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The study of bird migration timing is pivotal for the identification of the onset of pre-breeding migration, when,
according to the European regulatory framework, the hunting seasons should end following Article 7.4 of the EU
Birds Directive. Member States may use different data sources, including citizen science platforms, to determine
this onset. Here, we used data from eBird, a citizen science platform, to describe the timing of pre- and post-
breeding migration of the Song Thrush (Turdus philomelos) across the Western Palearctic. For EU Member
States, we compared the onset dates of pre-breeding migration we derived from eBird with those obtained from
ringing data published in the Eurasian-African Bird Migration Atlas and with those reported in the EU Key
Concepts Documents (KCD). We found high agreement between eBird and Atlas estimates, but substantial dif-
ferences between KCD-defined onset dates and those identified in the Atlas and this study. This suggests that, in
many EU Member States, hunting remains open after the onset of pre-breeding migration, with potential negative
effects on breeding populations. This mismatch highlights the limitations of current country-specific definitions
and the need for harmonized flyway-scale assessments of migration timing. As required by current EU legislation,
hunting closure periods should rely on up-to-date scientific evidence and transparent national data-collection
mechanisms. The systematic application of the method presented here to citizen science or ringing data pro-
vides a reproducible and standardized approach that can be adopted at the EU level, easily upgradeable as new
data become available.

2026; Redlisiak et al., 2021). In addition, the onset and duration of
migratory movements significantly influence the conditions birds
encounter during migration, as well as upon arrival at breeding or

1. Introduction

Seasonal migration towards more favourable environments is a

widespread phenomenon among birds (Hahn et al., 2009). Timing
(phenology) of migration refers to the ability of birds to coordinate their
preparation for migration, arrival and departure times with the seasonal
shifts in resource availability along the migration route and at the
migration destination (Akesson et al., 2017; Both et al., 2010; Bourski,

* Corresponding author.
** Corresponding author.

non-breeding sites (Bauer et al., 2016; Sinelschikova et al., 2007), with
immediate and carry-over consequences on breeding success, energy
demand, and survival (Bell et al., 2024; Briedis et al., 2020; Jenni and
Kéry, 2003; Kanerva et al., 2020; La Sorte et al., 2015;
Lerche-Jgrgensen et al., 2018; Smith and Moore, 2005). Therefore, for
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migratory species, the timing of migratory movements is of outmost
importance.

Various types of data are typically used to study migration timing,
each with its own advantages, limitations and constraints. Tracking
devices provide precise location and timing of records for tagged birds
(McKinnon and Love, 2018). However, they are financially costly,
logistically challenging, and may affect bird survival and behaviour
(including timing of migration) depending on the species (Brlik et al.,
2020). The study of migration phenology also relies on ringing data, a
long-standing method dating back to 1899 that involves marking birds
with metal rings bearing unique alphanumeric codes (Preuss, 2001).
This method remains invaluable in ornithological research due to its
cost-effectiveness, applicability across all bird species, and suitability for
extensive, large-scale studies of bird life histories, including migration
routes (Spina et al., 2022), the identification of stopover sites (Catry
et al., 2004), population dynamics (Baillie and Schaub, 2009), and
phenology (Hinchcliffe and Tkaczynski, 2025), with insights for con-
servation planning (Anderson and Green, 2009; Baillie, 1995). However,
its effectiveness is limited by highly variable sampling effort and re-
covery rates across regions and time periods (Korner-Nievergelt et al.,
2010). Furthermore, ringing data often provide limited individual in-
formation, typically restricted to one marking location and a single
re-encounter location. Remote-sensing approaches, particularly weather
surveillance radar, can provide broad-scale information on the timing
and intensity of migratory movements (Dokter et al., 2018; Van Doren
and Horton, 2018). However, weather radar generally detects assem-
blages of airborne animals, and its taxonomic resolution below broad
biological groups remains limited (Matthews et al., 2025). Therefore,
radar data alone are not currently suitable for characterizing
species-specific migration phenology. Finally, in recent years, there has
been growing interest in leveraging public participation via the collec-
tion of scientific data through citizen science platforms (Passarotto and
Costanzo, 2024). Historically, biodiversity observations have also been
collected through bird counts, naturalists' field notes, atlases, and other
records, but these datasets often suffer from strongly inconsistent sam-
pling effort, non-random survey locations, and a lack of standardized or
quantitative methodologies (Alderson and Sander, 2022; Anderson and
Ramirez-Reyes, 2026). Conversely, modern citizen science initiatives
allow the collection of vast amounts of data that would otherwise be
cost-prohibitive or time-intensive to collect (Bonney et al., 2009; Heim
et al.,, 2020; Weisshaupt et al., 2021). However, common challenges
include species misidentification, observer bias toward certain species
(Troudet et al., 2017; Tulloch et al., 2013; Tulloch and Szabo, 2012), and
spatial and temporal biases in observation locations (Botts et al., 2011;
Dennis and Thomas, 2000; Hijmans et al., 2000; Kadmon et al., 2004;
Mair and Ruete, 2016). Among existing citizen science platforms, eBird
(Sullivan et al., 2009) is one of the most widely used by ornithologists
worldwide and provides a globally standardized bird observation data-
base with near-global geographic coverage and free access to data. It
enables citizens to report bird sightings, along with details such as
species, number of birds, location, age, sex, behaviour, and observation
date and time (Wood et al., 2011).

Regardless of the data type, obtaining accurate and reliable infor-
mation on broad-scale migration timing at the population level
throughout the annual cycle is pivotal for effective conservation and
management. The Birds Directive (Council Directive 79/409/EEC, now
Directive 2009/147/EC) adopted by the European Union (EU) requires
EU Member States to prohibit the hunting of migratory birds during
their reproductive period, encompassing not only the reproductive
season but also their return to the breeding grounds, the occupation of
breeding sites, and the post-fledging dependency period of juveniles. In
particular, the Court of Justice of the European Union clarified that, in
order to ensure full compliance with the Directive, the closing date of the
hunting season “must be fixed in accordance with a method that guarantees
complete protection of those species during the period of prenuptial migra-
tion”, therefore ensuring full protection also to early migrants (European
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Commission, 2025).

In this context, in 2001 the European Commission published the Key
Concepts Document (hereafter KCD), in which each Member State
defined the onset of pre-breeding migration for each of the 70 migratory
species included in the European list of huntable birds (Annex II of the
Birds Directive). The onset of migration is expressed in the KCD using
10-day periods (defined as “decades” in the KCD), corresponding to the
first (days 1-10), second (days 11-20), and third (days 21-end) parts of
each month. Accordingly, E Member States identified the 10-day period
during which pre-breeding migration was considered to begin for each
game species. Large Member States could indicate different 10-day pe-
riods for up to three parts of their territory. Only Finland and Spain used
this option: Finland divided its territory into North and South, while
Spain divided it into North, South, and the Canary Islands. Since 2001,
the KCD has been updated and amended several times based on data
provided by each Member State. The last version was published in 2025
(European Commission, 2025). However, the current
country-by-country approach has produced discrepancies and in-
consistencies in the definition of pre-breeding migration onset among
neighbouring Member States, as acknowledged in the KCD itself
(European Commission, 2025). This suggests that a better coordination
of conservation policies across Member States requires the identification
of migration periods at the flyway scale rather than at the national scale
(Andreotti et al., 2023). An initial step in this direction is reflected in the
recently published “Migration Seasons of Hunted Species” scientific
module of the Eurasian African Bird Migration Atlas (Bairlein et al.,
2022; Spina et al., 2022). In this work, ringing-recovery data were
analysed to identify “migration zones”, defined as areas where the first
5% of individuals are actively migrating within the same 10-day period,
which was considered as a conservative proxy of the onset date of
pre-breeding migration (Andreotti et al., 2023). While this data-driven
approach was innovative and offered several advantages, it was
limited by its reliance solely on capture-recapture data from the EURING
database, which only includes birds captured at least twice during their
lifetimes. Therefore, these results should also be checked against
different data sources, such as citizen science data (European
Commission, 2025). A recent national-scale study focused on the Song
Thrush (Turdus philomelos) across Italy showed that migration timing
estimates obtained from ringing data and citizen science observations
were highly consistent (Ambrosini et al., 2023). This agreement between
two independent datasets suggests that robust and comparable estimates
of migration timing can be obtained from different data sources. These
findings provide a basis for harmonizing the definitions of pre-breeding
migration onset across EU Member States, including in areas where
migratory and resident populations overlap or intermix. They also
support a transition from the current country-specific assessments,
where migration periods are defined independently by each Member
State, toward a flyway-based approach, better suited to account for the
trans-boundary nature of bird migration.

The present study aims to describe the timing of migrations of the
Song Thrush across the Western Palearctic using data from the eBird
platform and to assess whether citizen science data can provide robust
large-scale estimates of migration phenology. Specifically, we first
modelled the timing of pre- and post-breeding migration of the Song
Thrush across its Western Palearctic range. We then compared the
estimated onset of pre-breeding migration with the periods reported by
individual EU Member States in the KCD and with those identified in the
Eurasian-African Bird Migration Atlas (Spina et al., 2022), based on the
EURING Data Bank, to evaluate the consistency among alternative data
sources.

We selected the Song Thrush because it is by far the most intensively
hunted migratory species in Europe (Hirschfeld and Attard, 2017).
Furthermore, it is abundant, widespread and with a wide overlap of
breeding and wintering ranges, making it particularly suitable for a
detailed analysis of migration timing. In addition, the migration timing
of this species remains a topic of intense debate. The coexistence of
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wintering, resident, and partially migratory populations may hamper
the detection of the actual onset of pre-breeding migration in some areas
(Andreotti et al., 2022), potentially contributing to inconsistencies
among Member States in the timing of migration reported in the KCD
(European Union, 2025). Moreover, neighbouring countries often rely
on different analytical approaches to identify the onset of the Song
Thrush pre-breeding migration and consequently determine the closure
of the hunting season. Finally, the Song Thrush may serve as a reference
among morphologically similar thrush species that can be misidentified
in the field during hunting activities. Under the precautionary principle,
the onset of pre-breeding migration of the Song Thrush might be used as
the basis for determining hunting season closure dates for such species,
although current KCD definitions assign different pre-breeding migra-
tion periods to some of them. Therefore, improving our understanding of
Song Thrush migration has implications that extend beyond the focal
species and may contribute to the management of other thrush species as
well.

2. Methods
2.1. Model species

The Song Thrush is a small to medium size, partially migratory
passerine bird of conservation and management interest because it is
huntable for recreational purposes in most of the EU countries within its
wintering area, including Cyprus, France, Greece, Italy, Malta, Portugal,
Romania, and Spain. Partial hunting bag data from the hunting season
2014/2015 revealed an annual harvest exceeding 5 million birds in the
EU (Hirschfeld et al., 2019). The species is listed in the IUCN red list and
in the European red list of birds as ‘least concern’ (BirdLife International,
2021). In Europe the breeding population has been stable in the last 10
years (PECBMS, 2025) and is estimated at 47-78 million individuals
(BirdLife International, 2021). It is a polytypic species belonging to the
Turdidae family (Rafinesque, 1815) that includes two sedentary sub-
species: T. p. clarkei (found in the British Isles, Ireland, north-west of
France, Belgium and the Netherlands) and T. p. hebridensis (found in the
Hebrides and the Island of Skye). There is also a third subspecies, T. p.
philomelos, the nominate subspecies, breeding in the Palearctic, which is
partially migratory (Cramp, 1988). For the post-breeding migration,
different breeding populations follow distinct migration routes towards
different wintering areas, with the proportion of migrating individuals
increasing from south-west to north-east across the breeding range.
Populations in Fennoscandia and in north-western Russia migrate to a
wide area, spanning from the north-western coast of western Europe to
southern France and Spain and till North-west Africa. Populations in
central Europe winter in the western and southern Mediterranean and in
Italy, while populations in eastern Europe winter on the eastern coast of
the Mediterranean as far as Iran (Milwright, 2006; Spina et al., 2022).
Conversely, the pre-breeding migration routes of the different breeding
populations have not yet been well described, except for the loop
migration route described for the central-western Mediterranean
(Andreotti et al., 1999). Nevertheless, similarly to the post-breeding
migration, different breeding populations are expected to follow
distinct migration routes, potentially characterized by different migra-
tion phenologies.

2.2. Datasets

2.2.1. eBird

From the eBird Basic Dataset (eBird, 2021; accessed on 20 December
2025), we retrieved records of the Song Thrush in the Western Palearctic
region, encompassing the area between 18°W and 66°E longitude, and
15°N to 72°N latitude, spanning the years 1900 to 2025. Only reviewed
data were retrieved, and no further filtering was applied, as we were
interested in the location and date of observations of Song Thrushes,
regardless of whether they came from a complete checklist or occasional
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observations and whether birds were classified as moving or not, as this
classification is not always reliable.

The number of observed individuals was considered whenever the
record included this information. Records indicating only the presence
of the species were conservatively considered as reports of one indi-
vidual only. To remove potentially duplicate records from different
observers reporting the same birds, the latitude and longitude of all
records were rounded to two decimal places. When multiple observa-
tions occurred at the same rounded coordinates on the same date, only
the record with the highest number of individuals observed was
retained. This step reduced the original dataset from 1,588,049 to
1,321,421 records. Importantly, eBird allows users to enter the obser-
vation of multiple individuals in the same record, which, in our dataset,
resulted in up to 8000 Song Thrushes recorded in a single observation.
Such a substantial number of individuals observed in a single day may
bias the results of these analyses (McKinlay et al., 2025). To limit this
potential effect, we adopted the same method used in McKinlay et al.
(2025), and allowed a maximum value of 100 individuals per observa-
tion for the analyses. In practice, whenever the number of observed
individuals entered in a record of the eBird dataset was larger than 100,
it was set to 100. Previous analyses showed that this arbitrary threshold
has only a negligible effect on the estimated minimum onset date of
pre-breeding migration (McKinlay et al., 2025). The final dataset used
for the analyses included 2,990,671 individual observations of Song
Thrushes.

2.2.2. Eurasian African Bird Migration Atlas

The 10-day period of pre-breeding migration onset was obtained
from the scientific report “Timing of migration of huntable species”
(Bairlein et al., 2022), available in the Eurasian African Bird Migration
Atlas (Spina et al., 2022). In this report, the ringing data from the
EURING databank were analysed with the same analytical method that
we used in the present study (described below). While the map in the
report covers most countries within the European Political Community
(EPC), for our comparisons we only focused on data from the EU
Member States.

2.2.3. Key Concept Document

The 10-day period of pre-breeding migration onset of the Song
Thrush for each Member State was obtained from the last version of the
KCD published by the European Commission (European Union, 2025).

2.3. Procedure for the analyses of the timing of the pre- and the post-
breeding migration on eBird data

The method builds upon the approach initially introduced by
Ambrosini et al. (2014), later adapted to suit partially migratory species
by Ambrosini et al. (2023) and further refined by McKinlay et al. (2025).
The approach is based on modelling the seasonal accumulation of re-
cords within spatial cells. For fully migratory species, individuals are
assumed to be absent from a cell before migration begins; therefore, the
onset of migration can be estimated on the calendar date at which a
predefined proportion of records is reached (Ambrosini et al., 2014). For
partially migratory species, including those whose non-breeding range
overlaps the study area, this assumption does not hold because some
individuals may already be present before migration starts. In these
cases, migration timing is inferred from changes in the rate of accu-
mulation of records, assuming that detection probability is approxi-
mately constant when birds are stationary, and increases during
migratory movements (Ambrosini et al., 2023; McKinlay et al., 2025).
Consequently, the onset of migration is identified as the date at which
the observation rate at a cell departs from that observed under station-
ary conditions, regardless of whether this reflects the arrival of new
migrants or the departure of local individuals (Ambrosini et al., 2023;
McKinlay et al., 2025). In the present study, the study area was divided
into 3° by 3° latitude-longitude grid cells. Cells with fewer than 20
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records collected on fewer than 10 different days in a year —the mini-
mum sample size required— were merged with neighbouring cells
(detailed information can be found in Ambrosini et al., 2023; McKinlay
et al., 2025). This process resulted in cells of varying sizes inversely
related to data density. Preliminarily, spatially isolated records were
identified by a geographical clustering algorithm that identifies clusters
of records that are less than the minimum sample size required at a cell
and are more than 400 km from the nearest record. Those records are
then removed to avoid creating excessively large cells. Importantly,
records from all years were included, regardless of observation year. The
daily number of records at a cell was first converted into the proportion
of records per calendar date, then into cumulative proportions for each
date and cell. These were modelled using a binomial Generalized Linear
Mixed Model (GLMM) with a complementary log-log link function and
an exponential spatial covariance structure to account for spatial auto-
correlation. Day-of-the-year (centred around its mean) was the only
fixed effect, while cell ID served as a random effect, with a random slope
for day-of-the-year within each cell (i.e. random intercept and slope
model). The choice of the initial day-of-the-year for calculating cumu-
lated numbers of records is pivotal in this procedure, and depends on the
Song Thrush annual life cycle. In particular, this choice should target the
calendar dates when individuals were mostly stationary in their
wintering grounds (Cramp, 1988). The estimate of the calendar date
corresponding to a given proportion of records is possible by inverting
the GLMM model. The dates estimated for each cell were then spatially
interpolated over a 3° x 3° grid using inverse distance weighting with
Shepard's method (Shepard, 1968), validated via leave-one-out cross--
validation to select the best power function for interpolation. This
interpolated map was subsequently downscaled to a 0.6° x 0.6° reso-
lution (i.e. five times smaller than the initial resolution) using a bilinear
method. Because some parameters in this procedure, including the
starting date for data cumulation, were arbitrarily chosen, the analysis
was repeated across 27 parameter combinations (Table S1). This
generated 27 maps, each predicting different proportions of arriving
migrants (PRED values in the Supporting Information, Table S1).
Conservatively, we defined the onset of pre-breeding migration as the
date by which 5% of migratory individuals have been observed, as done
in previous works (Ambrosini et al., 2023; McKinlay et al., 2025; Spina
et al., 2022). These maps were then averaged to produce a final map,
and a sensitivity map reflecting the effect of parameter choices on pre-
dictions was also created. For the analyses of post-breeding migration,
calendar dates were determined by counting backward from the time
when individuals are stationary. Therefore, this method identifies the
dates after which specific proportions of individuals are observed
(Ambrosini et al., 2014, 2023).

Pre- and post-breeding dates of migration are then converted into 10-
day period of migration similarly to the KCD, and reported in the maps
as isochrones, i.e. areas where the migration date is the same.

All the analyses were performed in R 4.4.3 (R Core Team, 2025) and
the models fitted using the glmmTMB package (Brooks et al., 2017).

2.4. Extraction of migration dates from eBird and from the Atlas maps

To determine the onset and the median dates of pre-breeding
migration, we clipped the eBird and the Atlas maps, excluding all ma-
rine areas. Using the Python numpy module, we then extracted the
minimum value from the raster for each country, representing the
earliest date when the first 5% of individuals were observed, or the
median date of observation of pre-breeding migration. As the modelling
of the post-breeding migration was not included in the scope of the Atlas
research module, we could apply a similar method regarding post-
breeding migration only to the eBird dataset. Therefore, for post-
breeding migration, we clipped the eBird raster maps showing the
date when 50% or 5% of individuals are still expected to be migrating. In
this case, we extracted the median and the maximum value from the
raster, representing the median and the end date of post-breeding
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migration, respectively. We then converted the selected migration
dates into the corresponding 10-day period. To assess the range of
standard errors for both migration periods, we clipped the respective
standard error maps, removed sea areas, and extracted the maximum
values from the standard error layers.

2.5. Repeatability analysis of pre-breeding migration onset across the
eBird, Atlas and KCD datasets

We assessed the repeatability of the modelled dates of pre-breeding
migration onset based on the eBird and the Atlas maps with an
ANOVA-based repeatability analysis (Nakagawa and Schielzeth, 2010).
We used the same approach to estimate the repeatability of the 10-day
periods of pre-breeding migration onset, first with those derived from
eBird and KCD and then with the ones from Atlas and KCD. All analyses
were performed in R 4.4.3 (R Core Team, 2025).

3. Results
3.1. Pre-breeding migration timing according to the eBird dataset

The timing of pre-breeding migration of the Song Thrush across
Europe modelled using the eBird dataset is presented in Fig. 1a and b,
representing the calendar dates when 5% and 50%, respectively, of
encounters of migratory individuals are expected to occur during this
phase. Maps relative to different proportions of encounters (1% and
10%) are available in Fig. S1.

Broadly, pre-breeding migration progresses from the south and
south-west towards the north direction (Fig. 1a). In particular, the onset
of migration begins in the first 10-day period of January (JAN1) in
Afghanistan, Arabian Peninsula (except Bahrain), Canary Islands,
Cyprus, Eritrea, France (including Corsica), Greece, Iran, Iraq, Israel,
Italy, Jordan, North Africa, Palestine, Portugal, South Spain, Malta. In
the second 10-day period of January (JAN2), migration onset progresses
to Albania, Andorra, Bahrain, Lebanon, Northern Spain, Syria, and
Turkey. The last country where the onset of migration takes place is
Finland, where the migration occurs in the last 10-day period of March
and the first 10-day period of April in the South and the North of the
country, respectively.

The maps of pre-breeding migration onset (Fig. 1a) also shows a
band, from FEB1 to FEB3, where isochrones are denser, dividing the
oceanic and Mediterranean areas from the continental areas in the
northern part of the Western Palearctic. These two areas show two
different migration phenologies. In the first one, characterized by milder
winters, the Song Thrush starts migrating between JAN1 and JANS3,
while in the second one, where winters are harsher, the migration onset
is much later, between MAR1 and MAY1. The maximum standard error
in all 74 countries ranged from 0.12 days (Estonia) to 3.68 days (Russia).

Similarly to the onset of pre-breeding migration, the median date of
migration—defined as the date when 50% of individual encounters
occur—is first reached in JAN3 in Oman, Saudi Arabia, and Yemen. This
is followed by Afghanistan, Egypt, Greece, Iran, Iraq, Italy, Kuwait,
Morocco, Portugal, Southern Spain, and United Arab Emirates. Finally,
the latest countries to experience the bulk of migration are Estonia,
Latvia, Lithuania, and South Finland, where it occurs during APR3, and,
lastly, North Finland, where it occurs in MAY1. The maximum standard
error in all 74 countries ranged from 0.02 days (Estonia and South
Finland) to 1.86 days (Russia).

3.2. Post-breeding migration timing according to the eBird dataset

The timing of post-breeding migration of the Song Thrush across
Europe modelled according to the eBird dataset is presented in Fig. 1c
and 1d, representing the calendar dates when 50% and 5% of in-
dividuals, respectively, are still on migration to their wintering grounds.
Maps relative to different proportions of encounters (10% and 1%) are
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Fig. 1. Migration dates of Song Thrush in Europe as determined from analysis of eBird data. a) onset of pre-breeding migration; dates indicate when 5% of observed
individuals are expected to be on migration. b) median dates of pre-breeding migration; dates indicate when 50% of observed individuals are expected to be on
migration. ¢) median dates of post-breeding migration; dates indicate when 50% of individuals are expected to still be migrating. d) end of post-breeding migration;
dates indicate when 5% of individuals are expected to still be migrating. Isochrones indicate regions where the average migration date is the same. For example, in
map a) in southern Spain, the pre-breeding migration onset date is during the first ten days of January, whereas in northern Spain, it is during the second ten days of
January. The months are divided into 10-day periods, or 'decades’, as defined in the EU Birds Directive Key Concepts Document (e.g., JAN1, JAN2, JAN3). The labels
on isochrones indicate the first day of each decade, so JAN1 means “January 1", JAN2 means “January 11", and JAN3 means “January 21", and so forth.

available in Fig. S1.

Both maps show a general north-to-south pattern. The median date
of post-breeding migration across Europe is much more homogeneous
than that of the pre-breeding one. Indeed, it shows a gradient from SEP3
in Belarus, Estonia, Latvia, and North and South Finland, to NOV1 in
Canary Islands, Cyprus, Iran, Iraq, Israel, Jordan, Kuwait, Lebanon,
North Africa (except Tunisia and Libya), Oman, Palestine, Saudi Arabia,
Syria, and United Arab Emirates. The standard error in all 74 countries
ranged from 0.04 days (Estonia) to 2.26 days (Saudi Arabia).

Finally, the last 5% of individuals are still in Estonia, Latvia, and
North and South Finland in OCT2, and in NOV2 5% of individuals have
yet to arrive in Algeria, Canary Islands, Cyprus, Egypt, Iraq, Israel,
Jordan, Lebanon, Morocco, Saudi Arabia, Syria. The standard error in all
74 countries ranged from 0.25 days (Estonia) to 1.59 days (Turkey).

3.3. Comparison of pre-breeding migration timing across the three
datasets

3.3.1. eBird vs Eurasian African Bird Migration Atlas

In this analyses, the Canary Islands were excluded due to the lack of
data in the Eurasian African Bird Migration Atlas. In addition, Spain and
Finland were divided into northern and southern regions according to

the KCD classification. The repeatability between the minimum dates of
migration onset in each of the EU Member States estimated from the
present analyses and the Eurasian African Bird Migration Atlas (Fig. 2,
Table S2) is high (repeatability = 0.944, Fag 29 = 34.44, P < 0.001).

3.3.2. eBird vs Key Concepts Document

The comparison of the estimated 10-day period of migration onset
based on the eBird dataset and on the KCD (Fig. 3, Table S2) revealed a
match in 9 out of 29 Member States or subdivisions thereof (31%). The
KCD indicated an earlier onset of migration than the eBird-based onset
of migration in three States (or parts of them; 10%). Specifically, the
KCD was one 10-day period earlier than our analyses in the northern
part of Finland and Hungary, while it was two 10-day periods earlier in
Slovakia. Conversely, in 17 out of 29 Member States or subdivisions
thereof (58.6%), the KCD reports the onset of migration later than what
was indicated by the eBird dataset, spanning from one to six 10-day
periods later. Overall, these results indicate a low repeatability in the
10-day period of the migration onset proposed in the KCD vs those
calculated on the eBird data (repeatability =0.491, Fag9=2.897,
P =0.003).
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Fig. 2. The onset dates of pre-breeding migration derived from our analyses
with eBird (when 5% of individuals are expected to be on migration) is plotted
against the onset dates of pre-breeding migration from the Eurasian African
Bird Migration Atlas, based on ringing data (when 5% of individuals are ex-
pected to be on migration). Dates are reported as days from 1 January (1
January = 1). The dashed line represents the 1:1 relationship.

3.3.3. Eurasian African Bird Migration Atlas vs Key Concept Document
In the following results, Canary Islands were excluded due to a lack
of data in the Eurasian African Bird Migration Atlas. The comparison of
migration onset based on the EURING dataset and on the KCD (Fig. 3,
Table S2) revealed a match in only five out of 29 Member States or
subdivision thereof (17.2%). According to the KCD, the Song Thrush
starts the pre-breeding migration one 10-day period earlier as compared
to the EURING dataset in five States, two 10-day periods earlier in one
State, and three 10-day periods earlier in two States (17.2%, 3.4%, and
6.9%, respectively). Conversely, according to the KCD the Song Thrush
starts the pre-breeding migration one 10-day period later as compared to
the EURING dataset in four States, three 10-day periods later in five
States, four 10-day periods later in four States, five 10-day periods later
in one State, six 10-day periods later in one State, and seven 10-day
periods later in one State (13.8%, 17.2%, 13.8%, 3.4%, 3.4%, and

a) 70N
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3.4%, respectively). Overall, these data indicate a low repeatability in
the 10-day period of the migration onset proposed in the KCD vs those
calculated on the Migration Atlas (repeatability = 0.453, Fag 29 = 2.656,
P =0.005).

4. Discussion

This work examined the migration timing of the Song Thrush with
the dual goal of providing a reliable estimate of migration timing at the
flyway scale and evaluating the potential of large-scale citizen-science
data to address questions of relevance for both migration ecology and
wildlife management. This represents a particularly challenging task for
a species in which resident and migratory individuals coexist across
large portions of its range, resulting in substantial spatial and temporal
overlap between migratory and non-migratory birds. To address these
objectives, we first described the timing of both pre-and post-breeding
migration across most of the Western Palearctic using citizen science
data. We then focused on the EU Member States to compare the results
obtained with the same statistical method from two different datasets:
citizen science and ringing data published in the Migration Atlas. Lastly,
we compared migration timing estimated from these two datasets with
the migration period currently reported in the KCD.

The onset of pre-breeding migration of the Song Thrush modelled
using the eBird dataset is heterogeneous across countries, with different
migration patterns suggested by the maps (Ambrosini et al., 2014). The
pre-breeding migratory routes of this species have not yet been fully
characterized (Andreotti et al., 1999). However, maps show that birds
start migrating in JAN2 along the Spanish and French Atlantic coast
towards Normandy and then towards southern England and the British
Isles. This pattern of advancement of migration can also be observed in
the Atlas (Spina et al., 2022). Birds appear also to start migrating in
JAN1 in north-west Africa and the Western Mediterranean basin, pro-
ceeding then toward the north-east through Sardinia. Finally, migration
starts in JAN1 also in Greece and then proceeds towards eastern Europe.
This last pattern is not clearly indicated by ring recoveries (Spina et al.,
2022), maybe because of the limited ringing effort in areas such as North
Africa and the Middle East.

Our results also revealed a high density of isochrones along a band
approximately corresponding to the separation between the oceanic and
Mediterranean climate areas of Europe from those with a continental
climate. Migration timing and distance combined might contribute to
shaping this band. Specifically, individuals breeding in southern areas
with milder climates may start pre-breeding migration earlier (to obtain
better territories) than those migrating to colder northern regions,
where the risk of encountering adverse weather earlier in the season is
higher. Differences in migratory behaviour among populations could

MAR2 MAR3 APR1 APRZ APR3

] i e s wow e o
c) 70°N

35°N

Fig. 3. Onset of pre-breeding migration of the Song Thrush in the Member States according to a) the KCD (European Commission, 2025); b) the eBird dataset
(present work); c) the “Migration seasons of hunted species” module (Bairlein et al., 2022) of the Eurasian African Bird Migration Atlas. Finland and Spain are divided
into two and three parts, respectively, as reported in the KCD. The Canary Islands are not shown because migration onset is not defined in the KCD.
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also explain the presence of this band. Indeed, it may reflect a temporal
segregation between wintering populations that move shorter distances
within the warmer Mediterranean or Atlantic climates and those
migrating longer distances to breed in more continental and colder cli-
mates. This hypothesis is supported by the observation that the band
approximately coincides with the boundary between areas where the
Song Thrush is present all year round, and areas where it only breeds
(BirdLife International, 2018).

While the onset of pre-breeding migration spans over a period of 14
10-day periods across the Western Palearctic, the end of post-breeding
migration of the Song Thrush is more homogenous across countries,
being concentrated within just 5 10-day periods. Indeed, the last post-
breeding movements (i.e. when 5% of individuals are still migrating)
occur between OCT1 in north-east Europe and NOV2 in northern Africa
and the Middle East. Additionally, the band of dense isochrones dividing
areas with oceanic/Mediterranean and continental climates is not pre-
sent in the post-breeding migration map. This homogeneity likely arises
because Song Thrushes in different areas tend to leave at the same time,
a pattern that might be explained by the fact that post-breeding
migration is less tied to a tight schedule compared to pre-breeding
migration (Lawrence et al., 2022). Information on post-breeding
migration timing may provide important, yet so far overlooked man-
agement information. These movements are largely ignored in the
regulation of hunting periods, as the current European legal framework
(Birds Directive, article 7.4) focuses exclusively on the timing of
pre-breeding migration and the overall length of the breeding season. In
areas where species are regularly occurring during winter, the interval
between the date when 95% of migrants have already arrived from
post-breeding migration and the date when the first 5% have departed
for pre-breeding migration can be used to define the duration of the
stationary wintering period. Such a period is particularly sensitive for
this species, as the mortality due to hunting cumulates on stationary
populations, and may exceed the quantity that defines a sustainable
hunting pressure, i.e. the number of harvested individuals that could be
naturally compensated by a reduction in mortality due to other natural
factors. For a species that shows moderate to high connectivity (Spina
et al., 2022), this mortality, if it becomes excessive, may directly
translate into a decline in the corresponding breeding area. This implies
that any sustainable harvesting policy should be defined at a suprana-
tional level, considering the whole pattern of migratory connectivity of a
species and the timing of the different phases of its annual life cycle. A
detailed knowledge of post-breeding migration phenology is also crucial
to define the onset of the hunting season for species with local breeding
populations. Indeed in areas where a partial migrant like the Song
Thrush is present year-round, allowing hunting before the arrival of a
substantial number of migrants may determine an unsustainable mor-
tality for the local populations, with a consequent decline.

When we compared the pre-breeding migration onset modelled
either on citizen science or ringing data, we found a very high repeat-
ability. This suggests a strong biological pattern reflected by both data
sources. The consistency in the timing of migration across two different
datasets modelled according to the method proposed by Ambrosini et al.
(2023, 2014) has also been demonstrated in a previous study which
analysed the migration timing of the Song Thrush and 22 other game
species in Italy (McKinlay et al., 2025). Therefore, this study conducted
on a broader spatial scale further demonstrates the suitability of citizen
science data for assessing migration timing. Indeed, despite the
well-known limitations of citizen science data (Gorleri and Areta, 2022),
birdwatchers can generate a large volume and spatial coverage of data in
a short time and at a low cost. In addition, both citizen science and
ringing data are affected by spatial and temporal biases, caused by the
uneven distribution of ringing and birdwatching effort. The close match
of the estimated timing of migration onset obtained from these two
different datasets is particularly important in Europe, where Member
States are required to identify the starting date of pre-breeding migra-
tion to determine the closing of the hunting season. Following the Birds
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Directive, the start of pre-breeding migration can be estimated by
comparing different data sources from different regions of the European
Union. These data include ring recoveries, tracking and citizen science
data. Therefore, our study further confirms that citizen science data are
suitable for this goal, since the onset of migration for 86% of Member
States does not differ of more than one 10-day period from that derived
from the Migration Atlas.

This is not the case when we compared 10-day periods calculated
using either ringing or citizen science data with the 10-day periods
defined by the KCD (Fig. 3). The migration onset dates defined by the
KCD tend to be later than those estimated by the other sources for nearly
all countries, especially in the Mediterranean area. Following the revi-
sion process carried out in 2021, nine Member States postponed their
estimate by one (8 Member States) or two (1 Member State) 10-day
periods (Andreotti et al., 2023). This revision resulted in a further in-
crease in the mismatch between the migration onset defined in the KCD
and that observed from citizen science and ringing data. This is partic-
ularly concerning as analyses based on long-term data collected over the
course of 50 years across Europe on adult Song Thrush demonstrated a
clear advance in the onset of migration by 19 days in males and 12 days
in females (Redlisiak et al., 2021). Remarkably, among the eight
Member States where the Song Thrush is listed as a huntable species in
the Annex II - Part B of the Birds Directive 2009/147/EC, only Italy and
Cyprus indicated KCD dates for the onset of the pre-breeding migration
that are coherent with those obtained from citizen science and ringing
data analyses. Conversely, in the remaining six countries (France,
Greece, Malta, Portugal, Romania, and Spain) the hunting season re-
mains open until a date that is later than the onset of pre-breeding
migration as estimated by the present analyses and the Migration
Atlas, hence potentially leading to the killing of individuals en route
towards their breeding quarters. Additionally, in some cases, the refer-
ences provided by the Member States to justify the reported
pre-breeding migration periods are outdated or not reported at all. This
is in contrast with the recommendation of a definition of the onset of
pre-breeding migration based on the most up-to-date scientific evidence
and on transparent national data-collection mechanisms (European
Commission, 2025). To overcome this issue, the systematic application
of the method described by Ambrosini et al. (2023) to citizen science or
ringing data, as proposed in the present paper and the Migration Atlas,
can provide a reproducible and standardized approach that can be
adopted by any Member State and that can be readily updated on a
regular basis as new data become available. Now that information on
bird observations is available on electronic centralized databases on a
continental scale, rather than in separate physical archives scattered
across different countries, this process may be more efficiently con-
ducted directly by the European Commission. This will overcome one of
the main criticisms of the application of the information reported in the
KCD, i.e. the inconsistency of migration onset dates among neighbouring
countries, which may at least partially derive from the different hunting
status of the species (Andreotti et al., 2023).

To conclude, the present work, using almost 3 million observations,
further demonstrates the suitability of properly analysed citizen science
data to address pivotal questions in conservation ecology. Indeed, the
proposed method can help define an agreed methodology among
different Member States that goes beyond the current national-level
approach and towards a flyway-based framework, the latter with a
stronger coherence with bird migration as a natural phenomenon that
ignores political boundaries. This can ultimately lead to a more bio-
logically coherent and effective protection of birds during their pre-
breeding migration, as required by the EU Birds Directive.

CRediT authorship contribution statement
Alessandra Costanzo: Writing - review & editing, Writing — original

draft, Project administration, Formal analysis, Data curation, Concep-
tualization. Susan Ellen McKinlay: Writing — review & editing, Writing



A. Costanzo et al.

- original draft, Formal analysis, Data curation. Alessandro Andreotti:
Writing — review & editing. Lorenzo Serra: Writing — review & editing.
Fernando Spina: Writing — review & editing. Niccolo Fattorini:
Writing — review & editing. Franz Bairlein: Writing — review & editing.
Stephen Baillie: Writing — review & editing. Simona Imperio: Writing
- review & editing. Roberto Ambrosini: Writing — review & editing,
Methodology, Formal analysis, Data curation, Conceptualization.

Funding sources

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgement

We are grateful to all members of the Eurasian African Bird Migra-
tion Atlas project for supporting our research.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jenvman.2026.131105.

Data availability

Data are from publicly available sources. R code is provided as
supplementary material.

References

Akesson, S., llieva, M., Karagicheva, J., Rakhimberdiev, E., Tomotani, B., Helm, B., 2017.
Timing avian long-distance migration: from internal clock mechanisms to global
flights. Philos. Trans. R. Soc. B 372, 20160252. https://doi.org/10.1098/
rstb.2016.0252.

Alderson, J., Sander, H.A., 2022. Combining historical accounts with contemporary bird
survey data identifies changes in an avian community over a period of anthropogenic
change. Ibis 164, 411-422. https://doi.org/10.1111/ibi.13018.

Ambrosini, R., Borgoni, R., Rubolini, D., Sicurella, B., Fiedler, W., Bairlein, F., Baillie, S.
R., Robinson, R.A., Clark, J.A., Spina, F., Saino, N., 2014. Modelling the progression
of bird migration with conditional autoregressive models applied to ringing data.
PLoS One 9, e102440. https://doi.org/10.1371/journal.pone.0102440.

Ambrosini, R., Imperio, S., Cecere, J.G., Andreotti, A., Serra, L., Spina, F., Fattorini, N.,
Costanzo, A., 2023. Modelling the timing of migration of a partial migrant bird using
ringing and observation data: a case study with the Song Thrush in Italy. Mov. Ecol.
11, 47. https://doi.org/10.1186/s40462-023-00407-z.

Anderson, (Kliewer) K.D., Ramirez-Reyes, C., 2026. Finding birds in the archives:
expanding recent bird occurrence data with historical observation records.
Ornithological Applications duag042. https://doi.org/10.1093/ornithapp/duag042.

Anderson, G.Q.A., Green, R.E., 2009. The value of ringing for bird conservation. Ringing
Migr. 24, 205-212. https://doi.org/10.1080/03078698.2009.9674393.

Andreotti, A., Aradis, A., Assandri, G., Bazzi, G., Cecere, J.G., Ferri, A., Imperio, S.,
Marcon, A., Nardelli, R., Pirrello, S., 2023. The need for a flyway approach in
defining the onset of prenuptial migration of huntable bird species across Europe.
Ibis 165, 1447-1453. https://doi.org/10.1111/ibi.13258.

Andreotti, A., Bendini, L., Piacentini, D., Spina, F., 1999. The role of Italy within the Song
Thrush (Turdus philomelos) migratory system analysed on the basis of ringing-
recovery data. Vogelwarte 40, 28-51.

Andreotti, A., Marcon, A., Imperio, S., 2022. Hunting bag statistics to assess the onset of
the pre-nuptial migration — the case study of the song thrush in the central
Mediterranean. Eur. J. Wildl. Res. 68, 46. https://doi.org/10.1007/510344-022-
01594-7.

Baillie, S.R., 1995. Uses of ringing data for the conservation and management of bird
populations: a ringing scheme perspective. J. Appl. Stat. 22, 967-988. https://doi.
org/10.1080/02664769524748.

Baillie, S.R., Schaub, M., 2009. Understanding changes in bird populations — the role of
bird marking. Ringing Migr. 24, 189-198. https://doi.org/10.1080/
03078698.2009.9674391.

Journal of Environmental Management 419 (2026) 131105

Bairlein, F., Mattig, F., Ambrosini, R., 2022. In: Spina, F., Baillie, S.R., Bairlein, F.,
Fiedler, W., Thorup, K. (Eds.), Analysis of the Current Migration Seasons of Hunted
Species as of Key Concepts of Article 7 (4) of Directive 79/409/EEC.

Bauer, S., Lisovski, S., Hahn, S., 2016. Timing is crucial for consequences of migratory
connectivity. Oikos 125, 605-612. https://doi.org/10.1111/0ik.02706.

Bell, F., Ouwehand, J., Both, C., Briedis, M., Lisovski, S., Wang, X., Bearhop, S.,
Burgess, M., 2024. Individuals departing non-breeding areas early achieve earlier
breeding and higher breeding success. Sci. Rep. 14, 4075. https://doi.org/10.1038/
$41598-024-53575-2.

BirdLife International, 2018. Species factsheet: Song Thrush Turdus philomelos. https
://datazone.birdlife.org/species/factsheet/song-thrush-turdus-philomelos.
(Accessed 2 February 2026).

BirdLife International, 2021. European Red List of Birds 2021. https://doi.org/10.2779/
959320.

Bonney, R., Cooper, C.B., Dickinson, J., Kelling, S., Phillips, T., Rosenberg, K.V., Shirk, J.,
2009. Citizen science: a developing tool for expanding science knowledge and
scientific literacy. Bioscience 59, 977-984. https://doi.org/10.1525/
bi0.2009.59.11.9.

Both, C., Van Turnhout, C.A.M., Bijlsma, R.G., Siepel, H., Van Strien, A.J., Foppen, R.P.
B., 2010. Avian population consequences of climate change are most severe for long-
distance migrants in seasonal habitats. Proc. R. Soc. B. 277, 1259-1266. https://doi.
org/10.1098/rspb.2009.1525.

Botts, E.A., Erasmus, B.F., Alexander, G.J., 2011. Geographic sampling bias in the South
African frog atlas project: implications for conservation planning. Biodivers.
Conserv. 20, 119-139. https://doi.org/10.1007/s10531-010-9950-6.

Bourski, O.V., 2026. Environmental phenology drives spring migration timing. J. Anim.
Ecol. 95, 605-617. https://doi.org/10.1111/1365-2656.702.30.

Briedis, M., Bauer, S., Adamik, P., Alves, J.A., Costa, J.S., Emmenegger, T.,

Gustafsson, L., Kolecek, J., Krist, M., Liechti, F., Lisovski, S., Meier, C.M.,
Prochézka, P., Hahn, S., 2020. Broad-scale patterns of the afro-palaearctic landbird
migration. Global Ecol. Biogeogr. 29, 722-735. https://doi.org/10.1111/geb.13063.

Brlik, V., Kolecek, J., Burgess, M., Hahn, S., Humple, D., Krist, M., Ouwehand, J.,
Weiser, E.L., Adamik, P., Alves, J.A., Arlt, D., Barisi¢, S., Becker, D., Belda, E.J.,
Beran, V., Both, C., Bravo, S.P., Briedis, M., Chutny, B., Cikovié, D., Cooper, N.W.,
Costa, J.S., Cueto, V.R., Emmenegger, T., Fraser, K., Gilg, O., Guerrero, M.,
Hallworth, M.T., Hewson, C., Jiguet, F., Johnson, J.A., Kelly, T., Kishkinev, D.,
Leconte, M., Lislevand, T., Lisovski, S., Lopez, C., McFarland, K.P., Marra, P.P.,
Matsuoka, S.M., Matyjasiak, P., Meier, C.M., Metzger, B., Monrés, J.S., Neumann, R.,
Newman, A., Norris, R., Part, T., Pavel, V., Perlut, N., Piha, M., Reneerkens, J.,
Rimmer, C.C., Roberto-Charron, A., Scandolara, C., Sokolova, N., Takenaka, M.,
Tolkmitt, D., Van Oosten, H., Wellbrock, A.H.J., Wheeler, H., Van Der Winden, J.,
Witte, K., Woodworth, B.K., Prochdzka, P., 2020. Weak effects of geolocators on
small birds: a meta-analysis controlled for phylogeny and publication bias. J. Anim.
Ecol. 89, 207-220. https://doi.org/10.1111/1365-2656.12962.

Brooks, M.E., Kristensen, K., Van Benthem, K.J., Magnusson, A., Berg, C.W., Nielsen, A.,
Skaug, H.J., Machler, M., Bolker, B.M., 2017. glmmTMB balances speed and
flexibility among packages for zero-inflated generalized linear mixed modeling.
https://doi.org/10.32614/RJ-2017-066.

Catry, P., Encarnagao, V., Aratjo, A., Fearon, P., Fearon, A., Armelin, M., Delaloye, P.,
2004. Are long-distance migrant passerines faithful to their stopover sites? J. Avian
Biol. 35, 170-181. https://doi.org/10.1111/j.0908-8857.2004.03112.x.

Cramp, S., 1988. Handbook of the Birds of Europe, the Middle East, and North Africa: the
Birds of the Western Palearctic. Oxford University Press, Oxford, London.

Dennis, R.L.H., Thomas, C.D., 2000. Bias in butterfly distribution maps: the influence of
hot spots and recorder's home range. J. Insect Conserv. 4, 73-77. https://doi.org/
10.1023/A:1009690919835.

Dokter, A.M., Farnsworth, A., Fink, D., Ruiz-Gutierrez, V., Hochachka, W.M., La Sorte, F.
A., Robinson, O.J., Rosenberg, K.V., Kelling, S., 2018. Seasonal abundance and
survival of North America's migratory avifauna determined by weather radar. Nat.
Ecol. Evol. 2, 1603-1609. https://doi.org/10.1038/541559-018-0666-4.

eBird, 2021. An Online Database of Bird Distribution and Abundance [web application].
eBird, Cornell Lab of Ornithology, Ithaca, New York. n.d. . Available: http://www.
ebird.org. (Accessed 20 December 2025).

European Commission, 2025. Huntable bird species under the birds directive - scientific
overview of the periods of return to their rearing grounds and of reproduction in the
member states. Available at: https://environment.ec.europa.eu/topics/nature-and
-biodiversity/birds-directive/sustainable-hunting-under-birds-directive_en.
(Accessed 30 December 2025).

European Union, 2025. Huntable bird species under the birds directive scientific
overview of the periods of return to their rearing grounds and of reproduction in the
member states. https://circabc.europa.eu/ui/group/3f466d71-92a7-49eb-9¢63-6¢cb
0fadf29dc/library/d5f66cf5-5a6e-44f1-8e62-676d8431cd4f?
p=1&n=10&sort=modified_DESC.

Gorleri, F.C., Areta, J.I., 2022. Misidentifications in citizen science bias the phenological
estimates of two hard-to-identify Elaenia flycatchers. Ibis 164, 13-26. https://doi.
org/10.1111/ibi.12985.

Hahn, S., Bauer, S., Liechti, F., 2009. The natural link between Europe and Africa — 2.1
billion birds on migration. Oikos 118, 624-626. https://doi.org/10.1111/j.1600-
0706.2008.17309.x.

Heim, W., Heim, R.J., Beermann, I., Burkovskiy, O.A., Gerasimov, Y., Ktitorov, P.,
Ozaki, K., Panov, 1., Sander, M.M., Sjoberg, S., Smirenski, S.M., Thomas, A.,
Tettrup, A.P., Tiunov, .M., Willemoes, M., Holzel, N., Thorup, K., Kamp, J., 2020.
Using geolocator tracking data and ringing archives to validate citizen-science based
seasonal predictions of bird distribution in a data-poor region. Glob. Ecol. Conserv.
24, e01215. https://doi.org/10.1016/j.gecco.2020.e01215.


https://doi.org/10.1016/j.jenvman.2026.131105
https://doi.org/10.1016/j.jenvman.2026.131105
https://doi.org/10.1098/rstb.2016.0252
https://doi.org/10.1098/rstb.2016.0252
https://doi.org/10.1111/ibi.13018
https://doi.org/10.1371/journal.pone.0102440
https://doi.org/10.1186/s40462-023-00407-z
https://doi.org/10.1093/ornithapp/duag042
https://doi.org/10.1080/03078698.2009.9674393
https://doi.org/10.1111/ibi.13258
http://refhub.elsevier.com/S0301-4797(26)02565-X/sref8
http://refhub.elsevier.com/S0301-4797(26)02565-X/sref8
http://refhub.elsevier.com/S0301-4797(26)02565-X/sref8
https://doi.org/10.1007/s10344-022-01594-7
https://doi.org/10.1007/s10344-022-01594-7
https://doi.org/10.1080/02664769524748
https://doi.org/10.1080/02664769524748
https://doi.org/10.1080/03078698.2009.9674391
https://doi.org/10.1080/03078698.2009.9674391
http://refhub.elsevier.com/S0301-4797(26)02565-X/sref12
http://refhub.elsevier.com/S0301-4797(26)02565-X/sref12
http://refhub.elsevier.com/S0301-4797(26)02565-X/sref12
https://doi.org/10.1111/oik.02706
https://doi.org/10.1038/s41598-024-53575-2
https://doi.org/10.1038/s41598-024-53575-2
https://datazone.birdlife.org/species/factsheet/song-thrush-turdus-philomelos
https://datazone.birdlife.org/species/factsheet/song-thrush-turdus-philomelos
https://doi.org/10.2779/959320
https://doi.org/10.2779/959320
https://doi.org/10.1525/bio.2009.59.11.9
https://doi.org/10.1525/bio.2009.59.11.9
https://doi.org/10.1098/rspb.2009.1525
https://doi.org/10.1098/rspb.2009.1525
https://doi.org/10.1007/s10531-010-9950-6
https://doi.org/10.1111/1365-2656.70230
https://doi.org/10.1111/geb.13063
https://doi.org/10.1111/1365-2656.12962
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.1111/j.0908-8857.2004.03112.x
http://refhub.elsevier.com/S0301-4797(26)02565-X/sref25
http://refhub.elsevier.com/S0301-4797(26)02565-X/sref25
https://doi.org/10.1023/A:1009690919835
https://doi.org/10.1023/A:1009690919835
https://doi.org/10.1038/s41559-018-0666-4
http://www.ebird.org
http://www.ebird.org
https://environment.ec.europa.eu/topics/nature-and-biodiversity/birds-directive/sustainable-hunting-under-birds-directive_en
https://environment.ec.europa.eu/topics/nature-and-biodiversity/birds-directive/sustainable-hunting-under-birds-directive_en
https://circabc.europa.eu/ui/group/3f466d71-92a7-49eb-9c63-6cb0fadf29dc/library/d5f66cf5-5a6e-44f1-8e62-676d8431cd4f?p=1&amp;n=10&amp;sort=modified_DESC
https://circabc.europa.eu/ui/group/3f466d71-92a7-49eb-9c63-6cb0fadf29dc/library/d5f66cf5-5a6e-44f1-8e62-676d8431cd4f?p=1&amp;n=10&amp;sort=modified_DESC
https://circabc.europa.eu/ui/group/3f466d71-92a7-49eb-9c63-6cb0fadf29dc/library/d5f66cf5-5a6e-44f1-8e62-676d8431cd4f?p=1&amp;n=10&amp;sort=modified_DESC
https://doi.org/10.1111/ibi.12985
https://doi.org/10.1111/ibi.12985
https://doi.org/10.1111/j.1600-0706.2008.17309.x
https://doi.org/10.1111/j.1600-0706.2008.17309.x
https://doi.org/10.1016/j.gecco.2020.e01215

A. Costanzo et al.

Hijmans, R.J., Garrett, K.A., Huaman, Z., Zhang, D.P., Schreuder, M., Bonierbale, M.,
2000. Assessing the geographic representativeness of genebank collections: the case
of Bolivian wild potatoes. Conserv. Biol. 14, 1755-1765. https://doi.org/10.1111/
j-1523-1739.2000.98543.x.

Hinchcliffe, D.L., Tkaczynski, P., 2025. Shifting seasons: long-term insights into climate
change effects on bird phenology from ringing data. Ecol. Evol. 15, €72317. https://
doi.org/10.1002/ece3.72317.

Hirschfeld, A., Attard, G., 2017. Vogeljagd in Europa-Analyse von Abschusszahlen und
Auswirkungen der Jagd auf den Erhalt bedrohter Arten. Ber. Vogelschutz 53, 15-42.

Hirschfeld, A., Attard, G., Scott, L., 2019. Bird hunting in Europe. Br. Birds 112, 153-166.

Jenni, L., Kéry, M., 2003. Timing of autumn bird migration under climate change:
advances in long—distance migrants, delays in short-distance migrants. Proc. Roy.
Soc. Lond. B 270, 1467-1471. https://doi.org/10.1098/rspb.2003.2394.

Kadmon, R., Farber, O., Danin, A., 2004. Effect of roadside bias on the accuracy of
predictive maps produced by bioclimatic models. Ecol. Appl. 14, 401-413. https://
doi.org/10.1890/02-5364.

Kanerva, A.-M., Hokkanen, T., Lehikoinen, A., Norrdahl, K., Suhonen, J., 2020. The
impact of tree crops and temperature on the timing of frugivorous bird migration.
Oecologia 193, 1021-1026. https://doi.org/10.1007/500442-020-04726-5.

Korner-Nievergelt, F., Sauter, A., Atkinson, P.W., Guélat, J., Kania, W., Kéry, M.,
Koppen, U., Robinson, R.A., Schaub, M., Thorup, K., Van Der Jeugd, H., Van
Noordwijk, A.J., 2010. Improving the analysis of movement data from marked
individuals through explicit estimation of observer heterogeneity. J. Avian Biol. 41,
8-17. https://doi.org/10.1111/j.1600-048X.2009.04907 .x.

La Sorte, F.A., Hochachka, W.M., Farnsworth, A., Sheldon, D., Fink, D., Geevarghese, J.,
Winner, K., Van Doren, B.M., Kelling, S., 2015. Migration timing and its
determinants for nocturnal migratory birds during autumn migration. J. Anim. Ecol.
84, 1202-1212. https://doi.org/10.1111/1365-2656.12376.

Lawrence, K.B., Barlow, C.R., Bensusan, K., Perez, C., Willis, S.G., 2022. Phenological
trends in the pre- and post-breeding migration of long-distance migratory birds.
Glob. Change Biol. 28, 375-389. https://doi.org/10.1111/gcb.15916.

Lerche-Jgrgensen, M., Korner-Nievergelt, F., Tgttrup, A.P., Willemoes, M., Thorup, K.,
2018. Early returning long-distance migrant males do pay a survival cost. Ecol. Evol.
8, 11434-11449. https://doi.org/10.1002/ece3.4569.

Mair, L., Ruete, A., 2016. Explaining spatial variation in the recording effort of citizen
science data across multiple taxa. PLoS One 11, e0147796. https://doi.org/10.1371/
journal.pone.0147796.

Matthews, T., Neely, R.R., Melnikov, V., Hassall, C., 2025. Taxonomic resolution in dual-
polarization weather radar observations of biological scatterers: a systematic review.
Ecosphere 16, €70419. https://doi.org/10.1002/ecs2.70419.

McKinlay, S.E., Costanzo, A., Celada, C., Gustin, M., Andreotti, A., Serra, L., Imperio, S.,
Baillie, S., Bairlein, F., Spina, F., Ambrosini, R., 2025. Phenology of migrating game
birds in Italy based on citizen science data. Wildl. Biol., e01548 https://doi.org/
10.1002/wlb3.01548.

McKinnon, E.A., Love, O.P., 2018. Ten years tracking the migrations of small landbirds:
lessons learned in the golden age of bio-logging. The Auk 135, 834-856. https://doi.
org/10.1642/AUK-17-202.1.

Milwright, R.D.P., 2006. Post-breeding dispersal, breeding site fidelity and migration/
wintering areas of migratory populations of Song Thrush Turdus philomelos in the
Western palearctic. Ringing Migr. 23, 21-32. https://doi.org/10.1080/
03078698.2006.9674340.

Journal of Environmental Management 419 (2026) 131105

Nakagawa, S., Schielzeth, H., 2010. Repeatability for gaussian and non-gaussian data: a
practical guide for biologists. Biol. Rev. 85, 935-956. https://doi.org/10.1111/
j-1469-185X.2010.00141.x.

Passarotto, A., Costanzo, A., 2024. The pitfalls and potential of citizen science in
ornithology. Avocetta 48, 1-5. https://doi.org/10.30456/AV0.2024E1.

PECBMS, 2025. The State of Europe's Wild Birds 2025. https://pecbms.info/trends-of-
wild-birds-in-europe-2025-update/.

Preuss, N.O., 2001. Hans Christian Cornelius Mortensen Aspects of His Life and of the
History of Bird Ringing.

R: A Language and Environment for Statistical Computing. Version 4.4.3, 2025. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.

Redlisiak, M., Remisiewicz, M., Mazur, A., 2021. Sex-specific differences in spring
migration timing of Song Thrush Turdus philomelos at the Baltic coast in relation to
temperatures on the wintering grounds. The European Zoological Journal 88,
191-203. https://doi.org/10.1080/24750263.2020.1869842.

Shepard, D., 1968. A two-dimensional interpolation function for irregularly-spaced data.
In: Presented at the the 1968 23rd ACM National Conference. ACM Press,
pp. 517-524. https://doi.org/10.1145/800186.810616.

Sinelschikova, A., Kosarev, V., Panov, I., Baushev, A.N., 2007. The influence of wind
conditions in Europe on the advance in timing of the spring migration of the song
thrush (Turdus philomelos) in the south-east Baltic region. Int. J. Biometeorol. 51,
431-440. https://doi.org/10.1007/500484-006-0077-0.

Smith, R.J., Moore, F.R., 2005. Arrival timing and seasonal reproductive performance in
a long-distance migratory landbird. Behav. Ecol. Sociobiol. 57, 231-239. https://doi.
org/10.1007/500265-004-0855-9.

Spina, F., Baillie, S.R., Bairlein, F., Fiedler, W., Thorup, K., 2022. The Eurasian African
Bird Migration Atlas. EURING/CMS.

Sullivan, B.L., Wood, C.L., 1liff, M.J., Bonney, R.E., Fink, D., Kelling, S., 2009. eBird: a
citizen-based bird observation network in the biological sciences. Biol. Conserv. 142,
2282-2292. https://doi.org/10.1016/j.biocon.2009.05.006.

Troudet, J., Grandcolas, P., Blin, A., Vignes-Lebbe, R., Legendre, F., 2017. Taxonomic
bias in biodiversity data and societal preferences. Sci. Rep. 7, 9132. https://doi.org/
10.1038/541598-017-09084-6.

Tulloch, A.L, Mustin, K., Possingham, H.P., Szabo, J.K., Wilson, K.A., 2013. To boldly go
where no volunteer has gone before: predicting volunteer activity to prioritize
surveys at the landscape scale. Divers. Distrib. 19, 465-480. https://doi.org/
10.1111/j.1472-4642.2012.00947 .x.

Tulloch, A.L, Szabo, J.K., 2012. A behavioural ecology approach to understand volunteer
surveying for citizen science datasets. Emu-Austral Ornithology 112, 313-325.
https://doi.org/10.1071/MU12009.

Van Doren, B.M., Horton, K.G., 2018. A continental system for forecasting bird
migration. Science 361, 1115-1118. https://doi.org/10.1126/science.aat7526.
Weisshaupt, N., Lehikoinen, A., Makinen, T., Koistinen, J., 2021. Challenges and benefits

of using unstructured citizen science data to estimate seasonal timing of bird
migration across large scales. PLoS One 16, €0246572. https://doi.org/10.1371/
journal.pone.0246572.

Wood, C., Sullivan, B., Iliff, M., Fink, D., Kelling, S., 2011. eBird: engaging birders in
science and conservation. PLoS Biol. 9, e1001220. https://doi.org/10.1371/journal.
pbio.1001220.


https://doi.org/10.1111/j.1523-1739.2000.98543.x
https://doi.org/10.1111/j.1523-1739.2000.98543.x
https://doi.org/10.1002/ece3.72317
https://doi.org/10.1002/ece3.72317
http://refhub.elsevier.com/S0301-4797(26)02565-X/sref36
http://refhub.elsevier.com/S0301-4797(26)02565-X/sref36
http://refhub.elsevier.com/S0301-4797(26)02565-X/sref37
https://doi.org/10.1098/rspb.2003.2394
https://doi.org/10.1890/02-5364
https://doi.org/10.1890/02-5364
https://doi.org/10.1007/s00442-020-04726-5
https://doi.org/10.1111/j.1600-048X.2009.04907.x
https://doi.org/10.1111/1365-2656.12376
https://doi.org/10.1111/gcb.15916
https://doi.org/10.1002/ece3.4569
https://doi.org/10.1371/journal.pone.0147796
https://doi.org/10.1371/journal.pone.0147796
https://doi.org/10.1002/ecs2.70419
https://doi.org/10.1002/wlb3.01548
https://doi.org/10.1002/wlb3.01548
https://doi.org/10.1642/AUK-17-202.1
https://doi.org/10.1642/AUK-17-202.1
https://doi.org/10.1080/03078698.2006.9674340
https://doi.org/10.1080/03078698.2006.9674340
https://doi.org/10.1111/j.1469-185X.2010.00141.x
https://doi.org/10.1111/j.1469-185X.2010.00141.x
https://doi.org/10.30456/AVO.2024E1
https://pecbms.info/trends-of-wild-birds-in-europe-2025-update/
https://pecbms.info/trends-of-wild-birds-in-europe-2025-update/
http://refhub.elsevier.com/S0301-4797(26)02565-X/sref53
http://refhub.elsevier.com/S0301-4797(26)02565-X/sref53
https://www.R-project.org/
https://doi.org/10.1080/24750263.2020.1869842
https://doi.org/10.1145/800186.810616
https://doi.org/10.1007/s00484-006-0077-0
https://doi.org/10.1007/s00265-004-0855-9
https://doi.org/10.1007/s00265-004-0855-9
http://refhub.elsevier.com/S0301-4797(26)02565-X/sref61
http://refhub.elsevier.com/S0301-4797(26)02565-X/sref61
https://doi.org/10.1016/j.biocon.2009.05.006
https://doi.org/10.1038/s41598-017-09084-6
https://doi.org/10.1038/s41598-017-09084-6
https://doi.org/10.1111/j.1472-4642.2012.00947.x
https://doi.org/10.1111/j.1472-4642.2012.00947.x
https://doi.org/10.1071/MU12009
https://doi.org/10.1126/science.aat7526
https://doi.org/10.1371/journal.pone.0246572
https://doi.org/10.1371/journal.pone.0246572
https://doi.org/10.1371/journal.pbio.1001220
https://doi.org/10.1371/journal.pbio.1001220

	Flyway-scale migration phenology identifies mismatches between migration timing and European hunting regulations
	1 Introduction
	2 Methods
	2.1 Model species
	2.2 Datasets
	2.2.1 eBird
	2.2.2 Eurasian African Bird Migration Atlas
	2.2.3 Key Concept Document

	2.3 Procedure for the analyses of the timing of the pre- and the post-breeding migration on eBird data
	2.4 Extraction of migration dates from eBird and from the Atlas maps
	2.5 Repeatability analysis of pre-breeding migration onset across the eBird, Atlas and KCD datasets

	3 Results
	3.1 Pre-breeding migration timing according to the eBird dataset
	3.2 Post-breeding migration timing according to the eBird dataset
	3.3 Comparison of pre-breeding migration timing across the three datasets
	3.3.1 eBird vs Eurasian African Bird Migration Atlas
	3.3.2 eBird vs Key Concepts Document
	3.3.3 Eurasian African Bird Migration Atlas vs Key Concept Document


	4 Discussion
	CRediT authorship contribution statement
	Funding sources
	Declaration of competing interest
	Acknowledgement
	Appendix A Supplementary data
	Data availability
	References


