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Abstract

Conservation of migratory birds requires knowledge of breeding and nonbreeding ranges and the connections between them.
European turtle doves (Streptopelia turtur) are Palearctic-African long-distance migrants with wintering areas in the Sub-
Saharan belt that are classed as vulnerable due to strong population declines. However, detailed non-breeding locations of
individuals from different migratory flyways are unknown. To identify wintering regions of turtle doves, we measured stable
isotopes of feathers grown on the wintering grounds and used a dual-isotope (hydrogen (5°H;) and carbon (8'Cy)) proba-
bilistic assignment to analyse origins of individuals migrating through the western and central/eastern flyways. The most
probable wintering areas for turtle dove samples from both flyways were in the western and central Sub-Sahara. However,
we found differences in 6’H; and 6'°C; values between turtle doves following different migratory routes (western vs central/
eastern flyway). This result suggests a higher likelihood of origins in the central Sub-Sahara for central and eastern migrants,
while turtle doves using the western flyway originated primarily in the western Sub-Sahara, highlighting the importance of
both regions for the future conservation of turtle doves from European breeding populations. The establishment of migratory
connectivity of populations requires sampling from birds from the European as well as Asian continent; however, we provide
important results that can be used to test hypotheses regarding population declines resulting from factors experienced over
the full annual cycle for some populations.
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Introduction

Migratory birds occupy geographically disparate regions
during different parts of the annual cycle, and long-distance
migrants typically spend the majority of their life away
from their breeding sites (Kelly et al. 2005). Nonetheless,
most studies have focused on factors affecting conditions
during the breeding period, but research to understand
how events outside the breeding season impact survival of
migrants are still insufficient (e.g., Prochazka et al. 2008;
Morrison et al. 2013; Briedis et al. 2018; Tobolka et al.
2018). Therefore, research into the identification of areas
used during the non-breeding period and the spatial linkages
between breeding and non-breeding grounds, or 'migratory
connectivity', is of crucial importance for the effective con-
servation of migratory birds (Prochazka et al. 2008).
European turtle doves (Streptopelia turtur, subspecies S.
t. turtur, henceforth, turtle doves) are the only long-distance
migrating species of European breeding columbids and win-
ter in the African Sahel between 10 and 20° N (Glutz von
Blotzheim 1980; Geroudet 1983; Cramp 1985). Turtle doves
have undergone a rapid and steep decline of ~80% across
the European breeding range since 1980, and the species is
currently listed as ‘vulnerable’ on the IUCN’s red list (Fisher
et al. 2018; PECBMS 2021). Agricultural intensification in
Europe, which includes the removal of hedges and extensive
use of agro-chemicals, may lead to increased predation risk,
a shortened breeding season, and decreased productivity
(i-e., lower number of breeding attempts and fledged young
per season), is suspected to be the main driver of the turtle
dove decline (Browne and Aebischer 2004; Browne et al.
2005). Environmental conditions experienced on migration
and on the non-breeding grounds can also affect the indi-
vidual physical condition and population dynamics of migra-
tory avian species (e.g., sedge warbler Acrocephalus schoe-
nobaenus, Peach et al. 1990; white stork Ciconia ciconia,
Kanyamibwa et al. 1990; Schaub et al. 2005; Baillie and
Peach 1992; Robson and Barriocanal 2011; European sand
martin Riparia riparia, Szép 1995; turtle dove, Eraud et al.
2009). Unsustainable legal and illegal hunting activities
along the migration routes are further contributing to the
turtle dove decline (Fisher et al. 2018; Lormée et al. 2020;
Moreno-Zarate et al. 2021), with eight countries in the
EU-27 reporting hunting bags totaling over 1.4 million birds
(Hirschfeld et al. 2019). Furthermore, turtle doves face mul-
tiple threats on the Sahelian non-breeding grounds (hence-
forth winter grounds), including reduced survival resulting
from food shortages, scarcity of roosting sites and freshwa-
ter, as well as an increased human disturbance (e.g., agri-
cultural intensification, hunting; Zwarts et al. 2009). There-
fore, identifying the main wintering areas of turtle dove
populations is important in order to develop appropriate
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management and conservation strategies over the full annual
cycle (Hobson et al. 2009a; Eraud et al. 2013; Hanane 2017).

Turtle doves use three main migratory flyways (western,
central, and eastern) to move between breeding and winter-
ing grounds with regular mixing between the central and
eastern routes but no or limited mixing between western
and other routes (Marx et al. 2016). Mirroring the three
migratory flyways, previous studies suggested three different
wintering regions in the western, central, and eastern Sub-
Sahara, which may indicate the presence of strong migratory
connectivity in turtle dove populations (Glutz von Blotzheim
1980; Zwarts et al. 2009). The strength of migratory con-
nectivity has important consequences for the ecology and
conservation of migratory species (see Webster et al. 2002)
but it is not well described for turtle doves. Turtle dove pop-
ulations using the western flyway mainly winter in western
Africa, namely in Senegal, Gambia, Guinea Bissau, Conakry
Guinea, Burkina Faso, and Mali (Morel 1987; Morel and
Morel 1988; Carvalho and Dias 2001, 2003 according to
Fisher et al. 2018; Aebischer 2002; Eraud et al. 2013; OFB
2021). Populations following the central route may win-
ter in Sudan and Ethiopia, possibly reaching as far west as
Mali, Burkina Faso, Ghana, and Nigeria (Zwarts et al. 2009;
Schumm et al. 2021). Migratory movements of populations
breeding in the eastern part of the European range remain
poorly documented (Bankovics 2001; Fisher et al. 2018).
Generally, suitable wintering habitats appear to be featured
by abundant food and water availability as well as by large
trees or patches of woodland as roosting sites (Zwarts et al.
2009). In addition, studies indicate that turtle doves move
among several habitats during winter and move up to hun-
dreds of kilometers between sites (Morel 1986; Eraud et al.
2013; Lormée et al. 2016; OFB 2021).

Currently, the efficacy of extrinsic markers, such as
geolocators or satellite tags, to define main wintering areas
of turtle dove populations is hampered by the small sample
size of tracked individuals (Eraud et al. 2013: five geoloca-
tors; Lormée et al. 2016: three satellite tags; Schumm et al.
2021: 16 satellite tags; OFB 2021: 26 satellite tags; RSPB
2021: seven satellite tags). Turtle doves have been equipped
with satellite transmitters and geolocators at their breeding
grounds or during migration, but only a fraction of these
tracked individuals reach their wintering quarters (e.g., five
out of 16, Schumm et al. 2021), and few geolocators were
retrieved back containing full data (five out of 64, Eraud et al.
2013). In addition, low recovery rates of ringed birds from
the winter quarters (Zwarts et al. 2009; Marx et al. 2016)
and difficulty in distinguishing between the subspecies S.
t. turtur and S. t. arenicola on potentially shared wintering
ranges complicate determining a complete picture of the
wintering destinations (Hanane 2017). However, informa-
tion from previous research, ringing, and tracking studies
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are useful to help define plausible wintering areas for other
methods, including probabilistic assignment to origin using
stable isotopes (Hobson et al. 2012).

In this study, we used intrinsic isotopic markers in meta-
bolically inert feathers grown during the wintering period to
identify African non-breeding origins of turtle doves sampled
during migration and breeding periods in Europe. Feath-
ers indirectly provide environmental isotopic information
from the African wintering habitats where they were grown.
Within a predetermined wintering range, feather isotope
information can be used to assign turtle doves from differ-
ent breeding or flyway origin to wintering areas (Hobson
et al. 2009a). For this purpose, we assigned stable hydrogen
(52Hf) and carbon (613Cf) isotope values of turtle dove feath-
ers to multi-isotopic landscapes (“isoscapes’) of precipita-
tion stable hydrogen (62Hp), and theoretical vegetation stable
carbon (8'3C) in Africa (Bowen et al. 2005; Still and Powell
2010; Hobson et al. 2012). With this approach, we provide
(D) a first approximation of the wintering regions used by
turtle dove populations from different countries of origin in
Europe, (II) an estimation for differences in §°Hy, and 6'°C;
among the western and the central/eastern flyway, and (III)
an assessment of the current overlap between turtle dove
winter quarters and existing protected areas.

Material and methods
Moult cycle of turtle doves

Generally, adult turtle doves start moult in July while on the
breeding grounds (Demongin 2016). They renew the first to
occasionally fourth primary feathers (i.e., P1-P4), then sus-
pend moult until their arrival on the wintering areas around
September, where they renew their remaining primary feath-
ers (P5-P10). Hence, the outer primary feathers are grown
on the wintering grounds (Morel 1986; Demongin 2016).

Feather sampling

Feather samples of adult turtle doves from the subspecies S.
t. turtur were collected from migrating individuals, rescued
birds from wildlife recovery centers, or breeding birds. Indi-
viduals were either hunted, rescued, trapped (e.g., whoosh or
mist nets, cage traps), or they originated from museum (Nat-
ural History Museum Berlin) collections (Table 1). Adding
samples from museum collections assumes continuity in pre-
cipitation isotope patterns through time: Feather 6°H values
of samples originating from museum did not vary signifi-
cantly relative to values of the remaining sample of respec-
tive countries, Germany, Italy, and Spain (z-test: r=2.39,
df=5.46, P=0.058). In order to increase the general sample
size, and as the aim of the analysis was to provide a good

first-order estimation of wintering regions vs information on
a small geographic scale, we deem the inclusion of samples
originating from museums valuable. Moreover, our inclu-
sion of an appropriate error term in isotopic assignments
(see below) renders our inferences conservative. Samples
were collected during spring and autumn migration as well
as during the breeding season in June and July (Marx et al.
2016). A small sample of approximately 1 cm? was cut from
the vane of the tip of the tenth primary feather (P10), i.e.,
outermost primary, for stable isotope analysis. In total, we
collected 181 adult feather samples from seven European
countries, 121 from the western flyway, 55 from the central/
eastern flyway, and five samples without a reliable classifica-
tion to one of the flyways (Table 1). The central and eastern
European flyways were combined, as ringing data showed
that several individuals crossed between those two flyways
(Marx et al. 2016).

Stable isotope analyses

Stable isotope analyses were conducted at the Stable Iso-
tope Laboratory of the Leibniz Institute for Zoo and Wild-
life Research (IZW). Feather samples were washed with
a 2:1 chloroform/methanol solution for 24 h and then
dried for 48 h under a fume hood. A feather subsample of
0.55+0.05 mg was placed into a tin capsule for carbon (C)
stable isotope analyses. The tin capsules were combusted in
an elemental analyzer (Flash EA 1112 Series, Thermo Fisher
Scientific, Bremen, Germany) and measured with a Delta
V-Advantage mass spectrometer (Thermo Fisher Scientific)
connected continuous-flow mode.

Stable isotope values are given in the delta notation (5)
as parts per thousand (%o) deviation from the ratio of inter-
national standards (for C: VPDB). Secondary laboratory
standards of known '*C/'>C values of tyrosine (—24.0%o)
and leucine (—30.3%0) were used for calibration and drift
correction. The within-run accuracy of §'*C measurements
was always better than 0.2%o for laboratory standards. For
stable hydrogen (H) analyses, 0.27 mg+0.1 mg were loaded
into silver capsules (IVA Analysetechnik e.K., Meerbusch,
Germany). Loaded samples in folded capsules were stored
in 96-well microtiter plates loosely covered with the lid in
order to allow exchange with ambient air moisture. Then,
trays were placed in a compartment drier at 50 °C for at
least 24 h to speed up equilibration and remove extra mois-
ture. Afterwards, samples and standards were loaded into
the carousel of a Zero Blank autosampler (Costech Ana-
lytical Technologies Inc., Italy) and flushed with dry helium
for a minimum of 1 h. Samples were then dropped one by
one into the elemental analyzer (EA; HT Elementanalysator
HEKAtech GmbH, Wegberg, Germany), which operated at
1350 °C and contained a silicon carbide (Sic) tube filled
halfway with glassy carbon chips and including a carbon/
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Table 1 Mean tenth primary feather (P10) isotope values (6°H; and 6'3C; in %) of European turtle doves sampled in seven countries across

Europe at different periods

Country Flyway Sample location Sample type Collection period (year) N Mean 52Hf Mean §' C;
Bulgaria Kavarna Hunt AM (2014) 5 —83.89 —19.16
Bulgaria total ~ Central/East

France Auvergne Live capture BS (2014) 19 —-66.37 —20.84
France Chize Live capture BS (2014) 20 —-68.33 -20.93
France Marne Live capture BS (2014) 20 —65.13 -19.95
France Oleron Live capture BS (2014) 20 —60.24 -20.27
France total West 79

Germany Berbisdorf Museum BS (1934) 1 —78.95 -22.73
Germany Dahme Museum BS (1981) 2 -59.35 —20.66
Germany Villingen Live capture BS (2014) 1 -62.09 —10.90
Germany Ottenheim Museum BS (1890) 1 -21.69 -10.43
Germany total Unknown 5

Greece Soufli Hunt BS/AM (2013) 20 —-59.80 —-19.51
Greece total Central/East 20

Ttaly Rieti Wildlife recovery center  BS (2014) 1 -39.96 —12.07
Italy Sardegna Museum SM/BS (1908) 1 -32.64 —8.53
Ttaly Ventotene island  Live capture SM (2014) 16 —60.69 —18.41
Italy total Central/East 18

Malta Comino Live capture SM (2014) 2 —65.73 —14.49
Malta undefined Hunt SM/AM (2014) 10 —55.72 -17.34
Malta total Central/East 12

Spain Ibiza Museum SM (1930) 1 —47.99 —11.86
Spain Monfrague Hunt AM (2013) 41 -75.79 -21.94
Spain total West 42

Overall total 181

BS breeding season, SM spring migration, AM autumn migration

water trap. The obtained H, sample pulse was then intro-
duced into the stable isotope ratio mass spectrometer (Delta
V advantage, ThermoFisher Scientific, Bremen, Germany)
via an interface (Finnigan Conflo III, ThermoFisher Scien-
tific, Bremen, Germany). Samples were analysed together
with three in-house keratin standards, which had previ-
ously been calibrated to the USGS42 standard (Soto et al.
2017). Measured stable isotope values are reported in the
delta notation (§) as parts per thousand (%o) deviation from
V-SMOW. The precision of §?H measurements was always
better than 2%o0. We calculated the stable isotope value of
the non-exchangeable portion of the hydrogen in samples
based on laboratory keratin standards with known stable
isotope values of the non-exchangeable portion of hydro-
gen: sheep wool from Sweden SWE-SHE (—111.6%o), sheep
wool from Spain ESP-SHE (—61.5%0), and goat wool from
Tanzania AFR-GOA (—26.4%o), standards that were cali-
brated directly to KHS and CBS laboratory keratin standards
(—54.1 and —197.0%o, respectively).

We chose not to include nitrogen isotopic values
(!> N/** N) in our analyses. While 6'°N has been regularly
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included in studies dealing with main diet and trophic rela-
tionships of marine or aquatic birds, as 6"°N patterns there
are relatively well understood and/or constant over large
geographic areas (Hobson 2011), the use of 5'"°N measure-
ments in tracing origins of animals, particularly terrestrial
animals, is relatively rare (Hobson and Wassenaar 2019).
This is because '°N values in plant and animal tissues can
vary even locally as values are heavily influenced by anthro-
pogenic sources of nitrogen, in particular by agricultural
inputs, including fertilizers, sewage, and agricultural animal
waste, and by atmospheric deposition via fossil fuel burning
(Cruz et al. 2012; Hobson et al. 2012; McMahon et al. 2013;
Hobson and Wassenaar 2019).

Assignment to wintering areas

To delineate likely African winter areas of turtle doves, we
applied a spatially-explicit multi-isotope likelihood assign-
ment method (Royle and Rubenstein 2004; Wunder 2007;
Hobson et al. 2009b). To accomplish this, and following
Hobson et al. (2012), we used African isoscapes reflecting
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the (1) amount-weighted growing seasonal surface precipi-
tation (62Hp) of Bowen et al. (2005) and (2) a theoretical
spatial distribution of plant §'3C (Still and Powell 2010).
We converted the 52Hp isoscape into a feather 5°H (52Hf)
isoscape using the calibration equation for common wood
pigeons (Columba palumbus) from Hobson et al. (2009a;
4.73+0.78%* 52Hp) because we lacked a similar one for turtle
doves. However, both species have relatively similar diets
(Dunn et al. 2018) and are migratory therefore, we deemed
use of this equation reasonable. To account for plant-feather
8'3C isotope discrimination, we first conducted separate
assignments using discrimination factors of + 1 and + 2 %o
added to the plant 5'3C isoscape (see Hobson et al. 2012) but
found no difference in the spatial distribution between the
resulting depictions. Because of this lack of difference and
since turtle doves are entirely granivorous, whereas wood
pigeons also take leaves and other plant matter (Dunn et al.
2018), we used a discrimination factor of + 1.5 %o to derive
a feather 6'°C isoscapes (5'°C;). We then used digital range
maps from BirdLife International and NatureServe (2011),
which were extended southwards to about 4° N based on
winter range information from tracking data, to restrict the
assignments to the known turtle dove winter range by ‘clip-
ping’ the calibrated feather (5°H, 6'°C;) isoscapes.

To assess the likelihood that a georeferenced location
(i.e., raster cell) within the feather isoscape of the tur-
tle dove winter range was a potential area of origin, we
used a multivariate normal probability density function
(mvnpdf):
fx(xiyilﬂHC’ Ches pHC) — 27F_1/2k| Z |—l/2ke[—l/2(v—ﬂxi/z—l(v—ﬂxi)]
where fx represents the spatially explicit probability den-
sity function for x’ indicating the geographic location of
origin given a feather of unknown provenance (y") with iso-
topic composition (62Hf, 513Cf). Subscripts HC indicate the
expected mean (u), standard deviation (o), and correlation
(p) of 52Hf and 513Cf, respectively, for a feather grown at
that location and k represents the number of isotopes. The
estimated mean isotopic composition was estimated from
raster cells in the calibrated isoscapes for 6°H; and '°C; at
each location (x). Thus, the parameter y ' represents a vector
of means for each location (x') in the isoscape:

= [u6*Hy, -usCyl.

The variance—covariance matrix (IY1) of the two-isotope
matrix is represented as.

2
0 520

2
Z _ [ 0 52l 53¢ |.
=, :

0 s2H 53¢ o*sic

where diagonal elements represent expected variance for the
given isotope and off-diagonal elements represent covariance

between pairs of isotopes. We assumed that covariance
among isoscapes was constant (Royle and Rubenstein 2004).

All cells in the upper 67% (i.e., 2:1 odds ratio) of the
resulting probability surfaces from assignments for each
individual were defined as likely (1) origins, and all others
were considered unlikely (0). Thus, assignments conducted
for feather samples resulted in a spatially explicit binary sur-
face for each individual, which was summed (i.e., 'stacked')
across assignments for all individuals in the sample to rep-
resent potential origins for the entire sample set but also per
sampled country. Manipulation of digital files and assign-
ment to origin analyses were conducted using several pack-
ages including 'raster' 2.5-8 (Hijmans 2016), 'mvnmle’
0.1-11.1 (Gross and Bates 2018), 'maptools' 0.9-9 (Bivand
and Lewin-Koh 2019), and 'rgdal' 1.2-13 (Bivand et al.
2019) in the R statistical computing environment 3.5.3 (R
Core Team 2019). As stable isotope values of 5°H; were nor-
mally distributed (Shapiro-Wilk: W=0.991, p=0.326) but
813C; were not (Shapiro-Wilk: §'*Cy: W=0.861, P <0.005),
we applied parametric and non-parametric statistics where
appropriate.

To assess the overlap between existing protected areas
as well as hunting areas and winter quarters of turtle doves
according to the dual-isotope multivariate probabilis-
tic assignment, we clipped the obtained assignment with
a spatial dataset of protected areas (mix of polygons and
points) from UNEP-WCMC (2021). The dataset was limited
to 'internationally designated sites' (including UNESCO-
MAB Biosphere Reserves and Ramsar Sites), 'nationally
designated sites' (national parks, nature reserves, fau-
nal reserves, wildlife sanctuaries, and reserves, and for-
est reserves), and 'bird sanctuaries'. The 'hunting areas'
include the UNEP-WCMC categories hunting area, hunting
zone, controlled hunting area, and hunting reserve.

Results
Wintering areas of sampled turtle doves

From the probabilistic assignment to origin analyses, wintering
areas for pooled turtle dove samples were likely in the western
and central Sub-Sahara. The most likely wintering sites in the
western Sub-Sahara were in western Africa: Senegal, Gambia,
Guinea-Bissau, Guinea, Sierra Leone, northern Ivory Coast,
western Burkina Faso, south-western Mali, and in the central
Sub-Sahara Togo, Benin, Nigeria, and North-Cameroon. No
turtle doves were assigned to wintering areas in the eastern part
of the Sub-Saharan Sahel region (Fig. 1). Similar to the results
for pooled turtle dove samples, the assignments by flyway
(Fig. 2) as well as by country (Online Resource 1) highlighted
similar wintering areas as indicated above.

@ Springer
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Fig. 1 Assignment to likely -10° 0°

10° 20° 30° 40° 50°

wintering origin (moulting areas
of winter-grown primary feath-
ers) of European turtle doves
(n=181) sampled in seven
different European countries
(labeled and shaded grey)
predicted from a multivariate
normal probability distribu-
tion function based on tenth
primary feather (P10) 8°H and
8"3C isotope assignments of
individual birds. Assignment
probabilities of individuals (0
to 1) were summed according
to the maximum value obtained
in a pixel during the assignment
process for the overall sample
set representing the percent of
individuals potentially originat-
ing from a cell in the isoscape.
The assignment is restricted to
a hitherto described turtle dove
wintering range (outline; in red
in the online version). (a) Over-
lap of likely wintering areas
with internationally and nation-
ally protected areas as well as

1 1 o 1 1 L

bird sanctuaries, and (b) overlap
with hunting areas. Information
on protected and hunting areas
was based on a dataset (mix

of polygons and points) from
UNEP-WCMC (2021)

- Hunting area

Differences in 82H, and 6'3C; values
between flyways

Whereas the assignment depictions (Fig. 2) do not indicate
a marked difference between the wintering grounds of tur-
tle doves following the western (samples from Spain and
France) vs the central/eastern flyway (samples from Greece,
Malta, Italy, and Bulgaria), comparisons of the raw 6°H;

@ Springer

(t-test: t=2.77, df=77.94, P=0.007), and 6'°C; values
(Mann—Whitney: W=4337, P=0.001) show differences
between flyways. Feathers of turtle doves following the cen-
tral/eastern migratory flyway compared to those of individu-
als using the western flyway had significantly higher 6°H;
(means £+ SD: —60.87 £2.51%o0 vs —68.52 + 1.16%o, respec-
tively) and 6'*C; (means: —18.25 +0.67%o vs —20.91 +0.38%0)
values (Fig. 3).
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Fig.2 Assignments to likely
wintering origin (moulting areas
of winter-grown primary feath-
ers) of European turtle doves
following (a) the western flyway
(n=121) sampled in two dif-
ferent European countries (grey
shaded) and (b) the central/
eastern flyway (n=>55) sampled
in four different countries

(grey shaded) predicted from a
multivariate normal probability
distribution function based on
tenth primary feather (P10) 8°H
and §'3C isotope assignments
of individual birds. Assignment
probabilities of individuals (0
to 1) were summed according
to the maximum value obtained
in a pixel during the assign-
ment process for (a) individuals
following the western flyway
and (b) turtle doves follow-

ing the central-eastern flyway
representing the percent of indi-
viduals potentially originating
from a cell in the isoscape. The
assignments are restricted to a
hitherto described turtle dove
wintering range (outline; in red
in the online version)

Overlap of assigned wintering grounds

with protected areas

International biosphere reserves and Ramsar sites overlap-
ping with the most likely wintering grounds of turtle doves
(based on the probabilistic assignment) were mainly located

50° -

40° -

30° 1

20° 1

10° 1

0° 4

50° ~

40° 1

30° ~

20° ~

10° 1

0° 1

in Guinea and Senegal and to a smaller extent in Mali and
Sierra Leone. No internationally protected areas were situ-
ated in Benin, Ivory Coast, Cameroon, and Nigeria in areas
of a high probability origin (Fig. 1a). Most of the larger
national protected areas and bird sanctuaries were located
in the central and eastern part of our preselected area,
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Fig.3 Boxplots for 6°H; and §'°C; values from the tenth primary
(P10) feather samples of turtle doves moulted during the overwin-
tering period at African winter grounds grouped by central/eastern
(n=55) and western (n=121) flyways. The boxes represent the range

where wintering, according to our results, is rather unlikely.
Smaller national protected areas overlapped with the most
likely wintering locations in many countries (e.g., Senegal,
Mali, and Niger) but were also scarce or absent in others,
such as Benin, Cameroon, and Ivory Coast (Fig. 1a). Some
hunting areas were located in areas of the high probabil-
ity of European turtle dove origins, which are among the
most likely wintering grounds, in Guinea-Bissau and Mali
(Fig. 1b). However, only a few hunting areas were included
in the UNEP-WCMC dataset.

Discussion

The main objective of our investigation was to determine
general and flyway-specific wintering regions of turtle doves
sampled on European breeding areas and migration follow-
ing the western and central/eastern migratory routes. Previ-
ous assessments of wintering regions and connectivity were
based on a relatively small number of reported sightings,
which may include discrimination errors of subspecies (S.
t. turtur vs S. t. arenicola), or recaptures of ringed birds and
tracked individuals. Yet, the decline of European popula-
tions of turtle doves over the past decades calls for a more
thorough understanding of migratory connectivity between
summer and wintering ranges (Fisher et al. 2018). Based
on our dual-isotope geographic assignment, we identified
regions in the western and central sub-Saharan belt to be
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in which 50% of the data occur (inter-quartile distance from 25%
quartile to 75% quartile). Whiskers show extreme values, and the
median is shown as a black line within the boxes. Circles highlight
outliers and extend 1.5 times beyond the inter-quartile distance

the most likely wintering grounds of turtle doves originating
from Europe.

Stable isotopes
Feather hydrogen (62H,)

While assignments to the wintering origin based on deu-
terium values only did not show a clear difference for the
different flyways (Online Resource 2), turtle doves using
the western migration flyway and those using the central/
eastern migration flyway differed in the raw 8°H; values
of the tenth primary feather (P10) grown on the wintering
range. This potentially indicates that turtle dove populations
from western vs central/eastern Europe may spend the boreal
winter in different areas, for example, lower 52Hf values in
European hoopoes sampled along the central/eastern flyway
suggest more easterly wintering areas for these individuals
(Reichlin et al. 2013). However, the geographic precision of
this assignment was limited due to large confidence intervals
and a shallow slope, and the difference in deuterium values
in body feathers for the longitudinal —10° to+ 15° range was
relatively minor (Reichlin et al. 2013).

Feather carbon (5'3C;)
Similar to differences in 8°Hy, our results demonstrate higher

raw §'°C; values in turtle doves using the central/eastern
flyway vs western flyway. The relative abundance of stable
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carbon isotopes depends on the relative contribution of plant
biomass with contrasting photosynthetic pathways, such as
Calvin cycle (C3), Hatch-Slack cycle (C4) or Crassulacean
acid metabolism (CAM) (O’Leary 1981; Rubenstein and
Hobson 2004), whereby C3 plants, mainly trees, and shrubs,
are typically isotopically depleted in *C in relation to >C
compared to C4 plants, which are mostly grasses (Marshall
et al. 2007). While §'3C; values may provide minor addi-
tional information concerning E-W delineations of indi-
viduals, they can indicate possible habitat segregation. For
instance, regardless of the photosynthetic pathway, more
xeric environments typically have higher §'°C values com-
pared to mesic regions (Reichlin et al. 2013). Therefore,
higher 6'°C; values in turtle doves using the central/east-
ern migration route suggest that they occupied more xeric
regions than birds using the western flyway. However, differ-
ences in 5'°C; values may also reflect diet and microhabitat
(Veen et al. 2014), and differences in the diet of individuals
following the different migration routes might indicate dif-
ferent areas used for wintering with different plant species
(C3 vs C4) consumed by doves. Much of the variation in
5'3C values of animal tissues can be ascribed to the dif-
ferential use of C4/CAM and C3 plant-based food (Lajtha
and Michener 2007; Prochazka et al. 2010), but there are
also local habitat-specific 6'*C signatures on small latitu-
dinal gradients as a result of the water-use efficiency of the
dominant C3 plant species (see Marra et al. 1998; Paxton
and Moore 2015). Higher §'3C; values in birds following
the central/eastern vs the western migration route may be
an indicator for winter occupancy of lower-quality habitats
(Marra et al. 1998) and/or differences in the proportion of
consumed food plants. While some studies analysed the diet
of turtle doves on their European breeding grounds (e.g.,
Murton et al. 1964, 1965; Browne and Aebischer 2003;
Dunn et al. 2018), very few have addressed the diet composi-
tion during the wintering period. Observations on some win-
tering localities indicate that rice (Oryza, C3 plant) and wild
fonio (Panicum, C4 plant) may be the main food sources for
wintering turtle doves (e.g., Morel 1986; Curry and Sayer
1979; Zwarts et al. 2009). Detailed studies are needed to
gain a more precise picture of the dietary composition on
the wintering grounds.

Differences in 8°H; and §'3C; values

Derived from the probabilistic assignments based on both
&°H and §"3C values (Fig. 2; based on deuterium values only,
Online Resource 2), no obvious difference in the derived
probability of origin during winter of individuals sampled
along the western or the central/eastern flyway was found.
Therefore, based solely on the assignments, we cannot con-
clude that the Sub-Saharan wintering range of turtle doves
varies with their flyway and cannot differentiate geographic

wintering ranges by flyway. Such assignments are, however,
dependent on the structure of the underlying isoscape and
further insight is still possible by examining each isotope
individually. When comparing raw values of 6°H; and 6"°C;,
both isotopes suggest that individuals from different migra-
tory flyways spent the winter in different Sahelian regions,
had different diets, or used different habitats. Several stud-
ies already identified populations of bird species that differ
in their wintering regions or habitats on the basis of iso-
topic analysis of feathers and used these results to estimate
migratory connectivity (e.g., aquatic warbler Acrocephalus
paludicola, Pain et al. 2004; reed warbler Acrocephalus scir-
paceus, Prochazka et al. 2008; sand martin Riparia riparia
and barn swallow Hirundo rustica, Sz&p et al. 2009; blue
swallow Hirundo atrocaerulea, Wakelin et al. 2011).

Migratory connectivity links breeding and non-breeding
grounds of a species and ranges in strength from weak to
strong (Webster et al. 2002). Strong connectivity occurs
when most individuals from one breeding population
migrate to the same wintering location or region, whereas
weak connectivity occurs when individuals from a single
breeding population move to several different regions to
winter or from several breeding areas to a single non-breed-
ing area (Webster et al. 2002; Rubenstein and Hobson 2004).
Zwarts et al. (2009) investigated migratory connectivity of
bird species based on recoveries and recaptures in Africa
between 4 and 35° N. From their analysis, the west—east dis-
tribution in Africa of birds breeding in different longitudinal
zones in Europe showed hardly any overlap for turtle doves,
indicating strong migratory connectivity to broad regions
(Zwarts et al. 2009).

Consistent with this result, isotope values of turtle doves
in this study suggest a relationship between migration route
(west vs central/eastern flyway) and African winter moult-
ing grounds (western part of the Sahel vs central part of
the Sahel, respectively), but this was not supported by the
assignment to origin analyses, which could be interpreted
as being contradictory. Although differences in feather sta-
ble isotope values between flyways were significant, they
are small relative to the variation in the associated feather
isoscapes. Despite the heterogeneity of sample origin regard-
ing collection period and sample location (see Table 1),
based on the moult cycle, all sampled tenth primary feath-
ers had been grown during the previous winter and, there-
fore, reliably contained the isotopic signature of wintering
grounds. However, sample sizes for western (n=121) and
central/eastern flyway (n=55) were not equally distributed,
which could have caused a bias towards the western part of
the Sahara. In general, there has been a strong bias of stud-
ies towards turtle doves using the western flyway, whereas
detailed knowledge of turtle doves migrating via the central/
eastern flyway as well as a stopover and wintering sites of
central and eastern turtle dove populations remains limited
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(Bankovics 2001; Fisher et al. 2018). Therefore, our findings
for individuals using the central/eastern flyway, even if they
originate from a comparably small sample size, add valuable
new information.

The use of stable isotopes and museum samples present
several challenges for assessing turtle dove migratory con-
nectivity. Our analysis could potentially have been more
precise if individuals using the central and eastern flyways
were examined separately. However, as tracking and ringing
data indicate a loop-migration pattern between the central
and eastern flyway (Marx et al. 2016; Schumm et al. 2021),
separate analyses potentially could result in incorrect assign-
ment to a flyway for some individuals. Also, for individuals
with breeding sites in western Europe, such as France, it
was described that individuals migrate more easterly dur-
ing spring than during autumn (Eraud et al. 2013). To our
knowledge, however, no switch of flyways, i.e., from western
to central flyway, has been observed so far. The inclusion
of museum specimens (1890 to 2014; Table 1) could also
potentially bias our results due to changes in distributional
patterns in breeding and wintering areas and hotspots of
natal origin because declines are expected to cause range
retractions towards available and optimal habitats (Thomas
et al. 2008; Sirami et al. 2009; Burgess et al. 2020). Contrac-
tion towards high-quality habitats may be reflected by vary-
ing levels of observed decline across the European breeding
area, e.g., a strong population decline of 97% (1967 to 2015)
in the UK or>90% (1984 to 2015) in the Netherlands, com-
pared to less pronounced declines of 37% (1996 to 2018)
in Spain or of 54% (1998 to 2015) in Austria (see De Vries
et al. 2021). Furthermore, habitat modifications through time
resulting from agricultural expansion may result in changes
to the 6'°C isoscape or diet potentially influencing the iso-
tope values between modern and historic samples (Lemenih
et al. 2005; English et al. 2018; Arias-Ortiz et al. 2021).
However, feather isotope values of samples from museums
did not vary significantly relative to region-specific samples.
Finally, our aim was to provide a first-order estimation of
wintering regions and not an assignment on a small geo-
graphic scale or analysing changes over time, so we deem
the use of museums samples reasonable.

Another study that investigated breeding ground prov-
enance of migrating turtle doves, including some of the sam-
pled individuals from this study, showed relatively coarse
and broad possible distribution ranges using 5°H; only, and
no spatially precise breeding localities could be assigned
(Marx et al. 2020). Therefore, a precise estimation of the
connectivity between breeding and wintering areas was not
possible in this study, as we do not know the exact breeding
areas of individuals sampled during migration. Nevertheless,
the use of stable isotopes can provide insight into the migra-
tory connectivity of species, especially when involving the
use of informed priors in a Bayesian framework (see Hobson
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and Wassenaar 2019). Combining probabilistic information
based on other methods, such as analysis of ringing or track-
ing data, can indeed inform evidence-based, long-term, and
effective conservation measures for threatened species. Such
a combined approach is urgently needed to confirm the pos-
sible strong migratory connectivity for turtle doves, as tur-
tle doves originating from different breeding grounds may
be subject to several different or variable levels of similar
threats across the full annual cycle. For example, a breed-
ing population from one country can experience little or no
decline while another is decreasing drastically due to factors
experienced at different stopover or wintering sites (e.g.,
habitat loss, unsustainable harvesting; Weber et al. 1999;
Runge et al. 2014).

Conclusions and perspectives

Our results highlight the potential importance of the western
and central Sub-Sahara as a wintering region for turtle doves
migrating through western and central Europe and thus partly
support previously described wintering ranges (see Glutz von
Blotzheim 1980; Carvalho and Dias 2001, 2003; Aebischer
2002). However, this and previous studies focused on the
analyses of flyways within the European-African migra-
tion system (Zwarts et al. 2009; Marx et al. 2016), and little
information is available from the eastern Sahel (Zwarts et al.
2009). While our results did not assign any turtle doves to the
eastern part of the Sahel, some sightings of turtle doves (e.g.,
Sudan: Hartmann 1863; Nikolaus 1987) suggest that this
region also hosts wintering individuals. Hence, it is possible
that the eastern sub-Saharan region is important for turtle
dove populations breeding in Asia (e.g., Russia, Kazakhstan,
Turkmenistan, Uzbekistan; BirdLife International 2021),
being part of the Asian-African migratory system (Cramp
1985), or for birds from the central/eastern European flyway,
breeding farther east than turtle doves sampled in this study,
e.g., Ukraine, Turkey. A longitudinal gradient of non-breed-
ing African areas, with western and central regions being
occupied by European populations and the eastern region
being occupied by Asian populations, has also been observed
in other migrating species whose breeding distribution ranges
from western Europe to middle and eastern Asia (Trierweiler
et al. 2014; Sara et al. 2019). However, to confirm whether
Asian turtle dove populations winter in eastern sub-Saharan
Africa, stable isotope studies are similar to our approach and
ideally combined with tracking studies (e.g., Jiguet et al.
2019; Monti et al. 2021) are needed to investigate their fly-
ways and wintering destinations.

The present study provides a good first-order estimation of
wintering regions of turtle doves from European populations
but still has some limitations due to potential winter move-
ments of turtle doves (Eraud et al. 2013; Lormée et al. 2016)
that could not be accounted for. Furthermore, our analysis
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did not provide information on inter-annual wintering site
fidelity, which may be important for the planning and main-
tenance of protected areas. For instance, we show that based
on the probabilistic wintering ranges, large parts of the most
likely wintering grounds do not overlap with the protected
area network in Africa. Turtle dove conservation manage-
ment should consider hunting regulations over the species’
entire range. Whereas much attention has been given to the
impact of illegal hunting during migration in Europe on pop-
ulation declines, very little consideration has been given to
hunting in African wintering areas (Hirschfeld et al. 2019;
Lormée et al. 2020), where the resources to enforce hunting
laws are much more limited. It is a common practice to shoot
turtle doves at roost and drinking sites in some countries, e.g.,
Senegal and Mali. These hunting activities at roosting sites
are likely to affect survival not solely through direct mortality
via shooting but also by scaring away turtle doves from safe
and suitable feeding and roosting sites (Zwarts et al. 2009).

In general, defining wintering regions is important, as the
causes of population decline in European-breeding migrants
are associated with the region and habitats in which they
winter (Ockedon et al. 2012). A significant part of the vari-
ance in the annual survival of turtle doves was explained
by environmental conditions encountered by birds on their
wintering grounds (Eraud et al. 2009). Nevertheless, a sub-
stantial knowledge gap on conditions and threats that turtle
doves face on the wintering grounds remains. This gap needs
to be filled urgently in order to understand the factors leading
to the turtle dove decline (Fisher et al. 2018). Wintering con-
ditions are likely to deteriorate further in the future, as in the
sub-Saharan region where agricultural landscapes are chang-
ing rapidly (Cour 2001; Sissoko et al. 2011; Walther 2016).
Increasing human pressure in this region has resulted in a
reduction of preferred habitat (i.e., woody vegetation) and
migratory birds have suffered particularly severe declines
(Walther 2016). Turtle doves are susceptible to previous and
ongoing changes, such as increased cultivation of the Sahel
and Sudan zone, overgrazing and cutting of trees, overuse
of pesticides, suppression of woodland within farmland, and
the homogenization of cropland (Lutz 2007; Fisher et al.
2018; Mansouri et al. 2020). Moreover, similar to other
migratory species, turtle doves are particularly at-risk due
to global climate change, as they must adapt their breeding
and migration timing to asynchronous changes in suitable
conditions across broad, spatiotemporal scales (Fraser et al.
2019).
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