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Comparative analyses are central to understanding broad-scale patterns in avian ecology,
yet their application is often constrained by fragmented and uneven data availability.
Recent advances in tracking technology have generated unprecedented insights into
shorebird movements, resulting in numerous studies on single populations or flyways.
Bringing them together creates the opportunity to assess large-scale knowledge gaps and
develop a holistic understanding of migration patterns across a species’ entire range. This
can be particularly important for globally declining taxa, where population-specific
trends and threats may be obscured by coarse global assessments. We gathered most of
the whimbrel (Numenius hudsonicus and N. phaeopus) tracking datasets collected to date
to identify spatial gaps in tracking coverage, compare subspecies across the annual cycle
to detect broad-scale patterns, and integrate threat assessments to highlight key research
fronts. Based on 2 626 843 locations from 251 individuals, we document a bias in track-
ing coverage with the major gaps in the African continent, Middle East, the Indian sub-
continent, and the breeding grounds in northern and central Russia. We also highlight
spatial overlap among subspecies and substantial variation in annual-cycle timing, migra-
tion distance, speed and stopover behaviour. Knowledge of threats was incomplete across
subspecies, but we identified widespread pressures including development, hunting, inva-
sive species, habitat alteration and other climate-driven impacts, with particularly strong
effects on Nearctic breeders and poorly understood but potentially escalating risks in sev-
eral Palaearctic populations. Addressing the identified gaps through expanded and strate-
gically co-ordinated tracking studies, integration with demographic and taxonomic
research, and focused analyses of migration ecology is essential to achieve a full
annual-cycle perspective and guide effective conservation for migratory species.

Keywords: conservation, migration ecology, Numenius hudsonicus, Numenius phaeopus, waders.
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INTRODUCTION

Comparative approaches in ornithology can reveal
emerging patterns, help identify knowledge gaps
and provide a foundation for future research. For
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example, by comparing species, populations or
age-sex cohorts, researchers have explored how
ecological factors shape migratory behaviour
(Piersma 2007, van Bemmelen et al. 2019), influ-
ence habitat use (Ribeiro et al. 2004), and affect
demographic performance (Salgado-Ortiz
et al. 2008, Grist et al. 2017), population sizes
(Piersma 2003) and trends (Kwon et al. 2021).
However, conducting broad comparative studies
depends heavily on the availability of data. In this
regard, recent advances in tracking technology are
revolutionizing the study of avian migration ecol-
ogy by providing unprecedented spatial coverage
and detail (Nathan et al 2022, Michel
et al. 2026). This surge in tracking efforts is
reflected in the growing number of studies on
shorebird movements, with most focusing on sin-
gle populations or flyways (Michel et al. 2026).
Such volume of studies creates the opportunity to
assess large-scale knowledge gaps and develop a
holistic understanding of migration patterns across
a species’ entire range.

Many shorebirds are undergoing global declines
(Studds et al. 2017, Rosenberg et al. 2019, Smith
et al. 2023, van Roomen et al. 2025), some with
tragic outcomes. A striking example is the Nume-
niini, a tribe within the Charadriiformes that
includes eight curlews Numenius, four godwits
Limosa and the Upland Sandpiper Bartramia longi-
cauda (Pearce-Higgins et al. 2017). Of these 13
species, nine currently exhibit declining population
trends (BirdLife International 2026), and two —
the Eskimo Curlew Numenius borealis and
Slender-billed Curlew N. tenuirostris — are proba-
bly extinct (last seen in 1963 and 1995, respec-
tively; Elphick et al. 2010, Buchanan et al. 2025).
However, while global trends provide an overarch-
ing view, they can mask variation at the subspecies
or population levels (Ceballos et al. 2017), which
can arise due to ecological and behavioural differ-
ences (e.g. habitat use, migratory routes, reliance
on specific stopover sites; Lisovski et al. 2021,
Knight et al. 2025) and population-specific threats
(e.g. flyway-specific pressures; Pearce-Higgins
et al. 2017). Tracking data provide the necessary
spatio-temporal detail to unmask such variation,
for example by uncovering overlapping popula-
tions (Chan et al. 2022, Conklin et al. 2026). Fur-
thermore, tracking data allow researchers to gauge
the flexibility of behavioural responses to environ-
mental changes, such as of migration timings
(Conklin et al. 2013, Carneiro et al. 2019a) and
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migration speed (Rakhimberdiev et al. 2018), and
determine the degree of reliance on stopover sites
along flyways (Lisovski et al. 2021).

There are two recently widely accepted whim-
brel species (Hudsonian N. hudsonicus and Eur-
asian N. phaeopus, a split based on morphology
and deep genomic DNA divergence; Tan
et al. 2019, McLaughlin et al. 2020, AviList Core
Team 2025), which separate into seven subspe-
cies: two Nearctic (N. h. rufiventris and N. h.
hudsonicus) and five Palaearctic (N. p. islandicus,
N. p. phaeopus, N. p. alboaxillaris, N. p. rogache-
vae and N. p. variegatus). Both species are still
jointly classified as being of Least Concern on the
IUCN Red List (BirdLife International 2026).
Although their global numbers are decreasing
(BirdLife International 2024), different subspecies
exhibit different trends (Brown et al. 2014, see
Table S1). For instance, Nearctic-breeding popu-
lations (N. h. rufiventris and N. h. hudsonicus) are
undergoing steep declines (Smith et al. 2023,
Reiter et al. 2026), while wintering counts
suggest that Western Palaearctic breeders
(N. p. islandicus and N. p. phaeopus) remain sta-
ble (van Roomen et al. 2025; however, recent
surveys in a part of their breeding distribution
suggest declines; Lindstrom et al. 2019b,
Pélsdéttir et al. 2025b). Notably, population
trends for N. p. alboaxillaris and N. p. rogachevae
remain unknown (Table S1).

Whimbrels (hereafter referring to N. hudsonicus
and N. phaeopus combined unless otherwise
defined) are long-distance migrants with a nearly
global distribution, breeding primarily in Arctic
and boreal regions of North America, Europe and
Asia, and wintering along coastal areas across a
wide latitudinal range. They are socially monoga-
mous with high mate fidelity and shared parental
care between the sexes, both during incubation
and chick rearing (although females tend to stop
the latter duties earlier than males). Clutches are
usually of four eggs, incubated for ca. 25 days.
Chicks can fly at ca. 27 days old but usually stay
in the breeding territory for longer. Individuals
perform a complete moult during the wintering
season and tend to be territorial and faithful to
wintering and breeding sites (Skeel er al. 2025,
Smith et al. 2025). Several tracking studies that
have provided valuable knowledge into whimbrel
migration ecology along various flyways (e.g. Alves
et al. 2016, Allport et al. 2018, Kuang et al. 2020,
Ruthrauff et al. 2021, Watts et al. 2021), now
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allow for a comprehensive and direct comparison
among them, and new insights into whimbrel ecol-
ogy and conservation.

In this study, we compile most of the whimbrel
tracking datasets collected to date to (1) identify
spatial gaps in tracking efforts, which may indicate
knowledge deficiencies about specific subspecies,
and (2) compare subspecies across their annual
cycles to detect broad-scale patterns to inform
future research. We then (3) assess threats to each
subspecies throughout its annual cycle and inte-
grate that information with the patterns detected
to outline key research possibilities. Given the
unbalanced publication volume among flyways, we
expect tracking effort to be unevenly distributed
across the globe, resulting in geographical knowl-
edge gaps and unsampled regions. We also expect
substantial variation among subspecies’
annual-cycle behaviour, such as in migration dis-
tance, migration speed and stopover behaviour. By
comparing these metrics across subspecies, we can
explore whether broad patterns consistent with
trade-offs between time, energy and risk emerge
(e.g. longer distance migrants show higher migra-
tion speed and shorter stopover time; Alerstam &
Lindstrom 1990, Hedenstrom & Alerstam 1997).
Differences in migratory behaviour may then link
to differences in exposure to threats throughout
the annual cycle.

METHODS

We gathered tracking data from 382 whimbrels,
tagged on all of the continents on which the spe-
cies occur, including in 14 countries across all
periods of the annual cycle (Table 1). Data collec-
tion spanned from 28 June 2006 to 31 October
2025, and data were compiled with support of the
Global Wader initiative (https://www.globalwader.
org/; Nightingale 2023).

Data filtering

Location data were recorded with trackers using
the ARGOS or GNSS satellite systems, of various
models and manufacturers, and attached with a
leg-loop harness, body harness, glue, sutures or
surgical implantation (Table S2). Before further
analyses, ARGOS data were filtered to include
only fixes of classes 1-3, that is, fixes with accu-
racy up to 1000 m, and GNSS data to include
fixes determined with at least three satellites.
While differences in fix accuracy and frequency
can influence the calculation of migration metrics,
we consider that variation to be negligible for our
purpose of exploring general patterns at the global
scale.

We calculated the speed between fixes using
the function ‘track_param()’ in the SDLfilter R

Table 1. Summary of number of individual whimbrels tagged per country and annual-cycle period, as well as the temporal range
across which tagging occurred. Wintering tagging in France refers to individuals tagged in La Reunién and Mayotte.

Annual-cycle period

Tagging country Temporal range Wintering Breeding Stopover Total
N. hudsonicus
USA 2006-2025 67 83 150
Canada 2012-2023 25 6 31
Brazil 2024 1 1
N. phaeopus
Iceland 2017-2025 49 49
Guinea-Bissau 2018-2019 13 13
France 2021-2024 2 74 76
Germany 2022-2025 8 8
Hungary 2022 5 5
Mozambique 2016 1 1
Madagascar 2025 4 4
Bangladesh 2021-2022 4 4
Singapore 2017-2018 7 7
China 2018-2019 15 15
Australia 2017-2018 18 18
Total 2006-2025 50 141 191 382
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package (Takahiro 2018), and only those with a
speed lower than 45 m/s from the previous and to
the subsequent fix were considered, as speeds fas-
ter than that probably resulted from incorrectly
determined locations (Carneiro et al. 2019a,
2019b, Watts et al. 2021). Only data from adults
were considered, since juveniles were not tracked
across all subspecies and their behaviour may dif-
fer from that of adults (Carneiro et al. 2024).
Since there is no reliable way to sex individuals
across subspecies, this trait was not considered in
the analyses (but see Skeel 1982, Katrinardéttir
et al. 2013, Ausems et al. 2023).

Data segmentation and timing
determination

Tracking data were segmented in three steps to
determine (1) the wintering site, (2) the breeding
site and (3) stopover sites of each individual per
annual cycle.

1 Wintering site was determined as the mini-
mum convex polygon drawn with all fixes
recorded across at least 40 days during Decem-
ber and January — that is, when whimbrels are
very probably at their wintering site and
remain stationary. Then, arrival and departure
dates from the wintering site were determined
using the function ‘getRecursionsInPolygon()’
in the recurse R package (Bracis et al. 2018).
To do this, we conservatively considered the
period from 1 July of one year to 30 June of
the subsequent year, a window that should not
only encompass the arrival and departure dates
to/from the wintering site, but also help deter-
mine potential over-summering events (i.e.
staying at the wintering grounds during the
breeding season; see below). When multiple
entrance and exit times were identified by the
function, the earliest entrance was considered
the arrival at the wintering site, and the latest
exit the departure date. However, if the arrival
at the wintering site was earlier than 10 July
or the departure later than 20 June, the
‘breeding period’ of the corresponding year
was flagged as possible over-summering, and
those timings were not included in further
analyses.

In the case of seven individuals tagged after
January at their wintering grounds in East
Africa and West Indian Ocean, we visually
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inspected the tracks and manually determined
their wintering locations and associated depar-
ture dates. These exceptions were conducted to
ensure those tracks, which originate from a lit-
tle sampled region, were included in the
analysis.

The breeding site was considered a 100-km-
radius circle centred on the nest location
(recorded in the field or estimated), and arrivals
and departures to that area were determined
using ‘getRecursionsInPolygon()’. For estimated
nest locations (n = 563), the function ‘find_n-
ests()’ of the nestR R package was used to
determine their locations (Picardi et al. 2024).
This function is sensitive to the user-defined
buffer size, which is the radius at which revisi-
tations to the potential nests are calculated.
Hence, given the differing accuracies of the
ARGOS and GNSS tags, we analysed the two
groups of trackers separately. GNSS data were
thinned to 1 fix’hour to make processing faster,
while preserving sufficient temporal detail.
Among the potential nest locations identified
by the function, the first location flagged as a
nest was selected. Given that the function
failed to identify some nest locations in certain
years, and instead clearly identified biologically
incorrect ones, such as at latitudes considerably
south of the known distribution, the function
was used a second time, with more relaxed
parameters, to try to identify the estimated nest
locations for those cases. Again, nest locations
at implausibly low latitudes were excluded.
The parameters used in the function on each
run and for each tag type are shown in
Table S3.

Stopover sites were determined for the periods
between breeding and wintering departure and
arrival, first by annotating the fixes either as
‘stationary’ or ‘in movement’. Stationary fixes
were defined as those where the speed from
the previous and to the subsequent fix was
lower than 3 m/s. This threshold was first
determined based on the distribution of speeds,
and location data were subsequently visually
assessed for accurate classification. Then, we
used the dbscan() function in the R package
dbscan to determine clusters of fixes (Hahsler
et al. 2019), with a minimum of three and an
epsilon neighbourhood size of 3000 m. Each
cluster was considered a stopover site (sensu
Warnock 2010), and arrival and departure
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dates at each were conservatively assumed as
those of the first and last fix, respectively.

Any arrival or departure dates that coincided
with the start or end of tracking were excluded
from the analyses.

Subspecies attribution

The taxonomy of whimbrels was recently revised
to reflect two species, Nearctic N. hudsonicus and
Palaearctic N. phaeopus (AviList Core Team 2025).
Our focus was on the subspecies within each and
included Nearctic N. h. rufiventris and N. h. hudso-
nicus and Palaearctic N. p. islandicus, N. p. phaeo-
pus, N. p. alboaxillaris, N. p. rogachevae and N. p.
variegatus.

Individuals tagged on the breeding grounds were
directly assigned a subspecies, plus a single N. p.
alboaxillaris tagged at a wintering site that was not
tracked to the breeding region (Allport 2017, All-
port et al. 2018). Although there are some plumage
differences among subspecies (Skeel et al. 2025,
Smith et al. 2025), for the remaining individuals, a
subspecific identity was assigned based on their nest-
ing location (see Data segmentation 2) and according
to the longitudinal ranges in Table 2, which are
based on the known and presumed subspecific
breeding ranges (Tan et al. 2019, Kuang et al. 2022,
BirdLife International & Handbook of the Birds of
the World 2023, Fink et al. 2023). Due to uncer-
tainty in some subspecies’ breeding ranges, we have
considered two overlapping regions, one for N. p.
phaeopus—rogachevae, and another for N. p.
rogachevae—variegatus (Kuang et al. 2022).

Table 2. Longitudinal ranges used to determine whimbrel sub-
species based on nesting longitude. Subspecies are grouped
by biogeographical realm of the breeding regions.

Longitudinal range

Subspecies (decimal degrees)

Nearctic
N. h. rufiventris
N. h. hudsonicus
Palaearctic

180°-108°W
107.9°W-50°W

N. p. islandicus 49.9°W-2°E
N. p. phaeopus 2.1°E-75°E
N. p. phaeopus — rogachevae 75.1°E-80°E
N. p. rogachevae 80.1°E-114°E
N. p. rogachevae — variegatus 114.1°E-132°E
N. p. variegatus 132.1°E-180°

Gaps in tracking

To identify geographical gaps in tracked whim-
brels, we visually compared the tracking data with
the global distribution of whimbrel. The global dis-
tribution was established as the merged distribu-
tions from BirdLife International and Handbook of
the Birds of the World (2023), Fink et al. (2023)
and the breeding ranges from Kuang et al. (2022).

Migration metrics

We calculated the migration distance as the cumu-
lative distance between consecutive fixes along the
whole track between first departure and arrival at
a bird’s final destination — that is, breeding or win-
tering site. To calculate migration speed, we esti-
mated the first fuelling period by estimating how
long individuals would need to store the necessary
fuel to cover the first flight, because this period is
part of migration and ignoring it could result in
highly biased speed estimates (Lindstrom 2020).
We considered a fuel deposition rate (FDR) of
3.55% of the lean body mass (LBM;
Lindstrom 2003) and used a flight model fitted to
the N. p. islandicus subspecies (the only subspecies
where such a model has been parameterized; Car-
neiro et al. 2021), where %LBM = -9 x 1077
x FF? + 0.0002 x FF + 0.0129, FF representing
the length of the first flight in km. The first fuel-
ling period was then added to the period between
first departure and arrival at the final destination
to achieve the total migration period. Migration
speed was calculated as the migration distance
divided by the total migration period (including
the first fuelling period). Although ideally a flight
model should be fitted to each population, we
believe the advantages of our approximation out-
weigh ignoring the first fuelling period when inves-
tigating migration speed (Lindstrom et al. 2019a).

Ground speed was calculated as the average
speed per individual among fixes classified as in
movement, excluding samples with fewer than five
fixes. We calculated the total stopover duration as
the sum of the time spent at all stopovers and the
number of stopovers used per migration.

Statistical analysis

Given that 17% of the individuals were tracked for
at least 2 years and could therefore bias the
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sample with repeated measurements, only the first
record of the variable of interest for each individ-
ual was included in the statistical tests (but all
tracking is shown in Figure 1; analyses of individ-
ual repeatability have been published elsewhere:
Carneiro et al. 2019a, An et al. 2024, Handmaker
et al. 2024).

To test for differences among subspecies in
migration timing and duration of the main station-
ary annual-cycle periods (i.e. wintering and breed-
ing), we used the Kruskal-Wallis rank sum test
(with the function ‘oneway_anova()’ in the stat-
sExpressions R package; Patil 2021), since the data
were not distributed normally. Post-hoc pairwise
comparisons were conducted with Dunn’s test
(function ‘pairwise_comparisons()’ in statsExpres-
sions; Patil 2021).

To assess whether migration distance, migra-
tion speed, ground speed, total stopover time
and number of stopovers varied between seasons,
among subspecies and within subspecies between
seasons, we used generalized linear models with
the structure response ~ season * subspecies, where
season refers to autumn (i.e. post-breeding,
southwards) or spring (i.e. prebreeding, north-
wards) migration. To model migration distance,
migration speed and ground speed, a gamma
error distribution was used, while a Gaussian dis-
tribution was used in the other two models.
Model assumptions were visually checked with
the performance R package (Lidecke et al. 2021).
From each model, we used the emmeans R pack-
age (Lenth & Piaskowski 2024) to extract the
contrasts between seasons across subspecies,
among subspecies across seasons and between
seasons within subspecies. Given that only one
individual of N. p. alboaxillaris and one of N. p.
phaeopus — rogachevae were tracked, we did not
include these subspecies in these analyses. Addi-
tionally, we excluded an individual classified as
N. p. phaeopus, as its track was considered an
outlier: it migrated in spring from La Reunién
(France) to Bangladesh, where it stayed until the
following spring migration (despite visiting Sri
Lanka too), and then migrated to the breeding
sites. We could not exclude such behaviour as
being an individual response to carrying a tag.
These three individuals are nevertheless shown in
Figure 1.

Results are presented as mean = se, unless oth-
erwise indicated.

Annual cycles of whimbrels 7

Threat identification and scoring

We based our threat assessment on the TUCN
Threats Classification Scheme (Version 3.3), a
standardized hierarchical framework. The scheme
organizes threats into 12 broad categories (Level
1), which are further subdivided into more specific
threat classes (Levels 2 and 3). We classified
threats to Level 2, providing a balance between
broad threat categories and sufficient detail to dis-
tinguish among major types of threats. When pos-
sible, threats were assessed separately for each
subspecies and period of the annual cycle (i.e.
breeding, wintering and migration). However,
given the considerable overlap between N. h. rufi-
ventris and N. h. hudsonicus along the Atlantic
Americas Flyway, the two species in this region
were considered as a unit, while N. h. rufiventris
using the Pacific Americas Flyway were treated
separately. The individual of N. p. phaeopus — roga-
chevae was considered under N. p. rogachevae, and
those of N. p. rogachevae — variegatus were consid-
ered under N. p. variegatus.

We scored Scope (i.e. the proportion of the
total population affected) and Severity (i.e. the
overall declines caused by the threat) for ongoing
threats only. Within Scope, we differentiated
between Unknown — that is, when we did not
know if the threat affects <50% of the popula-
tion, up to 90% or more — and Not a threar —
when we knew that something is not a threat
(Table S4). Ongoing threats were classified into
impact scores, following Garnett et al. (2019) and
Dias et al. (2019). Additionally, we highlighted
potential future threats (without scoring Scope or
Severity), if it was agreed they were likely to
happen.

The assessment was conducted in two steps.
First, each author reflected on and scored the
threats for the subspecies and annual periods
about which they were knowledgeable. Second,
collaborators scoring the same subspecies met to
discuss their scores and produced a single final
score per threat for that subspecies.

RESULTS

A total of 3 703 078 locations remained after fil-
tering to remove low-quality locations, of which
2 626 843 were recorded during individuals’ first
tracking year and were retained for analyses. After
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data segmentation into stages of the annual cycle
and assignment to subspecies, the dataset included
251 individuals attributed to subspecies and 131
individuals of unknown subspecies; the latter were
excluded from analyses (Table 3).

The variation in migratory routes among and
within taxa is shown in Figure 1. Except for the
Pacific Americas Flyway, which is exclusively used
by N. h. rufiventris, all other major flyways are
used by more than one subspecies, and sometimes
single subspecies move through more than one fly-
way. Both Nearctic subspecies migrate along the
Atlantic Americas Flyway, but some of the individ-
uals also migrate through the Central Americas
Flyway. The Pacific Americas Flyway is exclusively
used by N. h. rufiventris.

N. p. islandicus and N. p. phaeopus migrate
mainly along the East Atlantic Flyway, but the latter
also use the Black Sea—Mediterranean Flyway to
some extent. These subspecies therefore overlap
along most of the recorded non-breeding regions. N.
p. alboaxillaris, N. p. phaeopus and N. p. rogachevae
were tracked through the East Asia—East Africa Fly-
way, and N. p. rogachevae and N. p. variegatus along
the East Asian—Australasian Flyway.

Four subspecies made long ocean crossings over
the Pacific and Atlantic Oceans: N. h. rufiventris,
N. h. hudsonicus, N. p. islandicus and N. p. variega-

tus. Large ecological barriers were also crossed on

land, with N. p. phaeopus flying over the Sahara
Desert, and N. p. rogachevae over the Himalayas.

Gaps in tracking

The distribution of breeding, stopover and winter-
ing locations this study recorded in the Americas,
Western Europe and West Africa accurately repre-
sents the known distribution of whimbrels in these
regions, except for gaps in tracking to locations in
southern South America and Greenland. Less well
covered is the East Asian—Australasian Flyway,
where the tropical and southern hemisphere
non-breeding distributions have been only partially
used by the tracked whimbrels. The largest gap in
tracking information comes from most of the Afri-
can continent, Middle East, the Indian subconti-
nent, and the breeding grounds in northern and
central Russia. The few individuals tracked from
East Africa, Bangladesh and Singapore converged
in a breeding region where subspecies segregation
of Eurasian Whimbrel is more ambiguous (Kuang
et al. 2022), yet with most individuals overlapping
the range of N. p. rogachevae (Fig. 1).

Migration metrics

Migration timing varied among subspecies, at
Spring departure (XzKruskaFWallis (6) = 3077;

Table 3. Total number of fixes, number of individual whimbrels and range of tracking years per subspecies and tracking technology

in the dataset after filtering.

Subspecies Tracking technology Number of fixes Number of individuals Temporal range
N. h. rufiventris ARGOS 34 757 46 2006-2019
GNSS 377 505 37 2020-2025
N. h. hudsonicus ARGOS 12 649 11 2010-2024
GNSS 412 300 25 2021-2025
N. p. islandicus ARGOS 25 376 6 2018-2025
GNSS 382 205 55 2017-2025
N. p. phaeopus ARGOS 4465 2 2021-2022
GNSS 1519 194 35 2021-2025
N. p. alboaxillaris ARGOS 77 1 2016-2017
N. p. phaeopus — rogachevae GNSS 9561 1 2025-2025
N. p. rogachevae ARGOS 5903 3 2017-2020
GNSS 58 321 5 2018-2025
N. p. rogachevae — variegatus ARGOS 7903 3 2017-2021
GNSS 15 898 7 2018-2020
N. p. variegatus ARGOS 15 406 6 2017-2022
GNSS 13 089 8 2018-2021
Undetermined ARGOS 22 232 50 2009-2025
GNSS 786 237 81 2018-2025
Total 3703 078 382 2006-2025
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Figure 1. Migratory routes of tracked whimbrels with the breeding (triangles pointing downwards), wintering (triangles pointing
upwards) and stopover sites (spring: circles; autumn: diamonds). Stopover symbol sizes represent duration in days. Each subspecies
is represented by a distinct colour, with undetermined by grey symbols and dashed tracks. The coloured polygons at high northern
latitudes illustrate the longitudinal ranges considered to assign subspecies with exception of N. p. alboaxillaris (see Table 2; note that
presumed overlapping subspecies N. p. phaeopus — rogachevae and N. p. rogachevae — variegatus are not labelled). Repeated indi-
vidual tracks are shown but not included in statistical analysis. The map is presented in an equal area projection, which retains the

relative size of areas.

P <0.001, n=94), spring arrival (’Kruskal-Wallis
(6) = 63.72, P<0.001, n = 156), autumn depar-
ture (XZKruskaPWaHis (6) = 8627) P < 0001'
n=199) and autumn arrival (%*kruskal-wallis (6) =
47.55, P < 0.001, n = 96; Fig. 2, Table 4).

At spring migration departure, N. h. rufiventris
and N. h. hudsonicus did not show differential
timing, nor did their timing differ from that of
N. p. phaeopus, N. p. rogachevae and N. p. roga-
chevae — wvariegatus. However, both Nearctic
subspecies departed significantly earlier than
N. p. islandicus and N. p. variegatus (Table 4;
Table S5). Spring arrival timings were earliest
for N. p. islandicus and N. p. phaeopus (both 19
May +2 days), while the remaining subspecies
did not differ significantly in their arrival dates
(Table 4; Table S5).

In autumn, N. h. rufiventris departed earlier
than other subspecies (8 July +2 days), except
N. p. phaeopus, while the latter departed signifi-
cantly earlier than N. p. islandicus (Table 4;
Table S5). Arrival during autumn migration was
earliest for N. p. islandicus (12 August +1 day),
with arrival of the remaining subspecies not differ-
ing significantly, but with considerable variation
among subspecies (Table 4; Table S5).

The duration spent at the wintering and breed-
ing sites varied among subspecies (wintering:
XZKruskaPWath (6) = 3911; P < OOO]; n= 90)
breeding: % Kkeuskal-walis (6) = 51.29, P < 0.001,
n = 144). N. p. islandicus spent the longest period
at the wintering sites (253 4 3 days), significantly
longer than all other subspecies (Table 35;
Table S6). The period at the breeding grounds for
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Figure 2. Main migratory timings of whimbrels by subspecies. Boxplots are slightly transparent to help visualize overlaps. Note that
for N. p. alboaxillaris and N. p. phaeopus — rogachevae, there is only one data point for each stage. Months are marked by white
and pale blue bars. Boxes show the median and 25% and 75% quartiles, whiskers extend up to 1.5 times the interquartile range from
the median and points beyond that are individually marked. Sample sizes are shown in Table 4.

Table 4. Mean (+ se) migration departure and arrival dates, during spring and autumn migrations, for each of the whimbrel

subspecies.
Spring migration Autumn migration

Subspecies Departure n  Arrival n Departure n  Arrival n
N. h. rufiventris 6 April + 4 days 28 1 June + 2 days 40 8 July + 2 days 81 16 September + 5 days 32
N. h. hudsonicus 6 April + 4 days 13 8 June + 3 days 24 27 July £+ 3 days 23 25 September + 6 days 13
N. p. islandicus 23 April + 2 days 20 19 May + 2 days 24 3 August £2days 29 12 August + 1 day 21
N. p. phaeopus 15 April + 4 days 7 19 May + 2 days 36 14 July + 3 days 35 20 September + 11 days 7
N. p. alboaxillaris 26 March 1 0 0 0
N. p. phaeopus — rogachevae 25 April 1 21 May 1 19 July 1 0
N. p. rogachevae 21 April £ 5 days 6 5 June + 6 days 8 31 July £+ 6 days 7 15 October + 10 days 4
N. p. rogachevae — variegatus 20 April = 1 day 9 1 June + 3 days 10 29 July + 2 days 10 7 October + 4 days 9
N. p. variegatus 23 April £+ 2 days 11 28 May + 1 day 14 30 July + 2 days 14 7 October + 9 days 10

N. p. islandicus (75 £ 4 days) was significantly
longer than for N. h. rufiventris (37 & 3 days)
and N. h. hudsonicus (50 + 4 days), but not
longer than for N. p. phaeopus, N. p. rogachevae,
N. p. rogachevae — variegatus or N. p. variegatus

(Table 5; Table S6).

On average, N. h. rufiventris made the longest
migrations (10 831 + 388 km), followed by
N. h. variegatus, N. h. hudsonicus, N. p. phaeopus,
N. p. rogachevae and N. p. rogachevae — variegatus.
N. p. islandicus made significantly shorter migra-
tions than the average (6592 + 162 km; Tables 6
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Figure 3. (a) Wintering (blue shade) and breeding (green shade) latitudes across whimbrel subspecies. On (b)-(f), spring is shown by
the top boxplot with darker tones within each pair, and autumn by the bottom boxplot with paler tones. Sample sizes are given in
Table S9. (b) Distance travelled between first migration departure and arrival at final destination. (c) Migration speed. (d) Ground speed.
(e) Total stopover duration, between first migration departure and arrival at final destination. (f) Number of stopovers recorded per migra-
tion. Boxes show the median and 25% and 75% quartiles, whiskers extend up to 1.5 times the interquartile range from the median and
points beyond that are individually marked aligned with the whiskers. Individual data points overlap the box plots. Metrics were not calcu-
lated for N. p. alboaxillaris because there were no complete migration tracks for this subspecies. Sample sizes are shown in Table 6.
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Figure 4. Summary of the threat assessment across whimbrel subspecies and for each of the main annual-cycle periods. Impact
scores were assigned following Garnett et al. (2019) and Dias et al. (2019). We also show what we do not consider an existing threat
(Not a threat), threats that we believe will arise in the future, the periods not assessed, Unknown threats and the cases where we
could only assign scope or severity (see also Fig. S1). Due to considerable overlap of N. h. rufiventris and N. h. hudsonicus along the
Atlantic American Flyway, these subspecies were treated as a unit (except during breeding), while excluding N. h. rufiventris individ-
uals using the Pacific Americas Flyway. The dots next to the subspecies names mark the current population trends (red = decrease;
grey = unknown; Table S1). Additionally, we collated a list of relevant references that support some of the assessments (Table S7).
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and 7). While there were no overall significant
differences in migration distance between seasons,
N. p. islandicus showed significantly shorter dista-
nces in autumn, while N. p. rogachevae — variegatus
showed significantly shorter migration distances in
spring (Tables 6 and 7, Fig. 3). Such variation
between seasons is partially explained by different
migratory routes.

Migration speed varied among subspecies, with
N. p. islandicus migrating faster than all others
(192 + 8 km/d), and N. p. rogachevae — variegatus
migrating the slowest (130 + 7 km/d; Tables 6
and 7). Overall migration speed was significantly
different between spring and autumn (Table 7),
but not between seasons within subspecies
(Table 7, Fig. 3).

Ground speed was significantly higher for N. p.
phaeopus (65.6 = 1.5 km/h) and N. h. rufiventris
(64.4 &+ 0.9 km/h), and significantly lower for N.
p. rogachevae (56.6 + 2.9 km/h; Tables 6 and 7).
Although not different between seasons across
most subspecies, ground speed was higher in
autumn than in spring for N. p. islandicus
(Table 6).

Overall, the total time spent at stopover sites
varied considerably among subspecies (Tables 6
and 7), particularly with N. p. islandicus spending
a significantly shorter amount of time at stopovers
compared to the average (12.9 £ 2.0 days), while
N. h. hudsonicus spent significantly longer time at
stopover sites (61.9 + 8.8 days; Tables 6 and 7).
In general, whimbrels spent a shorter total time at
stopover sites in spring than in autumn (Table 7),
and these durations differed significantly for N. p.
phaeopus, N. p. rogachevae, N. p. rogachevae — var-
iegatus and N. p. variegatus (Tables 6 and 7,
Fig. 3).

N. p. islandicus stopped less than the average,
while N. h. rufiventris and N. p. phaeopus stopped
more. Overall, whimbrels did not differ in the
number of stops between seasons, but seasonal dif-
ferences were significant for N. p. islandicus
(73 £ 14 vs 1.4 + 0.5 times per migration in
spring vs autumn; Tables 6 and 7, Fig. 3).

Threats assessment

The threats faced by whimbrels were more com-
prehensively assessed throughout the annual cycle
for the Nearctic and N. p. islandicus subspecies.
For N. p. phaeopus, threats at the breeding sites
were not assessed, and for N. p. rogachevae, we
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were only confident in assessing threats for the
stopover and wintering sites. Threats at the breed-
ing sites remain mostly unknown for both N. p.
alboaxillaris and N. p. variegatus (Fig. 4).

Threats from residential and commercial devel-
opment were identified at some period of the
annual cycle for all subspecies. While these were
not a threat on the breeding grounds for the
Nearctic subspecies, N. p. islandicus were
thought to face a medium impact from housing
and urban development on the breeding grounds,
mainly due to the expansion of summer houses
that are built on whimbrel breeding habitat,
reducing its availability but potentially also via
disturbance from people and pets (Pélsdéttir
et al. 2024).

Similarly, breeding N. p. islandicus were also
considered to have a medium impact from agricul-
ture and aquaculture, mainly due to increased
afforestation (Palsdéttir et al. 2022). The area of
planted trees on open-habitat landscapes in Iceland
has increased, removing suitable breeding habitat
but also creating a buffer effect with whimbrels
avoiding areas near plantations (Pélsdéttir
et al. 2022). Wintering N. p. rogachevae were con-
sidered to be threatened from coastal afforestation
through mangrove plantation in the feeding areas,
although mangroves are important roosting habi-
tats too (Johnston-Gonzélez & Abril 2019).

Hunting and collecting terrestrial animals was
classified with a medium impact on migrating and
wintering whimbrels along the Atlantic Americas
Flyway (i.e. all N. h. hudsonicus and some N. h.
rufiventris), where evidence suggests that mortality
is higher during autumn than spring migration
(Watts et al. 2019), with unsustainable harvest
levels (Watts et al. 2015). Whimbrels migrating
along the Atlantic Americas Flyway and wintering
N. p. rogachevae were considered to have a
medium impact from recreational activities.

Invasive species were considered to have a
medium impact on breeding N. p. islandicus, due
to the expansion of Nootka lupin Lupinus nootka-
tensis in key breeding habitats (Katrinardéttir
et al. 2015). This invasive plant in Iceland spreads
relatively fast and grows tall and dense, reducing
the available breeding habitat for whimbrel.
Migrating N. p. rogachevae and N. p. variegatus are
threatened by the rapid expansion of smooth cord-
grass Spartina alterniflora along China’s coasts,
which reduces foraging and roosting habitats (Jack-
son et al. 2021).
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Table 5. Mean (+ se) durations at the wintering and breeding
sites, for each of the whimbrel subspecies.

Subspecies Wintering n Breeding n

N. p. rufiventris
N. p. hudsonicus

201 £ 7days 28 37 +3days 40
193 + 9days 13 50 + 4 days 23

N. p. islandicus 2583 £ 3days 20 75+ 4 days 15

N. p. phaeopus 207 £ 12days 7 56 + 3 days 35

N. p. phaeopus — 0 59 days 1
rogachevae

N. p. rogachevae

N. p. rogachevae —
variegatus

N. p. variegatus

192 £ 10days 4 57 £+ 6days 7
195 + 4 days 9 58 +4days 10

197 £ 11 days 9 63 +2days 14

Pollution only had a complete score for winter-
ing N. p. rogachevae, due to the use of agrochemi-
cals, oil spills, ship-breaking activities and

untreated urban effluents along the rivers and
coasts, which impacts intertidal mudflats and pos-
sibly biomagnification of heavy metals.

Climate change and severe weather threats are
unknown in most cases, but were considered to
have a very high impact on N. h. hudsonicus due
to rapid climate change during breeding, in the
form of trophic mismatches with their food
resources, when chicks may experience food short-
ages with development implications (Senner
et al. 2017, Kwon et al. 2019; but see
Chagnon-Lafortune et al. 2024). Habitat shifting
and alteration was considered to have a high
impact on breeding N. h. rufiventris and N. h. hud-
sonicus, and a medium impact on N. p. islandicus,
due to shrub encroachment that reduces suitable
breeding habitat (Ballantyne & Nol 2015, Thomp-
son et al. 2016, Alfredsson 2018). Along the
Atlantic American Flyway, we scored a medium

Table 6. Mean (+ se) of the wintering and breeding latitudes, migration distance and speed, ground speed, total stopover duration
and number of stopovers. Positive latitudes represent decimal degrees north of the equator, and negative latitudes represent decimal
degrees south of the equator. Sample size of each variable is the first one to the right of it. For migration metrics, sample sizes are

shown as autumn/spring.

Migration speed

Migration distance (km) (km/day)
Wintering Breeding
Subspecies latitude n latitude n  Autumn Spring Autumn Spring n
N. h. rufiventris 48 +28 32 688+0.2 81 11116 £496 10375+625 163 +8 158 +11 32/20
N. h. hudsonicus -11+£09 13 60.1 £04 24 9245 + 741 10121 + 664 147 £+ 13 130 + 14 12/6
N. p. islandicus 11+£04 21 644 +0.1 61 6088 + 134 7180 £ 253 202 + 10 180 + 12 21/18
N. p. phaeopus 7.7 £1 7 643 +05 36 10241 + 723 8813 £ 424 157 £ 13 209 + 23 6/6
N. p. alboaxillaris —-25.9 1 0 0
N. p. phaeopus — -15.8 1 60.2 1 10 169 205 0/1
rogachevae
N. p. rogachevae —6.9 + 3.8 6 676 +0.9 8 8599 + 903 9055 + 954 114 £ 13 161 + 21 4/5
N. p. rogachevae — -9.1+£26 9 69+t04 10 9574 + 663 7356 + 1194 119 +7 146 + 12 7/5
variegatus
N. p. variegatus —-14.2 + 41 11 66.3+0.7 14 10 474 + 620 9674 £ 613 132+8 165+ 10 6/10
Total stopover duration
Ground speed (km/h) (days) Number of stopovers
Subspecies Autumn Spring n  Autumn Spring Autumn Spring n
N. h. rufiventris 636 +12 655+15 30/19 564 +59 442 +61 133 +21 133+29 32/20
N. h. hudsonicus 59.2 + 2 64.6 + 1.3 12/6 56.7 + 11 721 +£15 117 £ 29 6.8 £ 1.9 12/6
N. p. islandicus 647 £+ 13 588+ 18 21/18 6.9 + 2.8 199 + 2.2 1.4+ 05 73+13 21/18
N. p. phaeopus 639+ 14 674 +27 6/6 632+ 85 312+ 42 138+ 22 23 + 3.6 6/6
N. p. alboaxillaris 0 0
N. p. phaeopus — rogachevae 68.3 on 26.9 12 0/1
N. p. rogachevae 59.8 £+ 43 534 + 37 4/4 69.3 + 16.1 284 £5.2 48 + 1.1 16 + 8 4/5
N. p. rogachevae — variegatus 57.7 + 1.7 56.2 + 1.7 6/3 628 +94 158 £ 2.2 43 +1.2 44 +£ 0.9 7/5
N. p. variegatus 574+ 16 604 +15 6/10 71+ 11 239+ 27 6.5+ 0.9 47 £ 04 6/10
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Table 7. Contrasts of comparisons between explanatory variable levels, for several models. Among seasons, the estimate is the dif-
ference to the overall estimated mean between seasons; for Subspecies, estimates are the difference to the overall estimated mean
across subspecies; for the interaction of Season * Subspecies, estimates are the difference between autumn and spring means
within subspecies. Sample sizes are shown in Table 6.

Explanatory P
Response variables variables Level Estimate se df tratio value
Migration distance Season Spring —-121.19 18475 144 -0.66 0.513

Subspecies N. h. rufiventris 1639.12 339.61 144  4.83 <0.001

N. h. hudsonicus 569.27 473.85 144 120 0.324
N. p. islandicus —2504.71  270.79 144 -9.25 <0.001
N. p. phaeopus 379.18 534.64 144 0.71  0.559
N. p. rogachevae —272.71 57325 144 -048 0.635
N. p. rogachevae — variegatus —77429 49510 144 -156 0.210
N. p. variegatus 964.14  505.97 144 191 0.137
Season * Autumn-spring N. p. rufiventris 740.98 655.17 144 1.13  0.260
Subspecies Autumn-spring N. p. hudsonicus —875.71 1059.95 144 -0.83 0.410
Autumn-spring N. p. islandicus —-1091.80 463.64 144 -2.36 0.020
Autumn-spring N. p. phaeopus 1428.10 1188.56 144 120 0.232
Autumn-spring N. p. rogachevae —455.95 1272.76 144 -0.36 0.721
Autumn-spring N. p. rogachevae — 2217.33 1053.79 144 210 0.037
variegatus
Autumn-spring N. p. variegatus 800.20 1132.97 144 0.71  0.481
Migration speed Season Spring 9.07 4.06 144 224 0.027
Subspecies N. h. rufiventris 5.98 6.35 144 0.94 0.406
N. h. hudsonicus -16.44 867 144 -190 0.088
N. p. islandicus 36.02 7.80 144 4.62 <0.001
N. p. phaeopus 25.24 12.18 144 2.07 0.088
N. p. rogachevae —20.47 1093 144 -1.87 0.088
N. p. rogachevae - variegatus —23.05 9.22 144 -2.50 0.047
N. p. variegatus —7.29 9.47 144 -0.77 0.443
Season * Autumn-spring N. p. rufiventris 4.88 11.90 144 041 0.683
Subspecies Autumn-spring N. p. hudsonicus 16.54 17.74 144 093 0.353
Autumn-spring N. p. islandicus 22.23 15.98 144 1.39 0.166
Autumn-spring N. p. phaeopus -51.72 2791 144 -1.85 0.066
Autumn-spring N. p. rogachevae —46.72 24.04 144 -194 0.054
Autumn-spring N. p. rogachevae — —27.60 20.75 144 -133 0.186
variegatus
Autumn-spring N. p. variegatus -32.57 19.64 144 -1.66 0.099
Ground speed Season Spring —0.13 0.65 136 —-0.20 0.839
Subspecies N. h. rufiventris 3.74 1.02 136 3.66 0.002
N. h. hudsonicus 0.95 152 136 0.63 0.531
N. p. islandicus 0.81 1.06 136 0.76 0.521
N. p. phaeopus 4.76 1.74 136 2.74 0.024
N. p. rogachevae —4.44 182 136 -2.44 0.037
N. p. rogachevae — variegatus —3.86 1.84 136 -2.10 0.066
N. p. variegatus —1.96 145 136 —-1.35 0.250
Season * Autumn-spring N. p. rufiventris —1.86 193 136 -0.97 0.336
Subspecies Autumn-spring N. p. hudsonicus —5.36 340 136 -1.58 0.118
Autumn-spring N. p. islandicus 5.91 2.01 136 2.95 0.004
Autumn-spring N. p. phaeopus —3.50 3.84 136 —-0.91 0.365
Autumn-spring N. p. rogachevae 6.38 4.06 136 1.57 0.118
Autumn-spring N. p. rogachevae — 1.54 4.07 136 0.38 0.706
variegatus
Autumn-spring N. p. variegatus -3.02 3.06 136 -0.99 0.326
(continued)
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Table 7. (continued)
Explanatory P

Response variables variables Level Estimate se df tratio value
Total stopover Season Spring —10.78 241 144 -4.47 <0.001
duration Subspecies N. h. rufiventris 5.88 3.86 144 1.52  0.302
N. h. hudsonicus 20.01 5.81 144 3.44 0.003
N. p. islandicus -31.03 417 144 -7.45 <0.001
N. p. phaeopus 2.77 6.56 144 042 0.674
N. p. rogachevae 4.45 749 144 0.59 0.674
N. p. rogachevae — variegatus —-5.12 6.64 144 —-0.77 0.674
N. p. variegatus 3.04 5.97 144 051 0.674
Season * Autumn-spring N. p. rufiventris 12.23 713 144 1.72  0.088
Subspecies Autumn-spring N. p. hudsonicus —15.35 1250 144 -1.23 0.222
Autumn-spring N. p. islandicus —13.03 8.03 144 -1.62 0.107
Autumn-spring N. p. phaeopus 31.95 1444 144 2.21 0.028
Autumn-spring N. p. rogachevae 40.91 16.77 144 2.44 0.016
Autumn-spring N. p. rogachevae — 47.07 14.64 144 3.22 0.002

variegatus
Autumn-spring N. p. variegatus 47.17 1291 144 3.65 <0.001
Number of Season Spring 1.41 0.86 144 1.64 0.104
stopovers Subspecies N. h. rufiventris 3.96 1.38 144 2.88 0.011
N. h. hudsonicus -0.13 2.07 144 -0.06 0.949
N. p. islandicus —5.03 149 144 -3.38 0.003
N. p. phaeopus 9.03 234 144 3.86 0.001
N. p. rogachevae 0.99 2.67 144 0.37 0.830
N. p. rogachevae — variegatus —5.04 237 144 -213 0.062
N. p. variegatus —3.78 213 144 -1.78 0.109
Season * Autumn-spring N. p. rufiventris -0.01 2.54 144 0.00 0.998
Subspecies Autumn-spring N. p. hudsonicus 4.83 446 144 1.08 0.281
Autumn-spring N. p. islandicus —5.85 287 144 -2.04 0.043
Autumn-spring N. p. phaeopus -9.17 515 144 -1.78 0.077
Autumn-spring N. p. rogachevae —-11.25 599 144 -1.88 0.062
Autumn-spring N. p. rogachevae — -0.11 523 144 -0.02 0.983
variegatus

Autumn-spring N. p. variegatus 1.80 461 144 0.39 0.697

impact from storms and flooding, which can influ-
ence migrating whimbrels in active flight, but also
their stopover sites.

Renewable energy developments were considered
to become a threat for breeding N. p. rufiventris
and N. p. islandicus. Diseases of unknown cause
(e.g. avian cholera, avian flu) may become a threat
to all whimbrels in the Nearctic along the annual
cycle. Wintering N. p. rogachevae may face numer-
ous new threats in the future, across most threat
categories, while migrating N. p. rogachevae and
N. p. variegatus are expected to face new threats
due to climate change and severe weather.

DISCUSSION

By collating whimbrel tracking data from across
the globe, we identified major coverage gaps,

compared annual-cycle movement patterns among
subspecies and assessed the threats whimbrels
encounter throughout the year. Together, the
tracking and threat information reveal species fac-
ing multiple conservation challenges across all
stages of the annual cycle, while simultaneously
exposing substantial geographical and taxonomic
biases in our estimation of those challenges. Nota-
bly, despite improvements in knowledge since pre-
vious global assessments, population trends remain
unfavourable for most subspecies, suggesting that
existing conservation measures have been insuffi-
cient to halt declines.

Breeding

We found substantial subspecific variation in the
period of the annual cycle spent at breeding areas.
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N. p. islandicus represents one extreme, being at
breeding sites for 75 days on average, whereas N.
h. rufventris and N. h. hudsonicus occupy the
opposite end of the spectrum (37 and 50 days,
respectively). These differences may be partly
attributable to differences in behaviour and varia-
tion in breeding success. On the one hand, Nearc-
tic breeders tend to leave the breeding site soon
after the breeding attempt and fuel for the first
autumn migratory flight elsewhere (Ruthrauff
et al. 2021), while N. p. islandicus usually fuels at
or very near the breeding site (C. Carneiro, T. G.
Gunnarsson, J. A. Alves, unpubl. data). Hence,
the latter is expected to spend longer periods of
time at the breeding area. On the other hand, it
has been shown that for N. p. islandicus, but also
N. h. hudsonicus, successful breeders typically
depart later and therefore remain longer at the
breeding grounds than unsuccessful individuals
(Carneiro et al. 2023, Ausems et al. 2025). The
short durations recorded for the Nearctic subspe-
cies nevertheless imply generally low breeding suc-
cess, as at least ca. 56 days are required for a
successful nesting attempt (i.e. ca. 29 days for lay-
ing and incubation + ca. 27 days to fledging; Smith
et al. 2025). Additionally, variation in breeding
success could be related to variation in tag types
and attachments used (Table S2), since these may
influence reproduction (Hooijmeijer et al. 2014).

Breeding-ground threats that constrain the win-
dow of suitable conditions will influence subspe-
cies differently, depending on their degree of
temporal {flexibility. In our threat assessment,
climate change and severe-weather impacts were
classified as largely unknown for most breeding
whimbrel populations; however, N. h. hudsonicus
was identified as strongly affected, particularly
through probable trophic mismatches, as these
have been documented for other sympatric breed-
ing shorebirds (Senner et al. 2017, Kwon
et al. 2019). These patterns suggest that timing
constraints at high-latitude breeding grounds may
be particularly severe for some subspecies.

Despite these pressures, the breeding regions
for multiple subspecies remain poorly understood,
especially those of N. p. phaeopus, N. p. rogachevae
and N. p. variegatus, as highlighted by the con-
verging wintering populations from each side of
the Indian Ocean into central Northern Russia.
Many of these breeding areas are remote and diffi-
cult to access, limiting our ability to identify local
threats or evaluate habitat change. As a result, a
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large proportion of threats at northern breeding
sites remain classified as unknown.

In contrast to these under-studied regions, the
breeding grounds of N. p. islandicus are among the
best monitored. Here, residential and commercial
development has emerged as a notable threat. Given
the high densities of breeding whimbrels in Iceland
(Katrinardéttir et al. 2015, Cerezo-Araujo
et al. 2025), even localized increases in housing and
infrastructure can have disproportionate population
effects. Surveys from the southern Icelandic low-
lands, where development is most intense
(Palsdéttir et al. 2024, 2025a), have documented
annual declines in whimbrel numbers of 5% per year
(Palsdéttir et al. 2025b), highlighting the sensitivity
of Icelandic breeding sites to habitat alteration.

Investigating habitat requirements and monitor-
ing change during the breeding season across sub-
species would narrow a currently wide knowledge
gap, while informing conservation actions on habi-
tat restoration and protection (RF1; Table 8).

Wintering

Whimbrels spend most of their year at the win-
tering sites, and we show a clear overlap in the
wintering distribution of different subspecies. Par-
ticularly for N. p. islandicus and N. p. phaeopus,
such overlap complicates population assessments,
as highlighted by the contrast between stable
long-term trends found through wintering counts
(van Roomen et al. 2025), and declining trends
based on  breeding surveys  (Lindstrom
et al. 2019b, Palsdéttir et al. 2025b). Based on
molecular analyses and tracking data, Conklin
et al. (2026) recently showed that the assumption
of total segregation of Bar-tailed Godwit Limosa
lapponica subspecies wintering in Europe, and on
which population sizes estimates stood, was
wrong. Utilizing tracking data to disentangle the
distinct taxonomic groups of overlapping winter-
ing whimbrel populations can improve population
size estimates (RF2; Table 8). This, in turn,
would enable conservation actions to be targeted
towards the populations experiencing the greatest
declines.

Migration

Migration distance
Subspecies exhibited substantial differences in
migration distance, with N. p. islandicus
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Table 8. Research fronts (RF) emerging from the synthesis of knowledge gaps, annual-cycle behaviour and threats across whimbrel
subspecies. Conservation relevance reflects the potential contribution of each research front to improving conservation decisions and
outcomes.

Research Conservation
front Description relevance

Identify habitat requirements and monitor habitat changes at the breeding sites remotely, by
combining tracking of individuals with remote-sensing techniques and assess how environmental
alterations may affect breeding success and population dynamics. As a complement, where
breeding sites are accessible, a detailed examination of trophic interactions for both adults and
chicks would clarify the specific trophic relationships involved and improve predictions of how
environmental change may propagate through population dynamics.

Medium

Comprehensive analysis of tracking data at overlapping distributions, including the temporal axis.
Existing datasets, coupled with targeted tracking from unsampled areas along the wintering .

2 distribution, should help clarify which subspecies use each site, as well as when and, therefore, High
whether any segregation exists that can lead to more accurate population size monitoring.

Determine the drivers of migration distance among subspecies. Differences may emerge during
juvenile settlement, with some individuals encountering suitable wintering habitat earlier along the
3 route and establishing fidelity to these sites. Tracking juveniles across subspecies, documenting Low
their first migrations, exploratory movements and initial winter site choices, could clarify the
mechanisms shaping subspecific migration strategies (overlaps with RF8).

Comparative analysis across subspecies to quantify the pressures shaping arrival timing at both
breeding and wintering sites. By integrating remote-sensing information and weather models and/or
locally recorded conditions such as snow cover, temperature and wind, with individual tracking data,
it should be possible to link environmental cues to arrival dates, breeding phenology and
reproductive success. In parallel, migration-related metrics such as migration speed should be
incorporated to understand the mechanisms birds use to adjust their timing.

Low

Explore the factors explaining the variation in the number and duration of stopover events within
and among subspecies. By integrating stopover habitat information (derived from land-cover data
and remote sensing), weather conditions, migration metrics and local movement patterns, it should
be possible to infer the specific functions and drivers of individual stopover events.

Medium

Determine the most important stopover sites along each flyway. Advances in network analyses
provide powerful tools for quantifying site connectivity and assessing the relative importance of
individual stopover sites within broader migratory networks, offering promising applications for
targeted conservation (e.g. site protection, habitat restoration).

High

Assess the balance between individual site fidelity and stopover site importance, by conducting
detailed behavioural studies during overlapping stopover periods and regions. Investigating
7 spatiotemporal patterns of stopover site use at the individual level, ideally across multiple years, will Medium
help understand whether certain sites are used differently depending on subspecies. Links with RFs
5 and 6.

Conduct sex- and age-specific analyses of whimbrel migration to assess spatial and temporal _
8 segregation. Differences in behaviour between cohorts may result in differential vulnerability to Medium
threats, and in turn influence population dynamics.

Expand tracking efforts to under-sampled regions and subspecies. By increasing the geographical

9 and taxonomic breadth of tracking, it will be possible to map the full range of areas used by
whimbrels, clarify migration routes, and improve our understanding of connectivity and population
structures.

High

Incorporate tracking data and migratory connectivity information into taxonomic classification.
Particularly building on RF9, establishing a clearer map of connectivity between annual-cycle
10 periods should provide valuable context for taxonomic distinctions. This approach will also help Medium
identify where and when to target further studies on vocalizations, morphology and molecular
markers, which are likewise needed for more informed taxonomic decisions.
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migrating roughly 5000 km less than N. h. rufi-
ventris, a pattern mirrored by clear variation in
wintering latitudes. Such differences probably
entail ecological and energetic consequences, as
shorter and longer distance migrants may experi-
ence different levels of energy expenditure, expo-
sure to en route hazards, and potential carry
over effects on body condition and subsequent
breeding performance (Fayet er al 2017,
Soriano-Redondo et al. 2023), although within
N. p. islandicus no such carry over effects were
observed (Carneiro et al. 2021). Moreover, the
relationship of migration distance, and associated
wintering latitude, with individual fitness conse-
quences may not vary linearly, as shown in
another globally distributed shorebird species—
the Sanderling Calidris alba—where survival is
lower for individuals wintering at the tropics but
higher at higher latitudes in both hemispheres
(Reneerkens et al. 2020). Since whimbrels are
faithful to the wintering sites and because the
wintering location and habitat can influence indi-
vidual fitness, understanding where an individual
settles during its first migration may provide cru-
cial insight into population limitations (RF3,
Table 8). Furthermore, it would help identify
whether certain sites are more likely to be used
by juveniles, where protection may be particu-
larly important during this life period.

Migration and ground speed
Overall, whimbrels tended to migrate faster in
spring, possibly reflecting a greater time pressure
to reach the breeding grounds compared to the
wintering sites. In general, there is pressure to
arrive early at the breeding sites because early
arrival  confers several advantages (Drent
et al. 2003, 2006, Smith & Moore 2005). Individ-
uals that reach the breeding grounds early are
more likely to maintain their mate (Gunnarsson
et al. 2004) and increase the likelihood of success-
ful breeding (Morrison et al. 2019, Carneiro
et al. 2021). However, comparable pressures prob-
ably operate at the wintering grounds as well.
Whimbrels defend winter territories and show
strong site fidelity (Mallory 1982, Zwarts 1990)
and spend a substantial proportion of the annual
cycle in the wintering sites; hence, arriving at these
sites at the appropriate time is also likely to be rel-
evant for individual fitness.

Although we did not find significant differences
between seasons within subspecies, it has been
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previously shown that N. p. islandicus migrate
more rapidly in autumn than in spring (Carneiro
et al. 2019b). That study also showed higher
ground speeds in autumn, in line with our results,
where only N. p. islandicus had significantly differ-
ent ground speeds between seasons. Opposite pat-
terns in migration and ground speeds between
seasons among subspecies may indicate differences
in migration strategy (Alerstam & Lindstrom 1990)
and a different relative importance of timely
arrival between seasons, but it could equally arise
from different environmental conditions encoun-
tered en route, such as wind assistance or variation
in refuelling opportunities (Alves et al. 2016, Car-
neiro et al. 2020). Investigating the factors shaping
arrival and migration speeds between seasons will
inform on the mechanisms underlying annual-cycle
timing and improve predictions of how environ-
mental change may affect migratory performance
and population dynamics (RF4, Table 8).

Stopovers

We documented considerable variation in the time
spent at stopovers and number of stopovers used
across subspecies. Stopovers typically enable
migrants to accumulate the energy required for
subsequent flight segments, but they may also
serve additional functions such as resting, recover-
ing or gathering information (Linscott & Sen-
ner 2021). Consequently, understanding where,
when, for how long and how often migrants stop,
as well as the reasons underlying these behaviours,
is crucial for evaluating the ecological relevance of
stopover locations. Variation in stopover behav-
iour, including the number and duration of stops,
also mediates exposure to threats encountered en
route.

Furthermore, the importance of stopover sites
in a flyway can vary. For example, along the
Atlantic American Flyway nearly half of the whim-
brel population is estimated to stop at a specific
site in South Carolina, USA—Deveaux Bank (a
Site of International Importance in the Western
Hemisphere Shorebird Reserve Network; Sanders
et al. 2021)—with individuals repeatedly using the
same foraging and roosting patches in the area
across years (Handmaker et al. 2024). Threats to
such sites, where a large proportion of the popula-
tion stop, can have severe consequences. This has
been shown for shorebirds that stopover on the
Yellow Sea, where species declines were positively
correlated with the degree of dependence on the
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site (Studds et al. 2017). Determining the reason
for stopover events (RF5; Table 8) and identifying
the most important sites along flyways (RF6;
Table 8; Lamb et al. 2019, Beal et al. 2025) will
support informed site protection and habitat resto-
ration actions.

Some subspecies show significant overlap in cer-
tain regions and times during the annual cycle,
such as migrating N. h. rufiventris and N. h. hudso-
nicus along the Atlantic American Flyway, or
N. p. islandicus and N. p. phaeopus along the East
Atlantic Flyway. This overlap implies that different
subspecies may share vulnerability to threats dur-
ing overlapping periods, while differences in
life-history  traits, like migration speed and
stopover duration, can lead to varying impacts.
For example, N. p. islandicus tends to migrate
faster with fewer and shorter stopovers than
N. p. phaeopus, potentially making it more sensi-
tive to changes at specific stopover sites. A recent
comparative study between Eurasian Whimbrel
(N. p. islandicus) and Bar-tailed Godwits along the
East Atlantic Flyway (R. A. Bom, T. Piersma,
A. D. Rocha, C. Carneiro, A. Coelho, A. Regalla
de Barros, J. A. Alves, pers. comm.) showed that
individual whimbrels are relatively more flexible in
the sites used among years, so despite using rela-
tively few sites, individual flexibility in site use
across years may benefit this subspecies. However,
site fidelity and flexibility may vary across whim-
brel subspecies or flyways, as along both the Atlan-
tic American and East Asian—Australasian Flyway
individuals show high fidelity to stopover sites
between vyears (An et al. 2024, Handmaker
et al. 2024). Further research to understand the
balance between individual site fidelity and stop-
over site importance, particularly for overlapping
whimbrel subspecies, will inform how site-specific
conditions (both threats and conservation actions)
would affect different subspecies (RF7; Table 8).

Age and sex differences

We did not account for the sex of individuals, but
some of the variation we found could be related to
different sex ratios between groups. Beyond sub-
specific variation, there is evidence that males and
females differ in several aspects during the annual
cycle. Some studies have documented sexual dif-
ferences in migration timings in whimbrels (Car-
neiro et al. 2019b, Ruthrauff et al. 2021, Ausems
et al. 2025), raising the possibility that spatial seg-
regation may occur as well. Likewise, variation

between ages has been documented, with juveniles
migrating at a different timing than adults and
varying slightly in their routes (Hines et al. 2023,
Carneiro et al. 2024). If different sex or age groups
differ in space and time use across the annual
cycle, they may also encounter different environ-
mental conditions, stopover opportunities or
threats. Conducting sex- and age-specific analyses
of whimbrel migration to assess spatial and tempo-
ral segregation may help identify details relevant
for population dynamics and enable more targeted
conservation actions (RF8; Table 8).

Uneven research

Not surprisingly, in light of the variation in distri-
bution of researchers, we show heterogeneous
tracking efforts among flyways and, consequently,
subspecies. These gaps are particularly pronounced
in regions such as the Indian Ocean non-breeding
areas and breeding grounds in northern central
Russia, where limited tracking may obscure the
identification of important breeding, stopover or
wintering sites. For example, there are no tracking
data from a large portion of the wintering regions
along most of Southern Africa. Individuals winter-
ing there would probably belong to the nominate
subspecies and their tracking would reveal, at least,
wider migration distances than what we amassed
here, but could also vary in other metrics.

The most detailed ecological and threat data
originate from a few well-studied flyways—such as
the Pacific Americas, Atlantic American and East
Atlantic—potentially biasing conservation priorities
towards these regions and underestimating threats
in under-sampled areas (Scarpignato et al. 2023).
This bias in data collection can lead to the over-
sight of critical habitats along poorly studied
migration corridors in international conservation
planning (Chan et al. 2019). In fact, three out of
the four most extensively tracked subspecies (i.e.
N. h. rufventris, N. h. hudsonicus and N. p. islandi-
cus) tend to have fewer unknown threats, under-
scoring how data gaps translate directly into
knowledge gaps and potentially missed conserva-
tion needs. It is important to recognize that our
threat assessment has inherent limitations and
biases that mirror those in the tracking data, as a
greater number of experts contributed to evaluat-
ing threats in flyways with more available data,
but nevertheless the threats we identified largely
coincide with those highlighted several years ago
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by Brown et al. (2014) and Pearce-Higgins
et al. (2017). Although some of the research rec-
ommendations by Brown et al. (2014) and
Pearce-Higgins et al. (2017) have been addressed
and our understanding of potential population bot-
tlenecks has improved, population trends remain
unfavourable for most subspecies (Table S1), indi-
cating that conservation efforts have been insuffi-
cient. Expanding tracking efforts to under-sampled
regions and subspecies (particularly of the winter-
ing individuals around the Indian Ocean) will
allow for a better understanding of connectivity
and population structures across the globe (RF9;
Table 8).

A fragmented understanding of global migra-
tion routes and migratory connectivity also hin-
ders a robust taxonomic classification of whimbrel
species and subspecies. We have considered the
seven subspecies that fall under Hudsonian and
Eurasian Whimbrels (AviList Core Team 2025),
plus two other groups due to unclear distinction
at the breeding range (N. p. phaeopus — rogache-
vae and N. p. rogachevae — variegatus; Kuang
et al. 2022). However, taxonomic classification,
while grounded in empirical data, has an associ-
ated subjectivity since taxonomists must interpret
the relevance and weight of multiple lines of evi-
dence, and these decisions are further complicated
by uneven data availability across taxa. Tracking
data may provide an important source of informa-
tion for taxonomists, since they expose the degree
of migratory connectivity among populations
(Knight et al. 2025), and may contribute to con-
servation decision-making by allowing practi-
tioners to target the group in need. For instance,
although the breeding ranges of the Nearctic sub-
species (N. h. rufiventris and N. h. hudsonicus) are
presumed to be geographically separate, their
non-breeding distributions overlap significantly
along the America—Atlantic Flyway. Therefore,
the extensive tracking data available across the
Americas may support revising the (breeding)
boundaries of these subspecies. Incorporating
tracking data and migratory connectivity informa-
tion into taxonomic classification would help clar-
ify management units and guide conservation

efforts (RF10, Table 8).

CONCLUSION

Our tracking data compilation shows that our cur-
rent understanding of whimbrel ecology remains
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fragmentary, with under-sampled regions and sub-
species possibly having crucial but still unrecog-
nized conservation needs. At the same time, we
highlight consistent pressures that are likely to
intensify under ongoing environmental change.
The set of research fronts we outline provides
guidance for future work, by emphasizing the need
for expanded tracking and other work, such as on
molecular and demographic aspects, into poorly
sampled regions, incorporation of movement data
into taxonomic and population assessments, and
deeper investigation of stopover and timing mech-
anisms. Addressing these will not only fill the
many knowledge gaps but also deliver the inte-
grated understanding of connectivity, behaviour
and demography required to guide effective con-
servation for wide-ranging whimbrels across their
full annual cycle. But how can this be achieved
efficiently?

Current research coverage in shorebird ecology
tends to reflect funding structures, geographical
inequalities and topic-driven incentives, rather
than conservation priorities, resulting in a system-
atic bias towards certain regions and themes. The
uneven tracking coverage we identify could then
also be interpreted as a structural issue requiring
action from international conservation and scien-
tific organizations. Migratory shorebirds have
international, often trans-hemispheric lives, yet
research investment remains fragmented and dis-
proportionately distributed. Large-scale initiatives
such as Global Wader (www.globalwader.org) are
crucial to helping identify gaps, but that alone is
insufficient. International bodies and funding
mechanisms must take co-ordinated responsibility
for strategically supporting under-represented
regions and species. A globally co-ordinated,
gap-driven funding strategy is therefore essential
to ensure that conservation decisions are based on
representative knowledge rather than
convenience.
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SUPPORTING INFORMATION

Additional supporting information may be found
online in the Supporting Information section at
the end of the article.

Figure S1. Complementary threat assessment
information to Figure 4 in the main text, showing
the combinations of scope and severity.

Table S1. Compilation of recent population
trends across subspecies, with indication of the
period of the annual cycle when data were col-
lected. Given the geographical overlap between
some subspecies, trends are shown for both
involved.

Table S2. Mounting method, tag brand and
model and their mean masses (&se) used across
subspecies.

Table S3. Parameters used in the ‘find_nests()’
function of the nestR R package. Parameters that
were modified between runs are highlighted in
bold.

Table S4. Scores considered for Timing, Scope
and Severity. Whimbrel generation was considered
as 7.23 years, according to Birdlife
International (2024).

Table S5. Post-hoc pairwise comparisons of
migration timings between subspecies. Statistically
significant differences are highlighted in bold.

Table S6. Post-hoc pairwise comparisons of
durations of annual-cycle periods between subspe-
cies. Comparisons were made between groups
with at least five data points. Statistically signifi-
cant differences are highlighted in bold.

Table S7. List of references supporting the
assessment of existing threats.
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