuracy of geolocators and
hence a conservative measure of the bird’s arrival or depar-
ture (Lisovski et al. 2012). The same threshold was used to
assign sites to the non-breeding range, where the coordinates
of the longest attended site in winter were used as the centre
of the range. The remaining stop-over sites, beyond the 300
km buffer zone around the breeding ground and the non-
breeding ground, were divided according to their latitude in
three categories: northern Mediterranean (> 38°N), southern
Mediterranean (between 38°N and 23°N) and sub-Sahara (<
23°N). For each region we report the date of the first and last
stationary twilight event.

All analysis were carried out with the R software ver. 4.0.2
(<www.r-project.org>).

Literature review of Central European wheatear
migration pattern

We are aware of five geolocator studies describing the migra-
tion of wheatears from Newfoundland and Alaska (both,
Canadaand USA, in Bairlein etal. 2012), Uppsala (Sweden in
Arlt et al. 2015), Aekingerzand and Vogelduin (Netherlands
in van Oosten et al. 2014), Rhineland-Palatinate (Germany,
data in Schmaljohann et al. 2012a from 2009 on the same
population as in this study) and Italy (Sander et al. 2021).
All studies, except Italy, tracked birds exceeding 4000 km
in migration distance and breeding at 49° latitude or far-
ther north. For comparison with our data, we extracted the
latitude and timing at the breeding and the non-breeding
site of each population. The studies from European popula-
tions (Schmaljohann et al. 2012a, van Oosten et al. 2014,
Arlt et al. 2015, Sander et al. 2021) provided fine-scaled
data on the passage in the Mediterranean region, allowing
a comparison of the interim time during migration, since
previously-tracked wheatears from Central Europe also
crossed the same regions. Schmaljohann et al. (2012a) had
used 50% kernel densities to define stop-over sites. Arlt et al.
(2015) and van Oosten et al. (2014) used a change-point
analysis of the function changeLight provided in the R pack-
age GeoLight (Lisovski et al. 2012). Sander et al. (2021)



derived timing using the same methods applied in our study.
Arlt et al. (2015) used additional temperature recordings
on the tags to identify the exact time when birds switch
between stationary and migratory behaviour. In instances
where it was not provided in the original publication, we
calculated median date of arrival in and departure from the
Mediterranean region (here defined as South of the Alps <
46° latitude and north of the Tropic of Cancer > 23° lati-
tude), based on the timing provided by the authors on indi-
vidual stop-over site visits.

Results

We retrieved 33 geolocators with data from 31 birds
(Supporting information), resulting in 22 partial and 11
complete annual migration routes. Re-sighting rates for con-
trol birds and tagged birds in the Swiss breeding population
were almost identical (37% and 38%), while recapture rate
was slightly lower in control birds (17% and 26%), likely due
to higher catching effort in tagged birds (Fig. 1; Supporting
information).

For all three populations, we identified the Western
Sahel region as the major non-breeding site. Birds from
Switzerland (16 tracks) and Austria (7 tracks) showed a
clear overlap in their distribution during the period between
mid-October and end of March in east Mali and adjunct
regions such as Niger, Algeria, Burkina Faso and Benin. In
contrast, during the same period, birds from Germany (3

control
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(132)

tracks) occupied sites in the southwest of Mali and south
Mauritania (Fig. 2).

Migration in all populations occurred in two bouts.
After leaving the breeding sites, birds stopped either north
or south of Mediterranean Sea, before crossing the Sahara to
reach the non-breeding site (Fig. 2, 3). This stop-over in the
Mediterranean was shortest for birds from the German breed-
ing population. They spent more time migrating north of 46°
and before arriving in the Mediterranean, compared to birds
breeding in Switzerland and Austria. This same stopover in the
Mediterranean was used on the return spring migration by all
populations. Longitude estimates revealed a main difference
where birds of the breeding population from Germany and
the Alps crossed the Mediterranean Sea, especially in spring.
In autumn, the median (and quartile) longitudes of stop-over
sites of Alpine population in the Mediterranean were for the
Austrian breeding population at 10.4°E (9.3°E-10.5°E) and
Swiss breeding population at 4.6°E (3.1°E-8.6°E). In spring,
birds from the Austrian and Swiss populations returned at
10.1°E (7.5°E~13.3°E) and 8.8°E (7.3°E~10.3°E) longitude,
respectively. In contrast, the German population crossed the
Mediterranean region farther west past the Balearic Islands
in autumn at 1.4°E (0.8°E-5.1°E), and in spring at 1.7°W
(2.5°W-0.5°E) (Fig. 2).

Median duration of migration in the Austrian breeding
population was 52 (quartiles: 46.5-70.5) days for autumn
migration and 18 (16-20.5) days for spring migration. In
the Swiss breeding population, autumn migration lasted 40
(22.5-60.3) days and spring migration lasted 29 (21.3-33.8)

tagged

captured re-observed® re-captured data used

F M F M F M F M

(107) (19) (20) (36) (19) (18) (195)

Figure 1. Distribution of the sample sizes between the control (left) and the tagged treatment (right) according to sex, population and treat-
ment, relative to the total number (= 100%) of birds caught . Populations are indicated by the colours: Switzerland (dark gold), Germany
(turquoise) and Austria (brown). The total absolute numbers per category are indicated in parentheses. The category * 'Re-observed' high-

lighted includes only the Swiss population.
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Figure 2. Combined tracks of all birds from Germany (a), Switzerland (b) and Austria (c) divided into three periods: autumn migration,
non-breeding period and spring migration. The coloured area presents the cumulative probability of SGAT position predictions summed
over the year for all individuals. The colour scale was adjusted to give every individual track the same weight; see main text for details.
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Figure 3. Comparisons of timing during autumn and subsequent spring migration in the three study populations (large squares by the
colours: Switzerland, dark gold, Germany, turquoise, and Austria, brown). The colour shading within each square corresponds to three
distinct "sub-periods” of each migration: In autumn, 1) Date of departure from the breeding site to crossing the Mediterranean at 38° lati-
tude (light shade); 2) Crossing the Mediterranean to crossing the Sahara at 23° latitude (dark shade); and 3) Crossing the Sahara to arrival
at the non-breeding site (medium shade). In spring, migration was divided into the same three “sub-periods” (in reverse order). The narrow
horiziontal bars represent the variation in timing between all individuals during these transitions between sub-periods. The median date
(diamond), upper and lower quartile (bold line), and range of all dates (thin line) are shown.

days. The German breeding population spent 56.5 (41.3—
63.5) days in autumn migration and 29.5 (26.3-32.8) in
spring migration.

Timing of autumn migration was very similar across the
three study populations. Median departure from the breeding
site occurred on 21 August (quartiles: 29 Jul-25 Aug) in the
Austrian population, 27 August (6 Aug—9 Sept) in the Swiss
population and 5 August (2-24 Aug) in the German popula-
tion (Fig. 3). Birds from the breeding population in Austria
spent mote than a month in the Mediterranean between the
median dates of 24 August (3—28 Aug) to 6 October (24 Aug-7
Oct), and birds from the Swiss and German breeding popula-
tion spent almost a month in the Mediterranean between 6
September (23 Aug-15 Sep) and 3 October (25 Sep—9 Oct),
and between 9 September (5-12 Sep) and 4 October (1-6
Oct), respectively. Arrival at the non-breeding sites was similar
across all three populations. Austrian birds arrived around 12
October (11-15 Oct), Swiss birds around 8 October (5-18
Oct) and German birds around 7 October (3—-9 Oct).

Spring migration was shorter in duration than autumn
migration and occurred in a clear order across populations.
Birds from Germany departed first from the non-breeding
site around 13 March (4-22 Mar), followed by the birds
from Switzerland around 1 April (20 Mar—4 Apr), while
Austrian birds departed last around 7 April (6—7 Apr) Similar
to autumn migration, birds stopped for more than a week
in the Mediterranean. German birds were present between
18 March (9-27 Mar) and 30 March (21 Mar-8 Apr), Swiss
birds were present between 8 April (4-10 Apr) and 21 April
(21-22 Apr) and Austrian birds were present between 11
April (10-11 Apr) and 20 April (10-20 Apr). The German
birds and they reached their breeding site around 12 April
(6-17 Apr). In contrast, both Alpine populations arrived two
weeks later than the German population, with Swiss birds
arriving on 26 April (26 Apr-26 Apr) and Austrian birds
arriving on 25 April (23-26 Apr) to their breeding grounds.

Comparison of migratory timing of birds in this
study with former studies

A comparison with published data showed that timing of
migration was similar between birds from the alpine breed-
ing populations and individuals from populations breeding
farther north. In autumn, the birds from the breeding pop-
ulations in the Alps departed after the birds in the Dutch
breeding populations. In spring, Alps-breeding birds returned
to their breeding grounds later than the arrival of Swedish-
breeding birds back to their breeding grounds (Fig. 4). For
all populations, arrival date at the breeding site was corre-
lated with departures from the non-breeding site (Spearman’s
rank correlation r=0.84, df=5, CI 0.24-0.98), and dis-
tance between non-breeding site and breeding site had no
influence on the entire duration of migration between these
two sites (Spearman’s rank correlation r=0.43, df=5, CI —
0.47-0.89). Stop-over period at the Mediterranean lasted in
all populations between 17 and 35 days.

The annual phenology of German breeding popula-
tion found in this study was different from the previously
published migratory schedule of the same population.
However, it is important to note that migration dates in
the previous study were derived from different individu-
als using a different method (Schmaljohann et al. 2012a).
Nevertheless, median dates in our study for all migra-
tion events across the year overlapped with the interquar-
tile range of the previous study. The main difference was
that we found an earlier departure date in autumn and
a slower migration to the Mediterranean stop-over site
compared to the previous study. However, the arrival
date at the non-breeding site across both studies only dif-
fered by two days. In spring, the previous study found an
advanced median departure by 11 days, which resulted in
6 days earlier median arrival date at the breeding site in
Rhineland-Palatinate.
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Figure 4. Comparison of the timing between all wheatear populations for which geolocator tracks exist. Lines show the median timing in
each population along a proxy for latitude, indicating whether the birds were either north of the Mediterranean (>46°N), within the
Mediterranean region between 46°N and 23°N, or south of the Mediterranean (<23°N). The labels of the populations are DE = Germany,
CH =Switzerland, AT= Austria (populations in this study), DE2=Germany (birds published in a previous study), NL=Netherlands,
SE =Sweden, CA=Canada, US = Alaska, and correspond to studies reported in the main text.

Discussion

The wheatear has been used as a model to highlight the
influence of ancestral expansion patterns on current migra-
tion routes. Following the migratory routes of their ancestral
Mediterranean refuge population, nearly the entire world
population of wheatears was presumed to migrate using
two routes via Gibraltar and the Middle East to reach non-
breeding sites in Africa (Newton 2008, Bairlein et al. 2012).
However, our study revealed that migration behaviour is
more variable, particularly for populations from central
Europe carrying out short-distance migrations of less than
4000 km per season. Populations from the Alps consistently
used central routes directly crossing the Mediterranean Sea
in contrast to the German lowland population which oppor-
tunistically chose between those central routes and the more
westerly routes across the Iberian Peninsula.

Many migrants overcome the Mediterranean Sea in a
direct non-stop self-powered flapping flight, suggesting that
the sea does not constitute a strong barrier (Grattarola et al.
1999, Biebach et al. 2000). For example, northern wheatears
of the subspecies leucorhoa cross the North Atlantic during
migration in more than 3500 km non-stop flight. Thus, they
are well adapted to store a high amount of energy in advance
(Bairlein et al. 2012, Corman et al. 2014). In addition, the
nominate subspecies also shows remarkable accumulation in
fuel load prior to migration (Maggini and Bairlein 2010).
For smaller passerines, tracking studies have also provided
evidence for crossing the Mediterranean Sea at a broad front
(Briedis et al. 2016, 2018, Klvana et al. 2018). Therefore,
the straight crossing at the central Mediterranean Sea fits our

expectation for the two wheatear populations of this study
breeding at the southern extent of their range.

Wheatears from breeding populations north of the Alps all
seem to opportunistically follow either a western or a central
Mediterranean route, and mostly circumvent the Alpine bar-
rier (Bruderer and Jenni 1990, Bruderer and Liechti 1990,
Schmaljohann et al. 2012a, Arle et al. 2015, Bruderer et al.
2018). Mountains are an obstacle as birds must rise up and
then are confronted with different wind conditions once
crossing the ridge (Aurbach et al. 2018). Furthermore, the
composition of habitats might differ at higher altitudes
(Cikovi€ et al. 2021).

While the routes between all tracked European wheatear
populations to date might partially overlap in space, the phe-
nology of migration differed between populations. Among
individuals tracked in this study, birds from Germany were
first to start migrating in spring, followed by birds from
Switzerland and Austria. Upon arrival at the breeding site,
German birds had an advance of two weeks compared to the
Alpine populations. This order of magnitude corresponds
well with the reported difference in early onset of vegetation
period at the Rhineland-Palatinate site and sites at higher
altitudes in the Alps (Rodriguez-Galiano et al. 2015). This
matches the hypothesis that migration phenology is ruled
by the optimal timing of reproduction at each breeding site
(Lack 1950, van Loon et al. 2017). Notably in spring, the
correlation between the departure date and the arrival date
fits the general expectation that departure is adjusted to con-
ditions at the breeding site (Schmaljohann 2019). This has
led to the conclusion that departure at the non-breeding site
might be a hard wired genetic program well adapted to the



constraints within each breeding population (Gwinner 1986,
Toterup et al. 2010, Bairlein et al. 2015). Such an adaptation
could also be present in wheatears. When lowland German
birds return in early April (Buchmann et al. 2009), the alpine
habitats above the tree line are usually still covered in snow
(Klein et al. 2016, Sander et al. 2021), which may explain
why Alps-breeding birds may have evolved such a late depar-
ture date from the non-breeding site.

In autumn, the difference in timing between populations
was less apparent and the duration of migration varied more
between individuals within populations. Partly, this variation
might be a technical artefact because the error in estimates
of latitude by geolocation increase around the time of equi-
nox, making detection of north-south movement less obvious
(Ekstrom 2004, Lisovski and Hahn 2012). However, arrival
date at the non-breeding site was close between all individuals
tracked in this study despite the large phenological variation
between individuals. The same increase in synchrony towards
the arrival date at the non-breeding site was also revealed in
our literature review for all previously tracked populations.
Since the non-breeding sites of all birds are centred around
Mali, the synchrony of arrival time might be the result of
birds tracking the peak of resources in Mali (Thorup et al.
2017, Pedersen et al. 2020). This may be supported by the
onset of more moderate temperatures temperature in Mali
in mid-October, providing good climatic conditions until
February (Nicholson 2013).

Onalargerscale, the Alpine populations showed a late arrival
at the breeding site compared to the other tracked populations
across Europe. In particular, the birds breeding in Italian Alps
with the most southern breeding site and the shortest migra-
tion route showed the latest median return date in spring. At
the extreme, this divergence in phenology has the potential to
affect speciation (Pons et al. 2016). The shorter breeding sea-
son in the Alps might also affect population dynamics. Later
arrival can reduce fecundity since late broods usually have lower
survival (Kokko 1999, Lerche-Jorgensen et al. 2018), and the
short season reduces the chance for successful second broods or
replacement broods (Buchmann 2001, Morrison et al. 2019,
but see Low et al. 2015). In addition, in arctic and mountain
habitats, strong extreme weather events are more frequent com-
pared to low-land habitats (Schmidt et al. 2019, Schano et al.
2021). This could hamper the bird’s ability to predict favour-
able breeding conditions and challenges the possibility to adapt
their annual cycle to local habitat (McNamara et al. 2011). As
a result, the phenology of alpine populations could be sub-
ject to more inter-individual variation (Schano et al. 2021). In
this study, the phenology in spring is more different between
individuals of the German low-land population, although
samples size might have been too small for reliable detection.
Alternatively, alpine birds might also evade extreme weather
events by altitudinal movement (Barras et al. 2021). The new
development of bio-logging tools using air pressure might have
the potential to reveal such behaviour in the future (Meier et al.
2018, Sjoberg et al. 2018, Barras et al. 2021).

The congruent arrival dates in spring of the birds breeding
in the Alps compared to the birds breeding in Sweden, which

migrated almost twice as far between the non-breeding and the
breeding sites, is interesting. Swedish birds arrived simultane-
ously because they departed more than three weeks eatlier from
the non-breeding site compared to their conspecifics breeding
in the Alps. This is almost twice the duration for an approxi-
mately 1800 km longer route than one could expect accord-
ing to the model by Schmaljohann (2019). This example adds
evidence to an ongoing discussion suggesting expenses in
energy and travel of long-distance migratory birds are not the
main constraint to the organisation of a species’ annual cycle
(Marra et al. 2005, Briedis et al. 2020, Buchan et al. 2020).

In conclusion, wheatears breeding in the Alps deviate from
the major species-specific access routes from Africa to Europe.
Timing of their annual schedule is delayed by more than two
weeks in spring compared to neighbouring populations due
to the late-starting vegetation growth at high alpine habitats.
Both findings suggest that the migration routes and timing of
Alpine populations is less the result of an expansion from the
ancestral refuge population during the last glacial period, but
rather an adaptation to the cooler climate at high elevation. The
similarity in timing of migration between populations at high
altitude and high latitude is another example of how the local
environment might have strong selective power in this species,
leading to homologous adaptations which make disentangling
the evolutionary relationships between populations all the more
challenging (van Oosten et al. 2016, Wang et al. 2020).
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