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Accurately predicting species’ responses to anthropogenic climate change is
hampered by limited knowledge of their spatiotemporal ecological and evo-
lutionary dynamics. We combine landscape genomics, demographic recon-
structions, and species distribution models to assess the eco-evolutionary
responses to past climate fluctuations and to future climate of an Afro-
Palaearctic migratory raptor, the lesser kestrel (Falco naumanni). We uncover
two evolutionarily and ecologically distinct lineages (European and Asian),
whose demographic history, evolutionary divergence, and historical distribu-
tion range were profoundly shaped by past climatic fluctuations. Using future

climate projections, we find that the Asian lineage is at higher risk of range
contraction, increased migration distance, climate maladaptation, and con-
sequently greater extinction risk than the European lineage. Our results
emphasise the importance of providing historical context as a baseline for
understanding species’ responses to contemporary climate change, and
illustrate how incorporating intraspecific genetic variation improves the eco-
logical realism of climate change vulnerability assessments.

Anthropogenic climate change is rapidly altering Earth’s environ-
mental conditions, exacerbating the effects of land use change and
habitat loss on global biodiversity decline and further threatening the
persistence of many species”. To track fast-changing environments,
organisms can relocate to more suitable areas, respond via phenotypic
plasticity, or undergo rapid adaptation®=. However, not all populations
or species can respond quickly enough, resulting in local or global
declines, and even extinctions®”. In this context, we argue that spa-
tiotemporal variability in a species’ ecology and evolutionary dynamics
can be critical for its persistence in the face of climate change. How-
ever, most studies predicting species responses to climate change
neglect intraspecific variation (e.g., differences in climate tolerances
between populations) and lack historical context (i.e., how the species
has responded to climatic fluctuations in the past). Disregarding this
information can lead to inaccurate predictions about a species’ fate
and to ineffective conservation efforts®°.

Migratory birds share many ecological features that make them
highly suitable for investigating intraspecific sensitivity to climate

change. Firstly, they may show remarkable inter-population variation
in migratory strategies, whereby different populations rely on multiple
geographical regions as they move between their breeding and non-
breeding grounds, encompassing a wide variety of habitats and cli-
matic zones''?, where they may face heterogeneous climatic changes".
Secondly, they are able to track seasonal changes in habitat
availability" and develop novel migratory strategies and routes in
response to changing seasonal resources, even over short time
scales™". For example, adjustments in phenology and migration dis-
tance have been observed in response to changing climatic
conditions”” ™. Finally, while migratory birds are currently declining at
a faster rate than non-migratory species®*, the ability of some species
to track rapidly changing climates has been shown to partly buffer
these declines™.

The lesser kestrel (Falco naumanni) is a migratory bird of prey
that breeds in open drylands of the Palaearctic region and moves to
sub-Saharan Africa during the non-breeding season” (Fig. 1a). In the
late 20th century, the species suffered a rapid demographic collapse
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Fig. 1| Map showing sampling localities for lesser kestrel genetic data were
obtained and the geographic distribution of occurrence records. a Localities
(coloured circles; n =16) from which we obtained double-digest Restriction-Site
Associated DNA (ddRAD) or mitogenome data; acronyms and sample size for each
locality are reported in Supplementary Table 1. b Map of breeding (dark-shaded
circles) and non-breeding (light-shaded circles) occurrence records (original
occurrence data pooled for 2.5 arc-minute grid cells) used for species distribution
modelling of Western (orange circles) and Eastern (blue circles) evolutionarily

significant units (ESUs). Lesser kestrel breeding and non-breeding distribution
ranges are shown in brown and blue, respectively®. Background maps were
obtained from the rnaturalearth v.0.3.2 R package. Lines delimiting countries are
shown to facilitate map interpretation and do not necessarily represent accepted
national boundaries. The lesser kestrel illustration (male) is used with permission
from Marti Franch ©. Data underlying all components of Fig. 1 are provided at
https://doi.org/10.5281/zenod0.14988067.

across its European range, linked to agricultural intensification and a
prolonged drought in the Sahel®®. Recent evidence suggests that Eur-
opean populations are responding to climate change by shifting
northward both their breeding and non-breeding distribution ranges®,
yet whether other populations across its global distribution show
similar responses is unknown®. Here, we provide an in-depth assess-
ment of the vulnerability of the lesser kestrel to climate change by (1)
inferring intraspecific evolutionary lineages, (2) assessing their ecolo-
gical differentiation, and (3) investigating lineage-specific demo-
graphic, distributional and genomic responses to past and future
climatic fluctuations across its global distribution range.

Results

Range-wide genetic differentiation and gene flow

To investigate range-wide patterns of genetic variation, we generated a
chromosome-level reference genome (Supplementary Figs. 1 and 2;
Supplementary Table 2) and genome-wide data for 119 individuals
from 16 different localities (Fig. 1a; Supplementary Table 1, Supple-
mentary Data 1), including 73,373 single nucleotide polymorphisms
(SNPs) and complete mitogenomes. Genetic differentiation analyses
coherently indicated the existence of two distinct lineages: a Western
lineage including all the European and Middle Eastern populations and
an Eastern lineage including all populations from Central and Eastern
Asia (Fig. 2a, b; Supplementary Figs. 3, 4 and 5). Within the Western
lineage, the individuals from Israel, and to a lesser extent those from

Turkey (and some from Greece and Italy), had some Eastern lineage
ancestry, suggesting low levels of gene flow from the Eastern to the
Western lineage. These two main clusters could be further subdivided
into four finer-scale sub-clusters (Iberian peninsula, Italian and Balkan
peninsulas, Israel, and Asia) (Fig. 2b; Supplementary Fig. 6). Phyloge-
netic analysis of mitogenomes identified three haplogroups (A, B
and C; Fig. 2¢, Supplementary Fig. 7), whose phylogenetic patterns
were coherent with those derived from genome-wide SNPs. Using the
Estimated Effective Migration Surfaces (EEMS) method, based on a
stepping-stone dispersal model, we detected a main barrier to gene
flow between the Western and Eastern lineages coinciding with the
Caucasus mountains, and two additional barriers in Europe: one
separating the small Croatian population, and another separating the
Iberian populations (Fig. 2¢). Consistent with low differentiation within
each lineage, we detected higher gene flow than expected under
isolation-by-distance (IBD) throughout Central and Eastern Asia, as
well as between sub-clusters throughout the Mediterranean (Fig. 2c),
and short within-lineage branch lengths in a maximum likelihood (ML)
population tree (Fig. 2d, e). The only exception was the small and
geographically isolated Croatian population®, which also showed the
lowest heterozygosity (Supplementary Fig. 8). Overall, levels of
genome-wide heterozygosity were high for both Western and Eastern
lineages (Supplementary Fig. 9). The combination of (1) lower genet-
ic distances between the Eastern lineage and the outgroup compared
to the Western lineage (as shown in the neighbour-net network), and
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Fig. 2 | Genetic differentiation and gene flow among lesser kestrel populations.
a Admixture component profiles for each sampling locality at K =2 (best K value
based on cross-validation; Supplementary Fig. 11) based on double-digest
Restriction-Site Associated DNA (ddRAD) data, showing the Western (orange) and
Eastern evolutionarily significant units (ESUs) (blue). Supplementary Table 1
shows acronyms and details of sample size for each sampling locality. b Principal
Component Analysis (PCA) based on 27,853 unlinked single-nucleotide poly-
morphisms (SNPs) highlighting the two ESUs (orange: Western ESU; blue: Eastern
ESU) and the four fine-scale genetic clusters identified by fineRADStructure
(Supplementary Fig. 6; coloured ellipses: Iberian peninsula in red, Italian and
Balkan peninsulas - including Turkey - in yellow, Israel in green, Asia in blue).

¢ EEMS-predicted barriers to gene flow (orange) showing a main barrier between
the Western and Eastern ESUs. Pie charts show the frequencies of the three major
mitochondrial haplogroups for each sampling locality (n =89 individuals). For
each of the fine-scale genetic clusters (coloured boxes; colours defined in b), the

arrows show the predicted fraction of immigrating individuals per generation
(proportional to the size of the arrow; numbers shown close to each arrow) from
other clusters (prediction based on BayesAss3-SNPs analysis). d Maximum-
likelihood population tree inferred in Treemix using Falco tinnunculus (TIN) as an
outgroup. e Residuals of the observed versus predicted squared allele frequency
difference inferred in Treemix, expressed as the standard error of the deviation.
Residuals above zero represent populations that share more genetic variation
than predicted by the best-fit tree, potentially due to gene flow or shared
ancestral genetic variation. Negative residuals represent populations that share
less genetic variation than predicted by the best-fit tree. Data underlying all
components of Fig. 2 are provided at https://doi.org/10.5281/zenod0.14988067.
Background maps were obtained from the rnaturalearth v.0.3.2 R package. Lines
delimiting countries are shown to facilitate map interpretation and do not
necessarily represent accepted national boundaries.
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Fig. 3 | Ecological differentiation between Western and Eastern lineages of the
lesser kestrel. a Reconstructed breeding and non-breeding ranges for Western and
Eastern evolutionarily significant units (ESUs) obtained through species distribu-
tion models based on selected bioclimatic variables, largely matching the known
distribution ranges of the species (Fig. 1, Supplementary Fig. 14). b (Top) Habitat
use for each combination of lineage and season calculated as the proportion of
seven main land cover categories (pooled from 22 original land use categories from
the Copernicus Land Monitoring Service; Supplementary Table 3) in all 2.5 arc-
minute grid cells with breeding or non-breeding occurrence records. (Bottom)
Heatmap of habitat preference/avoidance for each of the seven main land cover
categories based on a sign test of habitat selection. White cells (f~ 0.5) indicate
habitats used proportionally to their availability, red cells (f> 0.5) indicate pre-
ferred habitats and blue cells (f< 0.5) indicate avoided habitats. c-d Climatic niche
comparison between Western and Eastern ESUs in a two-dimensional space defined
by the first two axes of a principal component analysis (PCA) of available climatic
conditions across breeding (c) and non-breeding (d) ranges of the Western (orange
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contour lines) and Eastern (blue contour lines) lineages. The x-axes represent a
gradient of increasing coldness (warmer climates in darker red, colder climates in
darker blue), whereas the y-axes represent a gradient of increasing precipitation
(beige to darker blue). The solid and dashed contour lines represent 100% and 75%
of the available (background) climate, respectively. Coloured areas represent cli-
matic niches (kernel densities of the climatic conditions at occurrence records) of
Western (orange) and Eastern (blue) ESUs, with darker colours denoting higher
densities and transparency adjusted to facilitate the visualisation of overlaps.
Schoener’s D index of niche overlap (0 = no overlap, 1 = full overlap) and the
p-values of niche equivalency tests performed with the ecospat.niche.equiva-
lency.test function from the ecospat R package (option overlap.alternative =
“lower” and 1000 random permutations) are reported. Principal components 1
(PC1) and 2 (PC2) were flipped in panel d to facilitate the comparison of climatic
axes shown in panel c. Data underlying all components of Fig. 3 are provided at
https://doi.org/10.5281/zenod0.14988067. Background maps were obtained from
the rnaturalearth v.0.3.2 R package.

(2) the outgroup branch rooting the network within the Eastern lineage
(Supplementary Fig. 10) points to an Asian origin for the species.
We also inferred substantial contemporary gene flow among popula-
tions in the Western lineage, as well as some gene flow from the
Eastern to the Western lineage (Fig. 2c), the latter consistent with low
levels of genetic differentiation between the two lineages (@sr=0.03 -
0.05; Supplementary Fig. 4). Hence, we uncovered two genetically
differentiated lineages and further fine-scale population substructur-
ing, despite substantial gene flow among populations within each
lineage.

Ecological differentiation between Western and Eastern lineages
We next assessed whether the two genetic lineages are ecologically
differentiated. Firstly, the two lineages showed very little overlap in
their predicted breeding and non-breeding distributions obtained
through species distribution models (SDMs) based on selected bio-
climatic variables, reflecting clear differences in lineage-specific

climate relationships (Fig. 3a; Supplementary Fig. 12). Secondly, we
detected marked differences in both habitat use and selection between
lineages during the breeding season (Fig. 3b). Lesser kestrels primarily
rely on herbaceous vegetation, but birds from the Western lineage
predominantly used and preferred croplands during breeding, while
birds from the Eastern lineage avoided this habitat. The two lineages
also differed in their use of urban areas. While birds from the Western
lineage used urban areas for nesting® (in proportion to their avail-
ability), birds from the Eastern lineage used them to a much lesser
extent, resulting in avoidance of these habitats. Birds from the Western
lineage therefore showed a stronger association with human-modified
environments. Thirdly, climatic niche differentiation analyses showed
a clear divergence in selected climatic conditions between the two
lineages in both breeding and non-breeding ranges, with almost no
climatic niche overlap (breeding distribution: Schoener’s D=0.0008;
non-breeding distribution: Schoener’s D=0.0012; both equivalency
tests p <0.001; Fig. 3c, d). The Western lineage settled in warmer and
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Fig. 4 | Geography and climate explain spatial genomic variation of lesser
kestrels. a Pairwise genetic distance (@sy/1 - @st) correlates positively with geo-
graphic and climatic distance. Mantel tests and their associated p-values (one-
sided) are reported. Background colours reflect the density of points (blue indi-
cating low density and red indicating high density) and show a discontinuity con-
sistent with a scenario of two distant and differentiated genetic clusters. Distances
between localities in the same or different evolutionarily significant units (ESUs) are
shown as triangles and circles, respectively. b Principal component analysis (PCA)
of 61 climate-associated single-nucleotide polymorphisms (SNPs) showing that the
two putative adaptive units (AUs) coincide with the identified evolutionarily sig-
nificant units (ESUs). ¢ Allelic turnover functions relative to the two highest ranking
bioclimatic variables from a gradient forest (GF) analysis of 61 climate-associated
SNPs, i.e., precipitation of the coldest quarter (BIO19) and temperature annual
range (BIO7). Y-axis values report the cumulative importance of SNPs in the GF
models, which reflects the total amount of allele frequency turnover across the
environmental gradient. Thin lines show allelic turnover functions for each of the 61

Spearman correlation

02040608

candidate SNPs. Thick blue and red lines show allelic turnover functions across all
candidate SNPs and thick black lines across all putatively non-adaptive reference
SNPs. Higher turnover values for candidate SNPs compared to neutral SNPs evi-
dence the stronger association of candidate SNPs with climate. Circles at the top
represent sampling localities coloured based on the ESU they belong to (orange:
Western; blue: Eastern) ordered along the BIO19 and BIO7 gradients. d (Left)
Hierarchical clustering of associations between bioclimatic variables (columns) and
allele frequencies for the 61 climate-associated SNPs (rows) (Spearman correlation,
absolute values). Bioclimatic variables associated with temperature and precipita-
tion are coloured in red and blue, respectively. (Right) Tiles are coloured in grey
when the candidate SNP is found within a gene identified, through a literature
search (Methods), as being related to local adaptation (first column), phenotypic
traits important for local adaptation (second column), adaptation to urban envir-
onments or domestication (third column), and/or stress response (fourth column)
in vertebrates. Data underlying all components of Fig. 4 are provided at https://doi.
org/10.5281/zenod0.14988067.

lower-elevation areas across seasons and in more humid areas during
the breeding season compared to the Eastern one (Fig. 3¢, d; Supple-
mentary Fig. 13). Overall, these results denote significant ecological
differentiation between the two genetically differentiated lineages,
which can therefore be regarded as distinct evolutionarily significant
units (ESUs; ie., evolutionarily and ecologically distinct [groups of]
populations®?>*),

Assessing genetic adaptation to local environments
The two ESUs were also differentiated based on climate-associated
genetic variation. Genetic distances strongly correlated with

geographic distances among sampling localities (ry; = 0.81, p < 0.001;
Fig. 4a). However, the correlation was largely driven by the differ-
entiation between the Western and Eastern ESUs, as indicated by non-
significant IBD within each ESU (ry; < 0.49, p > 0.06). Genetic distances
were also strongly correlated with climatic distances (ry=0.68,
p=0.001; Fig. 4a), consistent with isolation-by-climate (IBC). When
modelling IBD and IBC together using multiple regression on distance
matrices (MRM), IBC was no longer statistically significant (p = 0.56)
while IBD remained significant (p<0.001), although this could be
confounded by the strong covariance between geographic and
climatic distances (ry; = 0.79, p <0.001).
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Using a redundancy analysis (RDA) to detect climate-associated
SNPs, we uncovered 107 SNPs (after removing those that were more
associated with either population structure or geography than with
climate). Employing scans of SNPs showing high differentiation
between the two ESUs, we identified an additional 11 outlier SNPs
potentially under selection. Combining these two sets of SNPs, 61 were
located within 58 protein-coding genes and constituted the final list of
climate-associated SNPs, which were evenly distributed across the
genome (Supplementary Fig. 15). We focused our analyses on SNPs
within protein-coding genes because these were more likely to be in
linkage with genetic variation potentially associated with climate
adaptation. By applying Principal Component Analysis (PCA) to the
climate-associated SNPs, we identified a main discontinuity in climate-
associated genetic variation, which may indicate two adaptive units
(AUs)*, i.e., groups of populations that share similar adaptive traits and
environmental adaptations® (Fig. 4b). These AUs coincided with the
Western and Eastern ESUs, suggesting that the two ESUs are adapted to
different local climatic conditions. A gradient forest (GF) analysis
applied to the 61 climate-associated SNPs showed that they were more
strongly associated with climatic variables than neutral SNPs, as
highlighted by the higher turnover values based on the top-ranked
bioclimatic variables (BIO19 and BIO7; Supplementary Fig. 16, Fig. 4c;
thick blue and red lines compared to thick black lines). The highest
steps in the turnover functions occurred between values of the cli-
matic variables that separated populations from the Western and the
Eastern ESUs, with allele frequencies in climate-associated SNPs dif-
fering substantially between Western and Eastern ESUs (Fig. 4c). In
comparison, allele turnover within each ESU was low and showed very
similar gradients at climate-associated and neutral SNPs.

Most of the climate-associated SNPs were located in genes that
have been previously identified as candidates for local adaptation in
vertebrates (Supplementary Data 2) and are associated with processes
such as thermoregulation, lipid metabolism, or differences in migra-
tory behaviour (Supplementary Table 4), potentially contributing to
the divergence between Western and Eastern ESUs* . Hierarchical
clustering of absolute Spearman’s correlation coefficients between the
allele frequencies of the 61 climate-associated SNPs and the values for
19 bioclimatic variables across the sampled populations*® highlighted
clusters of SNPs that covaried in the strengths of correlations with
bioclimatic variables (Fig. 4d). Hence, climate-associated SNPs were
associated with different environmental gradients, suggesting they
might be involved in adaptation to different environments. Taken
together, these results highlight that the two genetically and ecologi-
cally distinct lineages show evidence of adaptation to their specific
environments.

Effects of past climatic fluctuations on demographic history and
changes in distribution range

To provide historical context to the demographic and distributional
effects of climatic fluctuations, we reconstructed the lesser kestrel
demographic history using genetic data and hindcasted breeding and
non-breeding distribution ranges back to the last interglacial period
(140-120 kya). Demographic modelling using DIYABC supported a
divergence scenario consistent with phylogenetic analyses (Fig. 2d),
including admixture events among populations in the Western ESU
(Fig. 5b), with a posterior probability of 0.75. The split time between
Western and Eastern ESUs was estimated at 40.4 kya (95% confidence
interval [CI]: 15.8-68.7 kya), during the second half of the Last Glacial
Period (115-11.7 kya), coinciding with a steady demographic decline
inferred by the demographic analysis (Fig. 5c) and a decrease in the
extent of breeding range (Fig. 5e, g). The divergence time between the
mitochondrial haplogroups A (most frequent in the Western ESU) and
B (most frequent in the Eastern ESU) was inferred at 49kya
(41.7-56.3 kya) (Supplementary Fig. 17), corroborating the evidence
that the split between the two ESUs took place during the Last Glacial

Period. The increase in temperatures after the Last Glacial Period
(Fig. 5a) coincided with an expansion of the breeding range for the
Eastern ESU, but not for the Western one (Fig. 5e). Yet concomitant
increases in effective population size (N.) were not detected until the
end of the Younger Dryas (12.9-11.7 kya) (Fig. 5d). This increase dif-
fered in pace and magnitude of change between the two ESUs, being
particularly pronounced for the Western ESU and indicative of a
demographic expansion, which coincided with: (1) a sharp increase in
the extent of the non-breeding range in West Africa (Fig. 5f, g); and (2)
admixture events among breeding populations in this ESU (Fig. 5b).
Despite the sharp temporal changes in the extent of breeding and
non-breeding ranges, no marked latitudinal change emerged (Sup-
plementary Fig. 18). These results suggest a strong effect of past cli-
matic fluctuations on the demographic history of the species and
identify climate-driven shifts in the species’ historical distribution
range, highlighting the species’ sensitivity to changing climatic
conditions.

Distributional and genetic responses to future climate

Building on the inferred species’ sensitivity to past climatic changes,
we subsequently evaluated its potential distributional and genetic
responses to future climate scenarios. SDMs forecasted that geo-
graphic isolation during the breeding season will increase between the
Western and Eastern ESUs in the next decades (up to 2100) (Fig. 6a). In
particular, the westernmost part of the Eastern ESU distribution range
is predicted to become climatically unsuitable, implying that popula-
tions in that region might be particularly vulnerable to contemporary
climate warming. Under ‘extreme warming future climate, the
breeding and non-breeding ranges are predicted to expand sub-
stantially for the warmer-adapted Western ESU and are predicted to
shrink for the colder-adapted Eastern ESU (Fig. 6a, b), consistent with
their adaptations to different climates. Indeed, these predicted chan-
ges are consistent with hindcasted trends in range size through the
Holocene, although they show a greater magnitude of change com-
pared to the latter (Fig. 6b). In both ESUs, the climate associated with
the current breeding range is expected to markedly shift northwards,
and for the Eastern ESU the climate associated with its current non-
breeding range is predicted to move considerably southward (Sup-
plementary Fig. 18). Lesser kestrels from the Eastern ESU undertake
annual migrations that are approximately three times longer than
those from the Western ESU (Fig. 6b), and our models suggest that
migration distances for both ESUs have been largely invariant
throughout the Holocene. However, migration distances are expected
to increase in the near future, especially for Asian populations due to
forecasted latitudinal range shifts (Fig. 6b, Supplementary Fig. 18). Yet,
alternative non-breeding areas might become available for the Eastern
ESU closer to their breeding grounds (e.g. south-east Asia; Supple-
mentary Fig. 19). Similar but less marked range and migration distance
changes are expected under ‘moderate warming future climate
(Fig. 6b; Supplementary Fig. 18).

Based on the genotype-climate associations across the breeding
distribution range, we investigated vulnerability to future climate
change using genetic offsets, a measure of how much genetic change is
needed by populations to adjust to new climate conditions. Popula-
tions exhibiting the greatest genetic offsets are those requiring the
highest genetic changes, potentially increasing their climate change
vulnerability*’. Genetic offsets estimated for 2041-2070 based on an
‘extreme warming’ future climate showed slightly higher values for the
Eastern ESU (Fig. 7a). The prediction for 2071-2100 showed an even
more marked increase in genetic offset in the Eastern ESU, but nearly
no increase in the Western ESU (Fig. 7b). The north-western sectors of
the Eastern ESU distribution range showed the highest genetic offsets
(Fig. 7c, d), suggesting higher risk of climate maladaptation in these
regions. Similar trends, albeit less marked, were observed under
‘moderate warming’ future climate (Supplementary Fig. 20).
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Fig. 5 | Climate fluctuations, demographic history, and hindcasted breeding
and non-breeding distribution ranges of lesser kestrels. a Temperature anom-
aly as inferred from the EPICA (European Project for Ice Coring in Antarctica) Dome
C ice core'”; b DIYABC best-supported scenario showing divergence and admix-
ture times (mean and 95% confidence interval [CI] from 1000 out-of-bag testing
samples using a set of broad priors drawn from uniform distributions [Supple-
mentary Table 9]) of four fine-scale genetic clusters (Iberian peninsula, Italian and
Balkan peninsulas, Israel and Asia; Fig. 2b); c effective population size (N,) changes
through time for the Western evolutionarily significant unit (ESU) estimated by
MSMC2 (steps with bootstraps shown as faded steps); d Bayesian Skyline Plots
(BSP) showing N, changes through time (ribbons indicating 95% highest posterior
density [HPD] intervals with lines indicating the median) obtained from

mitogenome sequences; e extent of predicted breeding and fnon-breeding ranges.
The grey shaded area across panels represents the Last Glacial Maximum (LGM). In
panels d-f estimates for the Western and Eastern ESUs are shown in orange and
blue, respectively. In panels e-f estimates are shown for the last 20,000

years (2,000-years steps) and dotted lines connect estimates for 130 kya (when the
two ESUs had not diverged yet) to estimates for 20 kya; g Predicted breeding and
non-breeding ranges for Western and Eastern ESUs at selected timepoints; the
timepoints shown in panel g are highlighted with grey vertical lines in panels (a-f).
Data underlying all components of Fig. 5 are provided at https://doi.org/10.5281/
zenodo.14988067. Background maps were obtained from the rnaturalearth
v.0.3.2 R package.

Altogether, these results reveal divergent responses to contemporary
climate change between ESUs.

Discussion

Anticipating species’ responses to climate change in an altered and
rapidly changing biosphere is pivotal for setting conservation prio-
rities and planning proactive and effective conservation actions. We
demonstrate how integrating spatiotemporal ecological and evolu-
tionary dynamics across the annual distribution range of a long-
distance migratory species may help in predicting range-wide
responses to climate change.

Our study uncovered significant ecological differentiation
between two genetically differentiated lineages that we delineate as
ESUs, corroborating previous studies®***’, Populations from the
Eastern ESU bred in colder, drier, and higher-elevation areas and
showed a weaker association with human-modified environments
(croplands, urban areas) than those from the Western ESU.

Accordingly, we identified a main break in climate-associated genetic
variation between the two ESUs, suggesting that they are adapted to
different climatic conditions. Indeed, the climate-associated SNPs we
identified, notwithstanding covariation between population structure
and environmental variation, were located within genes potentially
involved in divergent selection between Western and Eastern ESUs.
Whilst these genes represent promising candidates, we appreciate that
we did not survey the full range of genetic variation associated with
climate adaptation, due to, for example, limitations in the ddRAD
approach [**; but see refs. 45,46] and neglecting structural variation®’.

Although many studies have addressed responses to con-
temporary climate change®***°, there is a dearth of historical context
regarding whether similar responses have occurred during past
periods of climate change®*. Consistent with the lesser kestrel’s
overall preference for relatively warm and dry habitats, we inferred
decreasing trends in N under climate cooling during the Last Glacial
Period. Climate cooling also resulted in breeding range contraction
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Fig. 6 | Forecasting lesser kestrel distributional responses to climate change.
a Predicted breeding (dark-shaded colours) and non-breeding (light-shaded col-

ours) range in the present and in the future (2041-2070 and 2071-2100), for Wes-
tern (orange) and Eastern (blue) evolutionarily significant units (ESUs), using an

‘extreme warming’ future climate (UKESMI-0-LL; SSP5-8.5). Green circles show the
centroids of breeding distributions for each of the ESUs and the distance between
centroids is shown above the line connecting them. Geographic isolation between
the two ESUs is expected to increase in the future. b Trends from 6 kya to the future
for: (top) the extent of breeding range, (middle) the extent of non-breeding range,

and (bottom) migratory distance, showing divergent patterns between Western
and Eastern ESUs. Migration distance is calculated as the minimum distance
between the breeding distribution and the non-breeding distribution range cen-
troids. For future time periods, estimates obtained from the ‘extreme warming’
future climate are shown as dashed lines, while those from the ‘moderate warming’
future climate (GFDL-ESM4; SSP3-7.0) are shown as solid lines. Data underlying all
components of Fig. 6 are provided at https://doi.org/10.5281/zenod0.14988067.
Background maps were obtained from the rnaturalearth v.0.3.2 R package.

and retreats to spatially fragmented refugia in southern portions of
the range, such as the Mediterranean region for western
populations®>>*. This range contraction potentially reduced gene
flow, leading to genetic differentiation between the Western and
Eastern ESUs. We also inferred increasing N, trends under sub-
sequent climate warming, similar to other warm-adapted species®.
This increase in N, was more pronounced for the warmer-adapted
Western ESU compared to the colder-adapted Eastern ESU, and
coincided with two key events that could have contributed to
demographic growth in the Western ESU: (1) a sharp increase in the
extent of the non-breeding range, potentially due to major environ-
mental changes in West Africa during the African Humid Period
(14,500-5,500 ya)*, and (2) the onset and rapid spread of agricultural
practices in the Middle East and the Mediterranean Basin®®. Given
that a migratory lifestyle inherently provides an ability to track
changes in habitat availability, and that novel migratory strategies
can emerge within relatively short timeframes™', it appears that
lesser kestrels from the Western ESU switched from a longer migra-
tory route to South Africa to a novel and shorter migratory route to
West Africa at the beginning of the Holocene. Shorter migration
distances could have increased fitness™*” and contributed to the
inferred increase in N.®. Our results highlight the potential for
migration to track changing environments, to mediate demographic
responses and to promote intraspecific differentiation'*,

In Western Europe and the Middle East, lesser kestrels largely rely
on agricultural landscapes for foraging®“° and on human settlements,
including urban areas, for nesting®, while in Asia, they rely on natural
cliffs, sparse rocks on grasslands, and abandoned human settlements®.
In the Mediterranean region, lesser kestrels have been breeding in

human-modified environments for millennia®’. Based on our results,
we hypothesise that their association with humans likely began with
the onset of agricultural practices in this region, which provided novel
foraging and nesting opportunities®”. The exploitation of these new
habitats could have triggered the demographic expansion of the
Western ESU.

Disregarding intraspecific climatic niche variation can lead to
inaccurate predictions of species’ vulnerability to climate change®'%%,
Our findings, showing divergent climate change responses in two
ESUs, align with this idea. The Eastern ESU has experienced a reduction
in both its breeding and non-breeding ranges since the onset of the
Holocene, and these ranges may shrink at a faster pace in the near
future. This ESU, and especially the warm and low elevation popula-
tions neighbouring the contact zone with the Western ESU, also
showed the highest genetic offsets, suggesting that they could be at
risk of climate maladaptation. However, this potential climate mala-
daptation seems primarily driven by expected climate warming in
these areas. Since the Western ESU is currently adapted to warmer
environments than the Eastern ESU, the introduction of adaptive var-
iation via gene flow from the former to the latter might make popu-
lations more resistant to warmer future climates, avoiding local
extinctions®*°. Furthermore, the long migration distance of the East-
ern ESU is expected to increase in the foreseeable future, unless a
switch to novel non-breeding areas, located closer to the breeding
sites, occurs. Lesser kestrels are able to track changes in habitat
availability and establish new migratory routes, as witnessed by the
recent increase of individuals overwintering in southern Europe,
although still in small numbers®***“’, Limited monitoring efforts in its
breeding grounds and a lack of long-term trend data®* make it difficult
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Fig. 7| Genetic offsets for lesser kestrel evolutionary lineages. a, b Density plots
of genetic offsets in 2041-2070 (a) and 2071-2100 (b) for all 2.5 arc-minute grid
cells with breeding occurrence records within the Western (orange) and Eastern
(blue) evolutionarily significant units (ESUs), showing higher offsets for the Eastern
ESU. Median values for each ESU are shown as coloured vertical lines. c-d Genetic
offsets across the current breeding range in 2041-2070 (c) and 2071-2100 (d)

based on projections using an ‘extreme warming’ future climate (UKESM1-0O-LL;
SSP5-8.5; estimates for a ‘moderate warming’ future climate are shown in Supple-
mentary Fig. 20). The highest offsets are in the western and northern sectors of the
Eastern ESU’s current range. Data underlying all components of Fig. 7 are provided
at https://doi.org/10.5281/zenodo.14988067. Background maps were obtained
from the rnaturalearth v.0.3.2 R package.

to assess if these threats are already resulting in population declines in
the Eastern ESU. Yet, non-breeding numbers of lesser kestrels in South
Africa have been markedly decreasing in recent years, suggesting
population decline and range contraction®. The contemporary gene
flow out of Asia towards Europe could also be a response to worsening
climatic conditions in Asia, particularly in the western sector of the
Eastern ESU’s breeding range.

Our results also suggest that the Western ESU will expand to
higher latitudes in the near future, a pattern supported by the recent
colonisation of northern Italy”. In this scenario, gene flow from the
Eastern ESU, which already breeds at higher latitudes, could introduce
adaptive alleles®®”°. Although the Western ESU might not be immedi-
ately threatened by climate change, a strong reliance on agroecosys-
tems for foraging®°”" makes it highly vulnerable to changes in land
use and farming practices’”. Moreover, interannual survival and
population size of the Western ESU, similarly to most trans-Saharan
migrants’”®, depends on interannual variation in Sahel rainfall”*’,
Indeed, prolonged extreme drought in the Sahel region likely con-
tributed to a dramatic population collapse (above 90%) in the second
half of the 20th century®. More recently, the southernmost popula-
tions of this ESU, which currently represent a species’ stronghold?, are
facing an increase in the frequency of heatwaves, which can induce
breeding failure, reducing local recruitment and threatening their local
persistence”’*”’, Since these populations live at the edge of the spe-
cies’ climate tolerance, in areas where climatic conditions are becom-
ing more extreme, they may lack the reservoir of genetic variants that
would allow for rapid adaptation to a more extreme climate. However,
considering the apparent range flexibility inferred under past climate
change, populations might relocate further north, where climatic
conditions are expected to become progressively more suitable in the
near future. Phenological adjustments (i.e., advances) in the timing of
reproduction to avoid breeding with extreme climatic conditions
(which may heavily decrease fitness, e.g. late spring/early summer
heatwaves causing extensive nestling mortality””’®), along with the

potential for phenotypic plasticity’’, represent promising avenues for
adaptation to future climate. However, despite the recent partial
population recovery of the Western ESU fostered by targeted con-
servation actions®’, synergies between climate change and habitat
degradation in both breeding and non-breeding ranges can pose
unforeseen challenges®.

Our study provides a comprehensive assessment of range-wide
spatiotemporal evolutionary and ecological responses to climatic
fluctuations in a long-distance migratory bird. The migratory lifestyle
allows effective exploitation of temporal shifts in habitat and resource
availability, possibly contributing to demographic expansion under
favourable climatic conditions by facilitating fast colonisation of new
suitable areas. Yet our results revealed that contemporary climate
change may challenge the future persistence even of highly mobile
taxa, threatening genetic lineages and jeopardising species’ adapt-
ability to changing ecological conditions. The resilience of highly
mobile species to a rapidly changing climate will ultimately depend on
their ability to adaptively respond to novel conditions through dif-
ferent mechanisms, including dispersal, phenotypic plasticity and
genetic adaptation.

Methods

Range-wide sampling and DNA extraction

All sampling conducted for this study complies with local relevant
regulations (details of authorisations are reported in the Acknowl-
edgements). We collected blood (approx. 50 pl) from 119 unrelated
nestlings and breeding adults at 16 localities across the whole breeding
range (Fig. 1a, Supplementary Table 1, Supplementary Data 1). Blood
was stored either in 100% EtOH at 4 °C or on blood storage cards
(NucleoCards, Macherey-Nagel). We extracted DNA from blood sam-
ples using the NucleoSpin Tissue Kit (Macherey-Nagel) or Qiagen
DNeasy Blood and Tissue Kit (QIAGEN). DNA quantity and purity were
assessed using a Nanodrop 2000 Spectrophotometer or a Qubit 2.0
Fluorometer (Thermo Fisher Scientific).
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Genomic data generation

Overview of genomic data generation and sample size. We gener-
ated whole-genome sequencing (WGS) data for 7 individuals (includ-
ing one female offspring and its parents), double-digest Restriction-
Site Associated DNA (ddRAD) data for 84 unrelated individuals, and
mitogenome sequencing data for 92 individuals (Supplementary
Table 1). As detailed in the following sections, WGS data were used to
assemble a reference genome, estimate genome-wide heterozygosity,
and reconstruct past demographic history (ca. 130-6 kya), while
ddRAD and mitogenome sequencing data were used to perform ana-
lyses of population structure. ddRAD data were further used to assess
AUs and genomic vulnerability, and mitogenome data to reconstruct
the recent demographic history.

Genome assembly, ddRAD sequencing and genotyping. As part of
the Vertebrate Genomes Project (https://vertebrategenomesproject.
org/), we generated a reference-quality genome using the trio-
binning pipeline®>**, Briefly, this approach relies on the generation of
short reads from the parental genomes of a diploid species to par-
tition long-reads from the offspring (in this case, a heterogametic
female) into haplotype-specific sets, followed by independent
assembly of both maternal and paternal haplotypes (Supplementary
Methods 1). During curation, the paternal assembly was chosen as the
representative one and the W chromosome was added to it from the
maternal assembly. The final genome assembly was 1.22 Gb long and
fully phased. Scaffold N50 was 91.8 Mb and 98.92% of the genomic
sequence was assigned to 25 autosomes, the Z and W chromosomes,
and the mitogenome (Supplementary Fig. 1; Supplementary Table 2).
The paternal assembly was functionally annotated using the Eukar-
yotic Genome Annotation Pipeline v.8, and was screened for repeti-
tive elements using a combination of Windowmasker v1.0.1 and
RepeatMasker 4.1.0 with Dfam_3.1 (profile HMM library), and Rebase
version 20170127. Functional completeness was evaluated using
BUSCO 4.1.4. Genome annotation identified 19,775 genes and pseu-
dogenes, including 16,079 protein-coding, as well as 39,936 fully
supported coding sequences (see NCBI annotation at https://www.
ncbi.nlm.nih.gov/datasets/gene/GCF_017639655.2/).

Details of library preparation and sequencing of ddRAD markers
are reported in Supplementary Methods 2. Reads were demultiplexed
using process_radtags in Stacks v2.0. Demultiplexed reads were
aligned to the reference genome using BWA mem v.0.7.17 with default
parameters and processed with SAMtools v.1.10. The average per-
sample depth of coverage was 45x (min-max: 16-68x). To obtain high-
quality SNPs, variant calling was implemented using two independent
methods, retaining only SNPs identified by both (Supplementary
Methods 2). The final dataset comprised 73,373 SNPs genotyped across
84 individuals.

Mitogenome data generation. Mitogenomes were generated by
amplifying three long-range overlapping fragments using PCR
and preparing genomic libraries that were sequenced paired-end
on an lllumina MiSeq® (Supplementary Methods 2). Reads were
demultiplexed using the Illumina bcl2fastq2 Conversion Software
v2.20 and subsequently cleaned using TrimGalore v0.6.4. We
used BWA mem v0.7.17 to align reads to the lesser kestrel refer-
ence mitogenome, obtained using the mitoVGP pipeline (Sup-
plementary Fig. 2). Mitogenomes were sequenced at a mean
coverage of 719x (+ 256 s.d.). Variant calling was performed using
Geneious v8.0.5.

WGS data generation and SNP calling. Short-read genomic libraries
for three individuals from Tuva (Russia) and one individual from
Matera (Italy) were prepared using the Illumina PCR-Free library pre-
paration kit. Libraries were sequenced paired-end (2x150bp) on a
NovaSeq 6000 with a target coverage of 20x.

WGS data for these four individuals were combined with WGS
data for the male and female (from Matera) used for generating the
reference genome (Supplementary Methods 1). Hence, for analyses
involving WGS data, we used data derived from either three unrelated
individuals from the Western ESU (demographic reconstruction with
MSMC2) or six unrelated individuals (three from the Western and three
from the Eastern ESU; estimation of individual heterozygosity). Reads
were cleaned using TrimGalore v.0.6.7. Reads were aligned to the
lesser kestrel genome using BWA mem v0.7.17 and processed and
sorted with SAMtools v1.10. Duplicate reads were removed using
Picard tools v2.18.29 MarkDuplicates. Variants were called with SAM-
tools mpileup and BCFtools call; the bamCaller.py script (provided in
the msmc-tools package; https://github.com/stschiff/msmc-tools) was
used to generate sample-specific variant call format (VCF) and call-
ability mask files.

Population structure, gene flow and ESU identification. To explore
the range-wide patterns of genetic structure, we applied a PCA
implemented in PLINK v.1.9 to a linkage-pruned dataset of SNPs from
ddRAD data (n =27,853 SNPs), upon checking the robustness of this
dataset to detect the primary axis of population differentiation (Sup-
plementary Methods 3). We further calculated individual ancestries
according to a maximum-likelihood (ML) model-based clustering
analysis using Admixture v.1.3, with K ranging from 1 to 15 and default
parameters. Model fit was evaluated by cross-validation. Fine-scale
population structure was evaluated using fineRADstructure v.0.3. We
ran the model for 100,000 Markov chain Monte Carlo (MCMC) itera-
tions with a burn-in of 100,000 iterations, and sampling every 1000
iterations. A tree was constructed with 10,000 hill-climbing iterations
and the results were visualised using the scripts fineRADstructure-
Plot.R and finestructureLibrary.R (https://github.com/millanek/
fineRADstructure).

To investigate patterns of gene flow among sampling localities, we
used the Estimated Effective Migration Surfaces (EEMS) approach
(Supplementary Methods 3). We also estimated contemporary gene
flow among the four main clusters inferred by fineRADStructure
(Iberian peninsula, Italian and Balkan peninsulas, Israel and Asia) using
BayesAss3-SNPs (Supplementary Methods 3).

ESUs were delineated following established methods®. Briefly,
we combined results from the PCA, Admixture and EEMS analyses
to highlight discontinuities in genetic variation across the
breeding range.

To visualise genealogical patterns, we built a maximum-likelihood
population tree with Treemix v.1.13, which uses allele frequency
co-variances as well as a Gaussian approximation to assess genetic drift
in blocks of 500 SNPs. The common kestrel (Falco tinnunculus) was
used as an outgroup. We simulated ddRAD data for this species using
RADinitio and its reference genome®. We also used SplitsTree5v.5.0.16
to infera Neighbour-net phylogenetic network using a genetic distance
matrix.

Pairwise @s*® among localities with more than three individuals
with ddRAD data (n=12 sampling localities; three localities with <3
individuals were excluded to improve the accuracy of inter-population
comparisons) was calculated using the populations module in Stacks.
This measure of population differentiation was chosen due to its
robustness to low sample sizes®.

A mitochondrial coding-region (15,663 bp) Maximum Parsimony
(MP) tree was reconstructed based on the reference mitogenome
using mtPhyl v.5.003, specifically modified for the analysis of lesser
kestrel mitogenomes. Indels were not considered for tree construc-
tion. Mitogenomes were aligned using the Geneious progressive
pairwise alignment algorithm and the tree was rooted using the
available common kestrel reference mitogenome (NC_011307). In
addition, haplotype genealogy graphs were constructed and visualised
in Fitchi v.1.1.4 (e 1 option).
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To characterise range-wide patterns of heterozygosity, we calcu-
lated the proportion of heterozygous sites for each individual using
the ddRAD dataset with no missing data (36,932 SNPs).

Modelling current, past and future distribution and assessing eco-
logical differentiation. We relied on species distribution models
(SDMs) to reconstruct the current breeding and non-breeding dis-
tribution of the lesser kestrel, and used these models to infer both past
and future distribution, assuming consistent lineage-specific climate
relationships across time and no effects of interspecific competition.
The latter assumption is based on the fact that lesser kestrels largely
co-occur with other ecologically and phylogenetically related species
(e.g. F. vespertinus, F. tinnunculus) across their breeding distribution
range®, often syntopically®®. To model distribution, we relied on a
dataset of breeding occurrence records of lesser kestrels in Eurasia and
of non-breeding occurrence records in Africa, obtained from different
sources (Supplementary Methods 4). SDMs were implemented using
MaxEnt, a presence-background algorithm which has been shown to
outperform other methods for modelling occurrence-only data®.
Further details about MaxEnt model parametrisation, choice of back-
ground locations, and reliability checks are reported in the Supple-
mentary Methods 4.

As climatic predictors of distributions, we considered four vari-
ables retrieved from the CHELSA v. 2.1 database (period 1981-2010, 2.5
arc-minutes spatial resolution), ie. mean annual air temperature
(BIO1), annual range of air temperature (BIO7), sum of annual pre-
cipitation (BIO12), and precipitation seasonality (BIO15). These vari-
ables represent both average conditions and their variability across the
year, are major determinants of vertebrate distributions’, and
account for most of the climatic variation at the global scale”.

SDMs were built separately for each of the two ESUs (Western and
Eastern), and for the breeding and non-breeding season. Non-breeding
records in southern Africa were attributed to the Eastern ESU while
those from central Africa were attributed to the Western ESU, based on
evidence from mitochondrial DNA haplotypes, major histocompat-
ibility complex genes, ring recoveries, and individual tracking
studies*>***>* (Fig. 1b). Breeding records from Portugal to Iran were
assigned to the Western ESU, whereas those from Kazakhstan east-
wards were attributed to the Eastern ESU, according to the population
structure results (Fig. 1b). As a proxy of the distribution range, we
chose those cells with suitability values higher than specific thresholds
that returned the best concordance between predicted and known
distributions (Supplementary Fig. 14 and Supplementary Methods 4).
Base layers for maps were plotted using the R package rnatur-
alearth v.0.3.2.

Values for past and future climate were obtained from WorldClim
(last interglacial period, approx. 120,000-140,000 years BP), CHELSA
v.2.1 (2,000-year steps for the last 20,000 years) and Coupled Model
Intercomparison Project Phase 6 (CMIP6, periods 2041-2070 and
2071-2100). For future climate, we used the two top-priority climate
models (a ‘warmer’ and a ‘milder’ model) recommended by the Inter-
sectoral Impact model Intercomparison Project (ISIMIP) for climate
change impact assessments, namely UKESM1-0O-LL and GFDL-ESM4.
For the ‘warmer’ model, we present results for a ‘worst case’ scenario
(SSP5-8.5) to represent extreme warming conditions (‘extreme warm-
ing’ future climate). For the ‘milder’ model, we present results for a
‘business-as-usual’ scenario (SSP3-7.0) to represent moderate warming
conditions (‘moderate warming’ future climate). All variables were
downloaded at a 2.5 arc-minutes resolution. To estimate the potential
past/future ranges (for each combination of ESU, season and past/
future period), we limited the extent of suitable areas within a1500 km-
buffer around known occurrence locations; this distance was selected
to exclude areas highly unlikely to ever be occupied by the species
based on current evidence.

We investigated landscape-scale habitat preferences of lesser
kestrels from the Western and Eastern ESUs at their breeding and non-
breeding ranges using high-resolution land cover data obtained from
Copernicus Land Monitoring Service (https://land.copernicus.eu/en).
Habitat use was calculated as the proportion of seven main land cover
categories (forest, shrubs, herbaceous vegetation, bare ground,
cropland, urbanised, other; pooled from 22 original land use cate-
gories; Supplementary Table 3) in all 2.5 arc-minute grid cell with lesser
kestrel breeding (Eurasia) or non-breeding (Africa) occurrence
records. Habitat availability was estimated as the proportion of dif-
ferent land cover categories within the above-mentioned 1,500 km-
buffer, separately for each combination of ESU and season. To assess
habitat preferences, we relied on a permutation-based approach
comparing the proportion of used and available land cover categories
using sign tests’. For each 2.5 arc-minute grid cell with occurrence
records, we also retrieved point elevation (m a.s.l.) using the get_e-
lev_point function from the R elevatr package.

To evaluate climatic niche differentiation between the two
ESUs in their breeding and non-breeding ranges, we relied on an
ordination-based approach using all 19 bioclimatic variables from
the CHELSA v2.1 database (Supplementary Table 5). We first applied
a PCA to breeding and non-breeding climatic conditions available
for each ESU (climatic conditions estimated at background loca-
tions scattered within an area defined by the above-mentioned
1,500 km-buffer around occurrence records). Then, PCA scores for
occurrence records of both ESUs, representing climatic niches to be
compared, were projected onto a two-dimensional niche space
defined by the first two PCs, separately for breeding and non-
breeding ranges. We estimated the extent of niche overlap using the
Schoener’s D metric as implemented in the ecospat R package
v.4.0.0, which ranges from O (no overlap) to 1 (complete overlap)®.
We tested for niche divergence between the two ESUs at both
seasons with equivalency tests, as implemented in the
ecospat.niche.equivalency.test function from the ecospat R pack-
age (option overlap.alternative = “lower” and 1,000 random
permutations).

Detection of loci associated with climatic variation, AUs identi-
fication and genetic offsets

Analysing patterns of isolation-by-distance and isolation-by-
climate. We investigated patterns of isolation-by-distance (IBD) and
isolation-by-climate (IBC) by testing the associations between pairwise
genetic (@s7/(1- @s71)), geographic, and climatic distance matrices
between sampling localities using Mantel tests (R package vegan v.2.6-
4; n=12 localities). Climatic distances were calculated as Euclidean
distance across all PCs from a PCA of all scaled bioclimatic variables
(n=19 variables, BIO1-BIO19, Supplementary Table 5) downloaded
from CHELSA v.2.1 for the 1981-2010 period at a 2.5 arc-minutes
resolution for each sampling locality. We also performed a multiple
regression on distance matrices (MRM; R package ecodist v.2.1.3) to
control for geographic distance when testing for IBC.

Assessing climate-associated genetic variation and identifying
AUs. To identify climate-associated SNPs, we employed a two-step
approach using genotype-environment association analysis (GEA)
and methods to detect differentiation outliers. First, we performed a
RDA, a multivariate GEA that is a form of constrained ordination. We
chose RDA over alternative GEA approaches because it achieves
lower false positive rates’. Climatic predictors included the 19
bioclimatic variables (Supplementary Table 5) for each sampling
locality. Because we were interested in the detection of climate-
associated SNPs rather than SNPs associated with a particular climatic
predictor, we performed PCA of the bioclimatic variables to avoid the
inclusion of highly-correlated predictors, and we retained the first
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three principal components, based on inspection of a scree plot. We
ran the RDA using the vegan R package with 37,411 SNPs and 12 sam-
pling localities (after removing SNPs with a minimum allele frequency
<0.05 and sampling localities with fewer than three sampled indivi-
duals). We tested the significance of the constrained axes and of the
overall model using ANOVA with 9,999 permutations. We identified
putative climate-associated SNPs as those with loadings of + 3 s.d. from
the mean score (p = 0.003) of the first constrained axis (RDA1), which
was the only statistically significant axis. Because loadings of sampling
localities on RDA1 were very similar to the main axis of population
structure and longitudinal variation, we employed a further strategy to
filter SNPs that were more associated with either population structure
or geography than with climate (Supplementary Methods 5). Second,
we performed two differentiation-based analyses using OutFLANK
v.0.2 and PCAdapt v.4.3.3. Loci detected as outliers by both OutFLANK
and PCAdapt were considered outliers as they are more likely to be
under selection than outlier loci identified by a single method®” (Sup-
plementary Methods 5). Merged RDA and differentiation outliers were
annotated using SnpEff and we retained only SNPs located within
genes, as they are more likely to be functional (or in linkage with
functional variants).

To examine the relative importance of environmental variables in
explaining genetic variation and to determine the turnover of allele
frequencies across climatic gradients, we applied a GF approach®®®’.
GF uses a machine-learning regression tree to identify climatic gra-
dients associated with genetic variation to build turnover functions
that show how allele frequencies change across a given climatic gra-
dient. We used the 61 climate-associated SNPs and 36,122 neutral SNPs
as response variables and the 19 bioclimatic variables as predictors
(Supplementary Table 5). Important gradients have greater overall
cumulative importance (total amount of turnover in allele frequency
across the climatic gradient) and steeper changes in the turnover
function denote rapid changes in allele frequencies®.

To further visualise patterns of associations between allele fre-
quencies and climatic gradients in the 61 climate-associated SNPs, we
calculated Spearman’s correlation coefficients between allele fre-
quencies per sampling locality and each of the 19 bioclimatic variables.
The heatmap.2 function from the gplots v.3.1.3 R package was used to
visualise the clustering of SNPs based on their correlations with bio-
climatic variables.

To explore the potential roles of genes with climate-associated SNPs
in local climate adaptation, we conducted literature searches in Web of
Science (www.webofscience.com) and Google Scholar (scholar.google.
com) with the keywords: (1) “local adaptation”, (2) “phenotypic traits”, (3)
“domestication/urban adaptation” and (4) “stress response”. We selected
articles that focused on vertebrate species and that reported associations
between the candidate genes and the keywords.

AUs were delineated based on discontinuities in climate-
associated genetic variation across the breeding range, according
to the criteria proposed by Turbek et al.*. To identify climate-
associated genetic structure, we performed a PCA using only climate-
associated SNPs.

Genetic offsets under future climatic conditions. Genetic offsets
leverage genomic information to forecast climate maladaptation, and
represent the magnitude of the required changes in allelic composition
that would allow populations to keep pace with predicted changes
between present and future climate. The rationale behind genetic
offsets is to predict potential shifts in adaptive optimum induced by
climate change and identify geographical regions within the distribu-
tion range where the predicted allelic frequency shifts might be too
large for populations to adapt to the new conditions. Large shifts could
result in maladaptation, reducing fitness and potentially resulting in
demographic declines'® %, We predicted shifts in allele frequencies of
climate-associated SNPs induced by climate change using a genetic

offset statistic based on RDA'®. We followed the approach outlined in
Capblancq & Forester'® to calculate an adaptive index across the lesser
kestrel breeding distribution range (current range, estimated with
SDMes) for each grid cell (2.5 arc-minutes resolution) using the first RDA
axis of an ‘adaptively enriched’ RDA'*. Such an RDA was built by
including the 61 climate-associated SNPs as the multivariate response
and five bioclimatic variables (BIO19, BIOS, BIO2, BIO15, BIO10) as
independent predictors. The latter were selected based on their relative
importance in the GF analysis, starting from the highest ranking variable
and keeping those variables showing limited collinearity with previously
selected ones (i.e., | r| < 0.7). The adaptive index was also calculated for
2040-2071 and 2071-2100 under both ‘extreme warming’ and ‘mod-
erate warming’ future climates. We calculated the Euclidean distance of
the index between current and future climates as a proxy for genetic
offset, higher values implying higher risk of maladaptation.

Demographic history reconstruction

To provide historical context on how past climate change may have
affected demographic trends, we used genomic data to reconstruct
demographic history. Using ddRAD data, we tested support for dif-
ferent divergence scenarios using DIYABC Random Forest v.1.0. We
evaluated four demographic models based on the population struc-
ture results using four demes (Iberian peninsula, Italian and Balkan
peninsulas, Middle and Eastern Europe, Israel and Asia). These
involved (1) a simultaneous split between all demes, (2) a simultaneous
split between Asia, Israel and Europe, and further split between Iberia
and rest of Europe, (3) a model based on the Treemix topology, (4) a
model based on the Treemix topology with an east-to-west expansion.
After best-model selection, we tested several admixture scenarios.
Population parameters were estimated for the best model (Supple-
mentary Methods 6).

We also used mitogenomes to estimate divergence times among
haplogroups using Beast v.2.6.3 assuming a HKY substitution model
(gamma-distributed rates plus invariant sites) and a relaxed clock (log-
normal). To find the best priors for Bayesian analysis, ML estimations
were performed using BaseML in PAMLX v.1.3.1.

To estimate changes in N, over time, we reconstructed demo-
graphic histories using two different approaches: one using WGS data
and one using mitogenomes. For mitogenomes, we produced Bayesian
skyline plots (BSP; in Tracer v1.7.1) separately for each ESUs (Western
and Eastern). The substitution rate was informed by mitogenome
phylogenetic analysis in Beast and the mean generation time was set to
2 years'” (Supplementary Methods 6).

For WGS data, we applied MSMC2 to data from three unrelated
individuals from Italy. Haplotypes were inferred using a combination of
WhatsHap v1.4 and SHAPEIT4 v4.1.2. The script generate_multihetsep.py
from the msmc-tools package was used to merge individual variants and
generate an input file for MSMC2. Results were scaled using a mutation
rate of 3.3 x 10°/gen/site as estimated for the peregrine falcon (Falco
peregrinus)'® and a generation time of 2 years.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The lesser kestrel reference genome was deposited on the National
Centre for Biotechnology Information (NCBI) with accession numbers:
GCF_017639655.2 [https://www.ncbi.nlm.nih.gov/datasets/genome/
GCF_017639655.2/] (primary) and GCA_017639645.1 [https://www.ncbi.
nlm.nih.gov/datasets/genome/GCA_017639645.1/] (alternate). The gen-
ome annotation is available on NCBI (NCBI Falco naumanni Annotation
Release 100 at https://www.ncbi.nlm.nih.gov/refseq/annotation_euk/
Falco_naumanni/100/). Population-level ddRAD, mitogenome and WGS
data are archived on the European Nucleotide Archive (ENA) (Project
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accession number PRJEB71106). Details of genetic samples, breeding and
non-breeding occurrence records used for SDMs, and results of litera-
ture searches for genes with SNPs associated with climate, are provided
as Supplementary Data 1-3. The data underlying the figures are provided
at https://github.com/jferrerobiol/lk_climate (https://doi.org/10.5281/
zenodo.14988067).

Code availability

All code, scripts and additional data to reproduce the analyses con-
ducted in this study are available on GitHub: https://github.com/
jferrerobiol/lk_climate (https://doi.org/10.5281/zenodo0.14988067).
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