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wintering patterns in European Common Shelducks

DOMINIC V. CIMIOTTI,?
STEFAN GARTHE'
"Research & Technology Centre (FTZ), Kiel University, Hafentorn 1, 25761, Blisum, Germany

2Michael-Otto-Institute within NABU, Goosstroot 1, 24861 Bergenhusen, Germany

DAGMAR S. CIMIOTTI,*' HERMANN HOTKER>' &

Information on migratory connections provides a basis for effective conservation efforts.
The spatial connections between breeding and wintering areas are poorly known for
many species. The connections become complicated in species that carry out additional
migrations between their breeding and wintering areas. Common Shelducks Tadorna
tadorna (hereafter Shelducks) in western Europe perform an extensive moult migration
after the breeding season. In this study, we examined the geographical connections
between the breeding and wintering areas to identify ecological patterns, and estimate
the influence of moult migration. Possible patterns would be to winter: (I) in distant and
separate areas; (II) in a moulting area; (III) in the vicinity of a moulting area; (IV) near
the individual breeding area. Further, there might be individuals (V) that breed, moult
and winter in the same area (sedentary). We analysed recoveries of ringed Shelducks
from the EURING databank and count data from the International Waterbird Census,
and tracked 11 individuals from a German breeding population using GPS transmitters.
We found evidence of all possible wintering patterns in Shelducks breeding in regions of
Europe with long-term mean January temperatures at least slightly above O °C. Shel-
ducks from cold parts of Europe always migrated to separate and warmer wintering
areas. Shelducks from warmer regions used diverse patterns even within the same breed-
ing populations. Some individuals used wintering areas near or in a moulting area, even
if that area was sometimes colder than their breeding area. Our results support the idea
that the location of the moulting area influenced the geographical position of the winter-
ing area. Furthermore, the observed low migratory connectivity and high diversity in
wintering patterns support the idea that Common Shelducks are able to adapt to chang-
ing environmental conditions.

Keywords: banding data, EURING, International Waterbird Census (IWC), migratory
connectivity, Tadorna, waterbird counts..

The routes and destinations of migrating birds in
Europe have been studied extensively but there
are still large gaps in our knowledge regarding how
individual breeding, moulting and wintering areas
are connected and which environmental factors
influence these patterns (Webster et al. 2002,
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Bairlein 2003, Marra et al. 2019). Migration
routes, stopovers and duration of migration can
vary between populations and even individuals of
the same population (Bairlein 2003, Bairlein
et al. 2014). This can have advantages or disadvan-
tages for an individual, for example in terms of
body condition or obtaining a breeding site with
better habitat conditions (Hotker 2002, Fayet
et al. 2017). Consequently, the use of one of the
possible migration patterns can influence the fit-
ness of individuals and thus lead to selection for
migration strategies (Hotker 2002, Bairlein 2003,
Cresswell & Bauer 2014).
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A knowledge gap results from the complex rela-
tionships between breeding and wintering areas:
many species do not simply move between breed-
ing and wintering areas, but also use additional key
life-history staging areas. Moult migration is the
most prominent example of this and is usually
performed after the breeding season (Barta
et al. 2008, Echeverry-Galvis & Hau 2013). Many
species that moult their wing and tail feathers
simultaneously perform an extensive moult migra-
tion, travelling up to thousands of kilometres to
moulting areas, which are sometimes in the oppo-
site direction from their wintering areas (Salomon-
sen 1968, Jenni & Winkler 2020). Such additional
annual migrations might be expected to influence
the connectivity patterns among other life-history
areas, i.e. the location of the moulting area could
influence the location of the wintering area, and
thereby also the migratory connectivity among the
breeding and wintering areas.

The influence of moult migration on the loca-
tions of individual wintering area can be multiface-
ted. Based on a previous review (Patterson 1982)
we propose five possible patterns (Fig. 1):

Pattern I: ‘Separate wintering area’, in which indi-
viduals move after moulting to a distant wintering
area, not located near the moulting or breeding area.
The wintering areas would typically have good envi-
ronmental conditions (Barta et al. 2008), e.g. low
risk of freezing of feeding areas (Viain et al. 2011,
Bellagoune et al. 2015), and few thermoregulatory
challenges (Hegemann et al. 2019). Possible negative
implications could involve increased competition
with other wintering birds (Viain et al. 2011), the
risk of undertaking additional migration movements
(Schmaljohann & Dierschke 2005, Rushing
et al. 2017), delayed arrival in the breeding areas
during spring, once environmental conditions have
become favourable (Patterson 1982, Kokko 1999),
and the risk of exposure to other or more abundant
pathogens (Hegemann et al. 2015).

Pattern II: “Winter in moulting area’, in which
individuals remain in the moulting area for the win-
ter, in which case the moulting area would need to
supply the physiological and environmental require-
ments for both the moulting and wintering seasons.

Pattern III: ‘Gradual migration’, in which indi-
viduals move back towards their breeding grounds
after moulting but spend the winter in one or sev-
eral nearby areas. Individuals might benefit by
spending the winter in a place with suitable envi-
ronmental conditions without investing in an

additional long-distance migration. In addition,
they would already be located geographically close
to their breeding area and could thus move to
these areas quickly once the environmental condi-
tions in spring are suitable.

Pattern IV: ‘Winter in breeding area’, where indi-
viduals move back to the breeding area directly after
moulting and spend the winter there, potentially
benefitting from early arrival in a place with good
environmental conditions for breeding. Previous
studies have shown that early arrival in the breeding
areas can be associated with higher breeding success
and a higher survival of adults in the following year
(Patterson 1982, Morrison et al. 2019). In this case,
the breeding area would need to provide the physio-
logical and environmental requirements for both
the breeding and winter seasons.

Pattern V: ‘Sedentary’, where individuals use
the same area for breeding, moulting and winter-
ing, and thus the area would need to provide all
necessary requirements for those seasons. Benefits
could involve a high familiarity with the area,
establishing a breeding territory early and not hav-
ing to invest in potentially dangerous migrations.

Traditional research on the migration strategies
described above (patterns I-V) has focused on
comparing counts of birds in different regions and
using mark-recapture analyses of ringed birds
(Bairlein et al. 2014, Lisovski et al. 2016). Ringing
studies have provided substantial information for
many species (Bairlein et al. 2014, Ambrosini
et al. 2016) but are often biased towards areas
with greater ringing and re-reporting efforts.
Despite recent progress in the available statistical
methods (Fiedler et al. 2004, Korner-Nievergelt
et al. 2012, Prochézka et al. 2017), this may lead
to over- or underestimation, or even oversight, of
spatial connections between key life-history areas
and different migratory connectivity patterns.
Studies using tracking technology have identified
migratory routes, resting sites and spatio-temporal
connections that were overlooked using classical
mark-recapture  approaches  (Bairlein 2003,
Lisovski et al. 2016, Prochézka et al. 2017). Some
such studies quantified the strength of migratory
connectivity between key areas (Marra et al. 2019,
Knight et al. 2021). However, tracking studies
may overlook rare pathways only taken by a small
proportion of a population due to the small num-
ber of individuals tracked per population (Hall-
worth et al. 2015). Further, tracking devices are
expensive and such methods are carried out over
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Figure 1. Schematic representation of possible migration patterns (I-V) of Shelduck between breeding, moulting and wintering areas.

Dashed lines indicate different possible migration patterns.
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short periods of time, whereas classical
mark—recapture methods have been performed for
many decades, resulting in accumulated valuable
data. An integrative approach using both ringing
and tracking data could thus combine the advan-
tages of both methods (Lisovski et al. 2016).

In this study, we used an integrative approach
combining ringing, counting and GPS-tracking data
for Common Shelducks Tadorna tadorna (hereafter
Shelducks). The main goals of the study were to
investigate the possible effect of moult migration
on connectivity patterns in Shelducks and to iden-
tify their wintering strategies based on the patterns
and distributions of winter temperatures in Europe.
In Europe, Shelducks breed along the coast from
Norway down to parts of the Mediterranean (Glutz
von Blotzheim 1988, BirdLife International 2019).
After breeding, most adults migrate to traditional
moulting sites, some of which were described more
than 200 years ago (Fig. 2; see Hoogerheide &
Kraak 1942, Patterson 1982). The most important
site, where about 200 000 individuals gather, is
located in the Wadden Sea near the mouth of the
River Elbe in Germany, followed by a site near the
island of Terschelling in the Netherlands and other
smaller sites (Fig. 2; Walmsley 1981, Patter-
son 1982, Meininger & Snoek 1992, Kempf &
Kleefstra 2013). Ringing studies have shown that
individuals from all over Europe, including the
British Isles and southern France, migrate to the
moulting site in Germany (Fig. 2; Oelke & Wiet-
feld 1979, Walmsley 1981, Glutz von Blotz-
heim 1988, Kempf 1993, Koffijberg et al. 2015,
Green et al. 2021). However, few ringing studies
have investigated the spatial connections between
individual wintering and breeding sites throughout
Europe, and most studies were based on birds
ringed in British breeding areas, with few from
other parts of the birds’ range (Glutz von Blotz-
heim 1988, Meininger & Snoek 1992, Fransson &
Pettersson 2001, Wernham et al. 2002, Bakken
et al. 2003). The trans-North African mid-winter
waterbird census revealed that about 53 000 Shel-
ducks from unknown breeding grounds spent the
winter in North African wetlands (Sayoud
et al. 2017). Connections of those birds to the
Black Sea and Mediterranean breeding population
are assumed (Scott & Rose 1996), but connections
to the European moulting areas have also been dis-
cussed (Walmsley 1981).

This study aimed to identify the locations of the
main wintering areas for Shelducks in their
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Figure 2. The breeding range of Shelducks in the study area
(dark blue; redrawn from BirdLife International 2019, supple-
mented with data from Boulkhssaim et al. 2006, Baaziz
et al. 2011, Abdellah et al. 2013, Merouani et al. 2014, Tierney
et al. 2020); the location (arrow) at which Shelducks were
caught and equipped with tracking devices; and locations of
traditional moulting sites (red points; data from Kempf & Kleef-
stra 2013, Laursen & Frikke 2013, Salmon 1988, Arts
et al. 2019, Green et al. 2019).

European range. According to previous studies
which have focused mostly on single areas we
expect the main wintering sites to be located in
coastal wetlands, mostly in the Wadden Sea (Laur-
sen et al. 2010), the Rhine-Meuse-Scheldt delta in
the south-west of the Netherlands (Meininger &
Snoek 1992), western and southern France
(Walmsley & Moser 1981, Viain et al. 2011) and
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south-eastern England (Patterson 1982). We also
tested whether winter temperature is an important
factor in winter dispersal. We expect that this is the
case, as previous census studies have found cold
weather movements following cold spells (Ridgill &
Fox 1992). In addition, cold spells have been shown
to cause mass mortalities (Schwemmer et al. 2014),
suggesting that winter temperature plays an impor-
tant role. Another objective of this study was to
describe how breeding and wintering areas are geo-
graphically linked. Previous published ringing stud-
ies suggest that breeding birds in Germany move
mainly westwards towards the British Isles, the
Netherlands and France (Wernham et al. 2002,
Bairlein et al. 2014); that breeding birds from the
British Isles winter either in the British Isles or in
south-eastern areas from Denmark to northern
France (Wernham et al. 2002); and that breeding
birds from Scandinavian countries winter in south-
western areas, mostly France, the British Isles and
Germany, but also as far south as Italy (Fransson &
Pettersson 2001, Wernham et al. 2002, Bakken
et al. 2003, Bonlgkke et al. 2006, Spina & Vol-
poni 2008, Bairlein et al. 2014). In addition, we
investigated the possible effects of moult migration
on connectivity patterns between the breeding and
wintering areas. Based on the distinct moult migra-
tion in Shelducks, we expect that individuals use
wintering areas either near a moulting site, or
between a moulting site and the breeding area. This
means that we expect to find individual wintering
strategies that correspond to the wintering patterns
II and III described above. Knowledge of the routes
and destinations of migrating birds is important for
effective conservation efforts, given that changing
environmental conditions in one area may affect the
body condition, i.e. fitness, of the animals that use it
(Ebbinge 1989, Hotker 2002, Cooper et al. 2015).
Furthermore, information on the patterns of migra-
tion can provide insights into ecological and evolu-
tionary phenomena, including community structures
and gene flow, and may help to predict effects of
global warming (Piersma & Lindstrom 2004, Wang
etal. 2018, Marra et al. 2019).

METHODS

Count data

The International Waterbird Census (IWC) is a
counting scheme for monitoring waterbird num-
bers, organized by Wetlands International (see
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Gilissen et al. 2002 for more information on
counting methods). We evaluated data from the
mid-January count across western Europe and
northern Africa. The obtained data were based on
counts of 2573 areas and included the maximum
number of Shelducks in each counting area over a
10-year period (2008-2018), and thus they repre-
sent important wintering areas in a variety of envi-
ronmental conditions. To visualize the data, we
created a raster of 30 x 30 km in QGIS and
summed the maximum count values in each of
the raster cells.

Satellite tracking

We captured Shelducks at breeding sites
30-60 km north of the moulting site near the Elbe
estuary (Fig. 2) during the breeding seasons in
2011-2013. We equipped 11  Shelducks
(age > 2 years) with solar GPS devices (30 g;
Microwave Telemetry, Columbia, MD, USA). Age
was determined by the absence of white tips on
the secondaries and inner primaries (typical for
1-year-old birds) and by pure white wing coverts
(Hori 1965, Patterson 1982). Females (n = 3)
were caught when they left their breeding bur-
rows, by using a small mist-net (mesh size 3 cm)
tacked loosely in front of the entrance. Males
(n=8) were caught using a whoosh net
(10 x 5 m, mesh size 4 cm; Pete Reid, UK) com-
bined with a mobile phone-based remote-control
release (Kristian Lilje, Germany), placed near bur-
rows, where they gathered in groups in the morn-
ings, e.g. for courtship behaviour. We placed a
stuffed Shelduck next to the net as a decoy. GPS
devices were attached to the birds using a Teflon-
backpack harness (weighing 3 g), as described by
Roshier and Asmus (2009), using aluminium rings.
The device, including the harness, made up a
mean of 3.4% of the bodyweight for females and
2.8% for males. Birds were measured, weighed,
and metal- and colour-ringed on their legs. One
female stopped breeding after catching, while the
other two bred successfully. Two of the female
Shelducks were found dead, probably killed by a
bird of prey and a fox, respectively, during an
unusual cold spell in February 2012 (see Schwem-
mer et al. 2014). Three of the tagged males were
observed foraging several weeks after tagging and
their behaviour and body condition appeared nor-
mal. Four of the tagged Shelducks were observed
after the end of the tracking period and loss of the
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devices was confirmed. We used two types of
devices that provided different numbers of loca-
tions: devices using ARGOS satellites to transmit
the data (n =9) were programmed to locate the
birds twice a day during the winter (November—
February), four times a day during the breeding
season, when females spend most of their time in
burrows (May-June), and hourly otherwise.
Devices using GSM satellites (rn = 2) located the
birds as often as the battery charge allowed, result-
ing in more frequent location events, sometimes
every minute (Bauer et al. 2005). An overview of
the tracked individuals can be found in SOM
Table S1.

The ‘breeding’, ‘moulting’ and ‘winter’ seasons
were assigned to the geographical locations based
on the literature and conclusions from the data.
Breeding was defined as the period from 1 April
(Patterson 1982, Glutz von Blotzheim 1988, Koch
& Bergmann 1997) until individuals left areas
known to be inhabited by breeding Shelducks and
were instead located at mudflat areas outside of
the breeding area. These areas were 7-31 km
(mean = 18 km) away from the breeding area.
During the breeding season, individuals had used
only small areas around the core area (mean dis-
tance from core area =23 km, range=0.7-
4.7 km). The moulting season was defined as the
period after individuals had left the breeding area
until 15 September. This date was based on previ-
ous counts and observations that showed that most
individuals had completed moulting by then
(Oelke 1969, Kempf & Eskildsen 2000, Kempf &
Kleefstra 2013). Winter was defined as starting on
1 November and finishing on 15 February (Patter-
son 1982, Glutz von Blotzheim 1988).

As a basis for further analyses, we calculated
the individual kernel core utilization distribution
(UD) per season using the package adehabitat HR
(Calenge 2006), version 0.4.14, with the ad hoc
method as smoothing parameter. We used one
grid for all individuals, which we created using the
package adehabitat MA (Calenge 2006) and a cell-
size of 80. To combine the data from the tagged
Shelducks with the ringing dataset for analysis of
migration patterns, we calculated the individual
centre of the 30% UD-polygons using QGIS
(QGIS Development Team 2020), version 3.10.7.
When there was more than one 30% UD-polygon
per season and individual, we presented the cen-
tres of all polygons in the resulting graphs. We
used the 50% UD to improve the interpretation of

the EURING dataset (see below): we calculated
the mean of the individual maximum distance
within the 50% UD of seasonally completely
tagged birds as a buffer around locations of ringed
and re-encountered individuals (see ‘assignment of
migration patterns’ below and SOM Table S2 for
kernel results).

We identified the date at which the tagged indi-
viduals first used their core winter area. For this
analysis we only used data from devices that trans-
mitted data until the end of January (n = 5). Nine
of the 11 devices transmitted location data until at
least the start of the winter, but six of these devices
stopped transmitting during the winter due to a lack
of sunlight in the study latitudes, resulting in low
battery in devices (mean 29 December). The core
winter area was identified using a biased random
bridge kernel movement density estimator (BRB) in
R (R Core Team 2019), implemented in the pack-
age adehabitat HR (Calenge 2006), version 0.4.14.
The diffusion coefficients for each stage and each
Shelduck were calculated as T, = 21 600 and
Loin = 36. For H,;,, we chose a value of 100 fol-
lowing Calenge (2006) and Benhamou and
Cornélis (2010); see SOM Appendix S1 for more
information on the method, and SOM Fig. S1 and
Table S3 for BRB results. For the core area, we used
a 50% UD.

EURING data

We used data from the EURING (European Union
for Bird Ringing) database, which is the coordinat-
ing organization for FEuropean bird-ringing
schemes. From all available Shelduck ringing data
in the database (n = 5068 individuals), we selected
individuals that were ringed and re-encountered
during the breeding and wintering season, or vice
versa. The seasons ‘breeding’, ‘moulting’ and ‘win-
ter’ were assigned to the geographical locations
based on the literature and conclusions from the
data of the satellite tracking data. The breeding
season was defined as the period from 1 April
(Patterson 1982, Glutz von Blotzheim 1988, Koch
& Bergmann 1997) to 17 June. This date was cho-
sen because moult migration has been reported to
start during mid-June in this species (Patter-
son 1982, Glutz von Blotzheim 1988, Koch &
Bergmann 1997), which conformed with our
tracking results. We chose a shorter, more conser-
vative definition of the breeding period compared
with previous analyses of ringing data (Bairlein
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et al. 2014) to ensure that individuals with a rela-
tively early moult migration were excluded from
the breeding-period data. The moulting and win-
tering seasons were defined as described above.

The resulting data from this database included
individuals that were ringed and re-encountered in
different years (median: 44.9%; range: 0-18 years).
We assumed philopatry for their breeding and
wintering areas for several years, as reported for
several sites (Evans & Pienkowski 1982, Patter-
son 1982, Meininger & Snoek 1992), and thus
aligned individual breeding and wintering locations
based on data from non-consecutive seasons.

We excluded individuals aged < 1 year, and
individuals with uncertain accuracy of coordinates
(> 20 km radius) and/or dates (>3 days). This
selection resulted in 364 individual Shelducks. The
ringing data primarily involved individuals ringed
in Great Britain (76.5%), followed by Belgium
(10.5%), France (8.6%), the Netherlands (2.8%),
Spain (0.8%), and Germany, Poland and Sweden
(0.28% each, see map in Fig. S3). A higher pro-
portion of individuals was ringed or re-
encountered during the winter (e.g. Great Britain:
0.63, Belgium: 0.68, France: 0.81, other countries
pooled: 0.25) compared with the breeding season
and the rest of the year. The evaluated ringing
data originated from 1952 up to 2018, with most
(82.7%) from the 1990s up to 2014.

Assignment of migration patterns

We assigned individuals to one of the five above-
formulated migration patterns (I: Separate winter-
ing area; II: Winter in moulting area; III: Gradual
migration; IV: Winter in breeding area; V: Seden-
tary; Fig. 1). Past ringing studies have shown that
the large moulting areas (Fig. 2) were used by
Shelducks from all the breeding areas throughout
the European range (Goethe 1961, Oelke & Wiet-
feld 1979, Patterson 1982, Kempf 1993). Based
on these results, we assumed that individuals used
one of the two largest moulting areas. When indi-
viduals were breeding close to one of the smaller
moulting areas, we considered that they might
have migrated to one of those for moulting. The
criteria were as follows: (Pattern I) ‘Separate win-
tering area’: distance between breeding and winter-
ing area > distance between breeding and
moulting area, for ringed individuals with distances
>50km, and for tagged individuals non-
overlapping 95% Kernel UDs; (Pattern II) ‘Winter
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in moulting area’: individuals <50 km from a
known moulting area; (Pattern III) ‘Gradual migra-
tion’: distance between breeding and wintering
area < distance between breeding and moulting
area; for ringed individuals with distances
>50 km, and for tagged individuals non-
overlapping 95% Kernel UDs; (Pattern IV) ‘Winter
in breeding area’: ringed individuals with < 50 km
between the winter and the breeding locations,
tagged individuals with overlapping 95% Kernel
UDs; and (Pattern V) ‘Sedentary’: a few individ-
uals who bred and wintered within 50 km of a
moulting area. The distance of 50 km was based
on the calculated kernel 50% UD of tagged birds
during winter (see above): the 75% quantile of the
diameter was 41.46 km (median: 24.65 km, range:
7.46-75.35 km, n = 4; see Table S2) and we chose
50 km as a more conservative value. The dataset
for analyses of migration patterns comprised 373
individuals (364 ordinary ringed birds and nine of
the 11 tagged birds with sufficient data).

Statistical analyses of temperature data

The average minimum and mean January air tem-
peratures from 1970-2000 were obtained from
Worldclim (Hijmans et al. 2005) with a spatial res-
olution of ~1 km? and were attached to the IWC
data, the ringing data and the satellite tracking
data using QGIS. For the IWC data, we summa-
rized the data based on the median and interquar-
tile ranges weighted by the number of counted
individuals using the R-package spatstat (Baddeley
& Turner 2005), version 1.64.1.

We compared the individual distances between
the breeding and the wintering areas with the min-
imum January temperature of the breeding area.
We ascertained whether the distance between the
wintering and breeding areas was associated with
temperatures < 0 °C in the breeding area during
the winter using a generalized linear mixed model
(GLMM) in the R-package mgcv (Wood 2011).
We calculated several models and chose the best-
fitting model to our data as the one with the smal-
lest Akaike Information Criterion. EURING data
for Shelducks were biased for few areas and we
therefore accounted for this bias by including
models with ringing and re-encountering sites dur-
ing the breeding season and winter season as ran-
dom factors. The best model included both
random factors and used a negative binomial
distribution.
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RESULTS

Location of main wintering areas

Evaluation of the IWC data identified important
wintering areas for Shelducks in western Europe
and northern Africa (Fig. 3a). The largest numbers
were found along the coast (73%, buffer of 30 km
around coast, Fig. 3a), in areas mainly comprising
mudflats in saline offshore areas, estuaries, lagoons
or nearshore sabkhas (shallow saline lakes in semi-
arid areas) in areas in Africa. The most important
areas were located in the Wadden Sea, the Rhine—
Meuse-Scheldt delta in the Netherlands, along the

30°W 20°W  10°W 0° 10°E  20°E  30°E
| I

adjacent Belgian, British and French coasts, along
the French Atlantic coast, various single coastal
locations along the British Isles, the Gulf of Venice
in Italy, north-western Morocco, north-western
Algeria and north-eastern Tunisia (Fig. 3a). Large
numbers of inland wintering birds were found at
sabkhas in northern Algeria and Tunisia (85% of
maximum inland counts, 26% of all maximum
counts; between the wintering and breeding areas;
Fig. 3a). The data revealed that known moulting
areas (see Fig. 2) were used by a 10-year maxi-
mum of 14% of wintering Shelducks and were
thus among the most important wintering areas
(Fig. 3a).

30°W 20°W 10°W 0° 10°E 20°E 30°E
y I

™

(a) Counting data (IWC) ‘
[

0 250 500 km

50°N

40°N

30°N

10°W 0° 10°E
Number of individuals:
1-100 e 5,001-10,000
101 - 500 @ 10,001 - 50,000

* 501-1,000
e 1,001-5,000

@ 50,001 - 100,000

| | I |
(b) Ringing data (EURING)|

60°N

0 250 500 km

50°N

40°N

30°N

1
10°W 0° 10°E

Number of individuals:
°o 1 @ 51-100
® 2-10 @ 101-150

@ 11-50

Figure 3. Winter distribution of Shelducks in western Europe and northern Africa from (a) count data from the International Waterbird
Census (IWC); maximum mid-winter counts per counting site from a 10-year period (2008-2018), summed for 30 x 30 km raster
cells (cells with surveyed areas are shaded in grey); and (b) ringed individuals included in this study, i.e. individuals for which breed-

ing sites were also known.
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Geographical winter distribution of
ringed individuals

Ringed individuals wintered near the coast of the
British Isles (n = 286), the Bay of Somme, France
(n =31), the German and Dutch Wadden Sea
(n = 11), the Rhine-Meuse-Scheldt delta in Bel-
gium and the Netherlands (n = 34), and the Coto
Donana, Spain (n = 2; Fig. 3b).

Spatial relations between breeding and
wintering sites of ringed individuals

Based on ringing data, we detected spatial relation-
ships between wintering areas in the British Isles
and breeding areas in Norway, Sweden, Denmark,
Poland, Germany, the Netherlands and France
(n = 10; Fig. 4a); between wintering areas in
northern France and Belgium and breeding areas
in Denmark, Germany, the Netherlands, England,
southern and western France, and Spain (n = 60;
Fig. 4b); and between wintering areas in the Ger-
man and Dutch Wadden Sea and breeding areas in
Great Britain, Sweden and Belgium (n=S§;

Fig. 4¢).

Spatial wintering patterns of ringed
individuals

A separate wintering area (Fig. 1, pattern I) was
used by 11.0% (n = 40) of ringed individuals from
most of the study area (Fig. 5a, Table 1). Most
individuals were ringed in their wintering areas,
either in the Bay of Somme, France, or at several
sites in the British Isles (Fig. 5a). One individual
was ringed in Poland during the breeding season
(Fig. 5a).

The moulting areas were used during the winter
(Fig. 1, pattern II) by 3.0% (n = 11) of individuals,
with breeding birds from throughout the study
area, including the British Isles, Scandinavia, Medi-
terranean areas, Belgium and the Netherlands
(Fig. 5b, Table 1).

A gradual migration (Fig. 1, pattern III) was
found for 5.2% (n = 19) of individuals (Fig. Sc,
Table 1). Most of these birds were ringed as
breeding birds in the British Isles, but single indi-
viduals originated from the Mediterranean area,
the French Atlantic coast and Belgium (Fig. 5c).

Most individuals (74.5%, n = 271) wintered in
the breeding area (Fig. 1, pattern IV) (Fig. 5d,
Table 1). Most of these were ringed as breeding
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birds in the British Isles, with other individuals
ringed near the Rhine-Meuse-Scheldt delta and
Somme Bay in north-eastern France (Fig. 5d). Sin-
gle re-encountered individuals were birds breeding
in the Coto Donana, Spain, and the Wadden Sea
(Fig. 5b).

Individuals classified as sedentary (pattern V;
6.3%; n = 23 individuals) were ringed as breeding
birds at the Rhine-Meuse-Scheldt delta in the
Netherlands and the British Isles.

Spatial wintering patterns of tracked
individuals

Location data were available for nine tracked indi-
viduals for at least parts of the winter (see
Table S1). These birds spent their winters in the
Wadden Sea (Fig. 6), with a mean distance
between the wintering and breeding areas of
41 km (range = 1-117 km). Three individuals
used separate wintering areas (pattern I; Fig. 6a,
Table 1), which were located south-west of the
breeding and moulting sites. No tagged individual
spent the winter directly in the moulting area at
the Elbe estuary, but two individuals spent the
winter within a radius of 50 km (pattern II;
Fig. 6b). One of these individuals moved to a
more southern part within the radius, similar to
pattern I (Fig. 6), and the other individual moved
to a more northerly part in the direction of the
breeding area, tending towards a gradual migration
pattern (pattern III; Fig. 6).

Two individuals showed an obvious gradual
migration pattern (pattern III) but the distances
between the breeding and moulting areas were
small (about 60 km). Three individuals spent the
winter in the breeding area (pattern IV; Fig. 6b,
Table 1). The first location of one female after
returning to its breeding area was at its last
breeding burrow. All three individuals were
mostly located in the intertidal flats near the
breeding grounds. The distance from the centre
of the core winter to the core breeding area was
3.29 km (range = 0.97-6.38 km, n = 3). One fur-
ther individual spent the winter in its breeding
area, but the distance between the breeding area
and individual moulting area was too small to fit
into this category and we therefore classified it as
sedentary (pattern V; Fig. 6d). There were no
obvious sex differences in the data, but our sam-
ple size was too small to carry out a formal
analysis.
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Figure 5. Wintering patterns of Shelduck revealed by EURING data, showing individuals that used (a) a separate wintering area to the
breeding and moulting areas (compare pattern 1), (b) a wintering area near a main moulting area (compare Fig. 1, pattern Il), (c) a winter-

ing site between their probable moulting and breeding area (pattern I1l) and (d) a wintering site near their breeding area (pattern IV).

Temporal migration patterns of tagged

individuals

The tracking devices allowed us to identify the

dates at which

individuals

switched between

seasonal core areas (see Fig. S3 for an overview).
The mean end of the breeding season was 17 June

(range = 17 May to 9 August,

n=9;, SOM

Table S4 for all dates). The tagged birds all subse-
quently moved to the moulting area in the Elbe
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Table 1. Numbers and proportions of Shelduck undertaking
different migration patterns between breeding and wintering
areas, identified with ringing and tracking data.

Tracking
Ringing data data

I: Separate wintering area
II: Winter near moulting area 3.0% (n = 11)
Ill: Gradual migration 5.2% (n=19)
IV: Winter near breeding area  74.5% (n = 271)
V: Sedentary 6.3% (n = 23)

11.0% (n = 40)

33333
I
- WNhOoOw

estuary of the German Wadden Sea (Fig. 6; SOM
Fig. S4). The mean date at which a core winter
area was first used was 8 November (range = 10
September to 6 December, n = 4; Table S4 for all
dates). All individuals used wintering sites in the
German Wadden Sea (Fig. 6¢c, SOM Fig. S2). The
mean date at which the tracked Shelducks left the
core winter area was 25 February (range = 11 Feb-
ruary to 5 March, n = 3; Table S4 for all dates).

Temperature ranges

Frost events during January were common in a
few of the important wintering sites according to
both the IWC and individual-based data: 30-year
average minimum air temperatures in January
<0°C were found in northern Denmark
(—0.4 °C), the Baltic Sea (—0.2 °C), Scotland
(—0.2 °C), the Wadden Sea (—0.2 °C) and the
lagoon of Venice (—0.1 °C).

The individual-based data showed that all indi-
viduals from breeding areas with 30-year average
mean January temperatures < 0 °C travelled to dis-
tant areas (Fig. 7), whereas individuals from breed-
ing areas with mean air temperatures in January
> 0 °C either used the breeding area during the
winter (41%) or moved to distant areas > 50 km
away (59%, Fig. 7). The distance travelled to the
wintering area was larger for individuals that bred
in areas with mean air temperatures in January
< 0 °C compared with those breeding in areas with
temperatures > 0 °C (> 0 °C = 70 km mean dis-
tance; < 0 °C = 1030 km mean distance, GLMM,
estimate = —0.20, 95% confidence interval (CI) -
0.37 to —0.02, P < 0.05; Fig. 7).

DISCUSSION

Our study presents analyses of count, ringing
and tracking data of Shelducks breeding in

north-western Europe. The ringing data showed
that individuals from all parts of the warmer areas
of Europe used several wintering patterns: (I) they
wintered in areas separate from their respective
breeding and moulting areas, (II) they wintered in
the moulting areas, (III) they wintered by gradu-
ally migrating back to the breeding area, (IV) they
wintered in the breeding area or (V) they were
sedentary throughout the year. The tracking data
showed that even within a single population, sev-
eral of such wintering patterns coexisted.

Main wintering areas

Using IWC count data, we were able to show that
important wintering areas of Shelducks in Europe
were usually located in areas with January tempera-
tures > 0 °C. In addition, the ringing data showed
that Shelducks from breeding areas with mean win-
ter temperatures < 0 °C (e.g. Scandinavia) migrated
to distant wintering areas with temperatures at least
slightly above 0 °C, suggesting that temperature
was likely to be an important environmental factor
influencing the distance of migration to a given win-
tering area. Our study confirmed and expanded on
previous research indicating that Shelducks appear
to be sensitive to low temperatures. Several benthic
prey organisms for Shelducks die at temperatures
below 0 °C, so cold conditions during winter can
lead to a reduced food supply for Shelducks (Beu-
kema 1976, Walmsley & Moser 1981, Horn
et al. 2020). Furthermore, during cold periods with
temperatures < 0 °C, tidal flats can freeze and the
benthic prey may no longer be available to
Shelducks, which feed mainly by sifting very soft
sediment with their beak (Oelke 1979, Patter-
son 1982). In the past, mass mortality events during
cold spells (Ridgill & Fox 1992, Schwemmer
et al. 2014) and observations of cold weather move-
ments from areas in Denmark and Germany
towards milder western areas in France and Great
Britain have been reported (Ridgill & Fox 1992).
These observations suggest that important wintering
areas with lower temperatures (< 0 °C) have to be
seen as part of a complex with warmer wintering
areas, where frost events are less likely and to which
individuals may switch. It is possible that the few
observed cold wintering areas might include habitat
features of such high quality, e.g. a high biomass of
benthic food organisms, that they outweigh the risk
of starvation due to cold weather events (compare
Beukema 1976, Joest 2003).
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Figure 6. Winter migration patterns of individual GPS-tracked Shelducks, showing individuals that spent the winter (a) in a separate
wintering area to the breeding and moulting areas (pattern I), (b) near their breeding area (pattern IV), (c) using a gradual migration
(pattern Ill) and (d) sedentary (pattern V).
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individual Shelducks in relation to the 30-year average mean
air temperature in their breeding areas during winter (January).
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wintered > 500 km away from their breeding areas.

Both the IWC data and the ringing data showed
that coastal areas were predominantly used during
the winter throughout the birds’ European distri-
bution, as during the breeding and moulting sea-
sons (Glutz von Blotzheim 1988). In contrast, the
IWC counts found numerous individuals wintering
inland in northern Africa, mostly in salty and tem-
poral winter wetlands (see also  Sayoud
et al. 2017), similar to breeding Shelducks in
south-east Europe and Asia (Wang et al. 2018).

Geographical connections between
breeding and wintering sites

Qualitative conclusions revealed two directional
connection patterns between the breeding and
wintering areas: individuals that migrated to the
British Isles for the winter and vice versa, with
similar patterns for northern France, Belgium and
the Wadden Sea. Individuals from the tracked
population in Germany wintered in several differ-
ent areas. These results thus suggest low spatial
migratory connectivity between breeding and win-
tering areas, similar to the East Asian population
(Wang et al. 2018). Species with high migratory
diversity, i.e. low migratory connectivity, may be

able to adapt to changes in the locations of favour-
able wintering habitats (Webster et al. 2002) and
be more resilient to environmental changes (Gilroy
et al. 2016).

However, quantitative conclusions on migratory
connectivity in Shelducks from ringing data were
hindered by a biased dataset: for example, the
dominant wintering areas in the data were in the
British Isles, whereas the IWC data showed that
this was only one of many important wintering
areas for Shelducks throughout the studied range.
Quantitative results would thus mainly represent
the areas and seasons with most ringing effort.

Wintering patterns and effects of moult
migration

We found evidence of several wintering patterns,
including an effect of the moulting area. Some
ringed and tracked individuals spent the winter in a
moulting area or between a moulting area and the
breeding area (patterns II and III). Individuals from
breeding areas in the British Isles and even the
Mediterranean may use those mostly distant and
colder wintering areas because they have already
migrated to nearby areas for moulting. This is sup-
ported by the IWC data, which clearly showed that
other important wintering areas were geographi-
cally closer to their breeding areas, at least for some
of the individuals. Furthermore, Shelducks are sen-
sitive to low winter temperatures (see above), but
wintering areas near moulting areas in the Wadden
Sea are cold, with mean January temperatures of
0.1 °C and regular cold spells, possibly reducing
their attractiveness as wintering areas (Goethe 1961,
Ridgill & Fox 1992, Schwemmer et al. 2014). How-
ever, a high biomass of benthic food in some of the
intertidal areas at the start of the winter (Beu-
kema 1976, Reise et al. 1994, Joest 2003) might
outweigh the risk of low temperatures. We suggest
that the occurrence of this migration pattern was
underestimated in our data because ringed individ-
uals in remote wintering areas (e.g. large tidal flats
in the Wadden Sea) with small re-encountering
effort were unlikely to be seen.

Quantitative analyses of the other wintering
patterns were also hindered. Most of the ringed
individuals were re-encountered at their breeding
area (pattern IV). However, previous studies have
shown that individuals were more likely to be re-
encountered in areas with the greatest re-sighting
effort, which is wusually the ringing location
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(Fiedler et al. 2004, Prochizka et al. 2017); this
might have led to an overestimation of this winter-
ing pattern. We acknowledge that this possible
overestimation may have been further enhanced
by individuals following pattern III (gradual migra-
tion) being falsely classified as pattern IV (winter
near breeding area) when they reached their
breeding areas during late winter. Contrary to the
ringing results, few of the GPS-tagged individuals
wintered near their breeding area. Due to the
small sample size of tagged birds, we consider it
possible that the tagging results overestimated the
frequency of pattern IV. Numerous ringed and
some tracked individuals wintered in an area sepa-
rate from the breeding and moulting areas (pattern
). These included individuals from the entire
study range, even those that bred in areas with a
mild climate, i.e. one that presumably offered
good foraging conditions, such as estuaries in the
British Isles, the Netherlands, Belgium, France and
the Wadden Sea (compare Beukema 1976, 1989,
Reise et al. 1994). The ringing data suggested that
the most commonly used separate wintering areas
were located in Great Britain and France.
However, the high ringing efforts in these areas
during the winter may have led to their overesti-
mation as separate wintering areas, while other
important wintering areas with less ringing and
re-encountering efforts may have been under-
represented or not considered.

Shelducks from relatively warm breeding areas
displayed a high diversity of wintering patterns.
The ringing data revealed that individuals from all
parts of the warmer areas of Europe used several
wintering patterns, and tracking data revealed that
several wintering patterns coexisted, even within a
single population. Individuals from breeding areas
that are cold during the winter almost always used
separate wintering areas and thus showed lower
migratory diversity. Possible causes for different
wintering patterns in single populations may
include the individual’s genetic constitution (Bert-
hold 1996, Newton 2008), habitat selection pro-
cesses accounting for previous experiences
(Chapman et al. 2011, Piper 2011), the individ-
ual’s physiological condition (Chapman et al. 2011,
Hegemann et al. 2019), individuals following con-
specifics (Danchin et al. 2004, Rioux et al. 2011)
or competition with other birds (Rosa et al. 2008,
Viain et al. 2011). All of these factors could be
influenced by environmental factors (Goethe 1961,
Walmsley & Moser 1981, Ridgill & Fox 1992).

Wintering patterns in Common Shelducks 19

Studies in single breeding populations with dif-
ferent individual wintering patterns found fitness
consequences of the wintering site. Hotker (2002)
found that Pied Avocets Recurvirostra avosetta win-
tering closer to the breeding area had a higher
breeding success than did birds wintering further
south. They assumed that individuals wintering
closer to the breeding area benefit from returning
in relation to spring temperatures. Reneerkens
et al. (2020) found that Sanderlings Calidris alba
wintering at one wintering site had lower apparent
survival rates than individuals wintering in others.
They suggested unfavourable environmental condi-
tions in that wintering area as the most likely
explanation. Despite such possible negative fitness
consequences for individual birds, populations
with diverse migration patterns within single
populations were shown to have reduced rates of
population declines (Gilroy et al. 2016). Habitat
changes in particular wintering sites would only
result in reduced fitness of few individuals in the
breeding areas.

Advantages of the integrated approach

The tracking data were valuable in helping to
interpret the large ringing dataset, partly in combi-
nation with IWC count data, as shown in the two
following examples. First, the tracking devices
gathered information on individual temporal and
geographical switches between seasonal staging
areas. These data confirmed that the breeding sea-
son ended and moult migration had started in
mid-June (Patterson 1982, Glutz von Blotz-
heim 1988, Koch & Bergmann 1997) and possibly
even earlier, as shown in single-tagged birds.
Hence, this information helped to interpret the
ringing data by delimiting seasonal boundaries.
The tracked Shelducks left the breeding area in a
period from 17 May to 9 August, with an average
date of 17 June. These dates are in line with a pre-
vious study in the British Isles, where sharply
increasing numbers of non-territorial Shelducks
were counted from mid-May onwards (Patter-
son 1982). The known migration from the British
Isles to the moulting area in the Elbe estuary, as
well as the numbers of Shelducks there, peak
much later (mid-July to mid-August; Patter-
son 1982, Kempf & Eskildsen 2000, Green
et al. 2021). A previous connectivity analysis based
on ringed and re-encountered Shelducks (Bairlein
et al. 2014) lacked such verified data and classified
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Shelducks as breeding birds until the end of June
(O. Geiter pers. comm.), which may have led to
the false identification of migrating birds as breed-
ing birds in that study. On the other hand, some
of the tracked individuals did not leave the breed-
ing area until after 15 June, and some as late as 9
August. Patterson (1982) reports that some adults
remained in the breeding area until September to
accompany the young birds until they fledged.
Our criterion of using 15 June as the cut-off date
for classifying individuals as migrants therefore
probably resulted in some individuals being incor-
rectly classified as migrants even though they were
still breeding. Using a few tracked individuals to
draw  conclusions about temporal switches
between the seasonal staging area of an entire pop-
ulation may be limited, and additional data should
be collected from more tracked or counted banded
birds across the European breeding range to refine
our understanding of temporal changes between
seasonal staging areas.

Secondly, evaluating ringing data alone might
lead to an overestimation of the importance of
areas with high ringing and re-encountering efforts
during the winter. For Shelducks, sites with high
ringing and re-encountering efforts were located in
the British Isles, with a few areas in Belgium,
France and the Netherlands. For example, Bairlein
et al. (2014) suggested that Shelducks breeding in
the German part of the Wadden Sea wintered in
the Netherlands, France and the British Isles.
However, this conclusion was mainly based on
data from projects that caught Shelducks in win-
tering areas west of the Wadden Sea. Our integra-
tive approach enabled us to question this
conclusion: all tagged individuals remained in the
Wadden Sea during winter, and the IWC revealed
that the Wadden Sea was of major importance for
wintering Shelducks. The connectivity of Shel-
ducks breeding along the German Wadden Sea
coast to wintering areas in the Netherlands, France
and the British Isles may therefore be weaker than
previously assumed.

CONCLUSIONS

For the warmer parts of Europe with mean Janu-
ary temperatures > 0 °C, we found high migratory
diversity involving bidirectional connection pat-
terns between the breeding and wintering areas, as
well as several wintering patterns, even within sin-
gle populations. Accumulating evidence suggests

that a high diversity of migration patterns can
reduce the risk of population declines due to
downgrading habitat conditions or severe environ-
mental perturbations in single wintering areas. In
addition, our results revealed patterns that sug-
gested an influence of moult migration on the
migratory connectivity between the breeding and
wintering areas. However, more individuals need
to be followed using tracking technology to deter-
mine the strength of this influence. Notably, we
identified important gaps in the data sources, espe-
cially in terms of the spatial connections for Shel-
ducks wintering in North Africa and colder areas
in Europe. More monitoring effort, possibly using
tagged birds, is needed in these areas to improve
our understanding of the spatial connectivity, eco-
logical boundaries and other ecological processes.
Our study combining several data sources has
highlighted the weaknesses of previous studies on
migratory connections in Shelducks, and has
helped to draw a more valid picture and extend
previous work by describing geographical and eco-
logical patterns. We suggest that this approach
could also be applied to other species.
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Figure S3. Timeline representing the dates at
which tracked individuals left or were first seen in
seasonal core areas.

Figure S4. Maps showing the Kernel UDs of
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bridge kernel movement density estimator (BRB).
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