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Supplementary Methods

Supplementary Methods 1: Genome sequencing and assembly

We sampled whole blood from a lesser kestrel trio (both parents and a female offspring) from Matera,
Italy and stored it in absolute ethanol (see Supplementary Data 1). DNA extraction was performed
according to the Nanobind - Bionano Prep SP Frozen Human Blood DNA Isolation Protocol (Bionano
Genomics, Document Number: 30246F) following the manufacturer’s protocol. The quality of the
extracted ultra-high molecular weight (UHMW) DNA was assessed by pulsed field gel electrophoresis
(PFGE; Pippin Pulse, SAGE Science, Beverly, MA), which showed that the length of the isolated DNA
was >200 kbp.

To obtain a reference-quality genome we used the Vertebrate Genomes Project (VGP) trio-
binning pipeline ', based on the trio binning approach 2. Genomic data from four different sequencing
technologies were generated for the female offspring sample: Pacific Biosciences (Menlo Park, CA,
USA) continuous long reads (CLR) (141.86 Gb; 105x), 10X Genomics (Pleasanton, CA, USA) linked-
reads (89.04 Gb; 66x), Bionano Genomics, Inc. (San Diego, CA, USA) DLS optical maps (335x), and
Arima Genomics, Inc. (San Diego, CA, USA) v1 Hi-C reads (72.12 Gb; 53x). Additionally, we generated
lllumina short reads for the maternal and paternal samples.

Prior to assembly, we estimated genome size, repetitive content and heterozygosity rate using
a k-mer based approach implemented in GenomeScope v.2.0 3, based on a k-mer database from 10X
linked reads generated using Meryl v.1.3 4. The lesser kestrel genome was assembled on the
DNAnexus cloud computing system (https://www.dnanexus.com/). The pipeline consisted of an
assembly step, a scaffolding step and a final polishing step. First, the offspring PacBio data were binned
into maternal and paternal haplotypes using the parental lllumina reads. The binned PacBio reads were
assembled with TrioCanu 2 into phased primary and alternate haplotigs, i.e. haplotype-specific contigs.
We polished the primary and alternate phased haplotigs with Arrow (smrtanalysis 5.1.0.26412) using
the PacBio reads and we performed a purging step on the primary haplotigs using purge_dups 5 to
remove retained alternate haplotigs. We performed three scaffolding steps: (1) two rounds of scaffolding
using 10X linked reads with scaff10x v2.0-2.1 (https://github.com/wtsi-hpag/Scaff10X), (2) scaffolding
with Bionano optical maps using Bionano Solve v3.2.1; (3) a last scaffolding step using Hi-C reads,
implemented in Salsa 2.2 8. The final scaffolds were then subjected to a first polishing step with Arrow
using the binned PacBio reads and a second step using binned 10X linked reads. The final scaffolds
were manually curated using gEVAL 7 and Hi-C contact maps 8. During curation, the paternal assembly
was chosen as the representative one and the W chromosome was added to it from the maternal
assembly.

The paternal assembly was functionally annotated using the Eukaryotic Genome Annotation
Pipeline v.8 '°, and was screened for repetitive elements using a combination of Windowmasker v1.0.1
0 and RepeatMasker 4.1.0 " with Dfam_3.1 "2 (profile HMM library) and Rebase version 20170127 '3,

Functional completeness was evaluated using BUSCO 4.1.4 4,



Supplementary Methods 2: Genomic data generation

ddRAD sequencing and genotyping - Library preparation of double-digest Restriction-Site Associated
DNA (ddRAD) was performed as follows. For each sample, 300 ng of DNA were digested using two
restriction enzymes (Pstl and EcoRl) in a single reaction. Individually barcoded adapters were ligated
onto the digested fragments, which were pooled in multiplexing batches and purified with 1.5 volumes
of AMPureXP beads (Agencourt). Pooled libraries were size selected (510-650 bp) using a BluePippin
size fractionator (Sage Science, Beverly, MA), and were amplified in 10 PCR cycles using Phusion
High-Fidelity PCR Master Mix (New England BiolLabs). The libraries were sequenced on an lllumina
NovaSeq 6000 instrument (lllumina, San Diego, CA) using 150 bp paired-end sequencing.

We employed two independent methods for SNP calling. The first approach used SAMtools
v.1.10 mpileup ' to pile up the BAM files and BCFtools to call SNPs '%'7. The second approach used
Stacks v.2 '8 to call SNPs using the Bayesian genotype caller '°2°. The output was filtered for missing
data, retaining loci present in all populations (-p 15) and in at least 75% of the individuals within each
population (-r 0.75) and to output SNPs in variant call format (VCF) and RADpainter formats. We further
removed potential paralogs and sequencing errors through VCFtools v.0.1.16 2, filtering VCF files to
only include biallelic SNPs, to mask genotypes if the per-sample read depth was < 5 (--minDP 5) or the
mean per-sample read depth was > 90 (--max-meanDP 90), or if the genotype quality was < 30 (--
minGQ 30), and again we filtered for missing data (--max-missing 0.75). We also removed singletons
22 and SNPs located in sex chromosomes. At this point, we intersected the VCF files to obtain a final

set of SNPs present in both files.

Mitogenome data generation - To generate mitogenomes, we designed two sets of three primer pairs
using Primer3Plus 22 that amplified three overlapping long-range fragments of similar lengths (approx.
6000-6500 bp). The original primer set used the common kestrel (Falco tinnunculus) reference
mitogenome (NCBI accession: NC_011307) and the second, more specific primer set (Supplementary
Table 6) was designed on the obtained lesser kestrel mitogenomes. PCRs were carried out in 50 pl
volume with a standard reaction mix containing 1x GoTaq® Long PCR Master Mix (Promega), 0.3 pM
of each primer and ~200 ng of DNA template, using the following conditions: 94°C (2 min); 30 cycles at
94°C (30 s), 56°C (30 s), 65°C (7 min) and a final extension at 72°C (10 min). PCR bands were checked
by electrophoresis using a 1% agarose gel. PCR purification was performed with Presto™ 96 Well PCR
Cleanup Kit (Geneaid). Amplicons were quantified with the Quantus™ fluorometer (Promega) using the
QuantiFluor® ONE dsDNA system. For library preparation, the three PCR fragments from each sample
were combined in equal concentrations. The sequencing library was prepared with the Nextera™ DNA
Flex Library Prep Kit following the manufacturer’s protocol. Libraries were then checked on a 2%
agarose gel, quantified using a Quantus™ fluorometer (Promega), normalised and pooled together.
The pooled normalised library was then run on a 4150 TapeStation System (Agilent) and diluted to 4
nM using RSB resuspension buffer. 5 pl of the pooled library were then denatured using 5 pl of freshly

prepared NaOH (0.2N), diluted using HT1 hybridisation buffer (Hyb) to the loading concentration of 6



pM (600 ul final volume), and sequenced on a MiSeq instrument (lllumina) using paired-end
sequencing. The reference mitogenome for the species was obtained through the mitoVGP pipeline 2*

using the PacBio and 10X linked reads from the female offspring sample.

Supplementary Methods 3: Population structure, gene flow and evolutionarily

significant unit (ESU) identification

We first checked the robustness of the ddRAD dataset to detect the primary axis of population
differentiation separating the Western and Eastern ESUs. To this end, we randomly downsampled the
set of 27,853 SNPs used for this analysis in separate datasets consisting of 20,000, 10,000, 5,000,
2,000 and 500, and then performed a principal component analysis (PCA) for each of the datasets. The
results suggest that the power to detect differentiation between the Western and the Eastern ESUs
remains the same even when downsampling to 2,000 SNPs. At 500 SNPs, although a reduction in the
level of differentiation emerges, PC1 still accounts for 7.23% of the variance and shows some degree
of differentiation between the two ESUs.

To investigate the patterns of gene flow among populations across the breeding range, we used
estimated effective migration surfaces — EEMS 2°. EEMS uses a stepping-stone model, and - assuming
gene flow is symmetric - it assesses whether dispersal rates between adjacent local populations are
higher or lower than expected under an isolation-by-distance (IBD) model, returning maps that
represent the posterior mean of gene flow illustrating barriers and corridors to gene flow across the
landscape. We performed three independent runs consisting of 10,000,000 Markov chain Monte Carlo
(MCMC) iterations, discarding the first 1,000,000 iterations as burn-in and sampling every 10,000
iterations in a grid consisting of 200 demes. Results were plotted using the ‘reemsplots’ R package 2°.

We also estimated contemporary gene flow among the four main clusters inferred by
fineRADStructure 26 (Iberia, Middle and Eastern Europe, Israel and Asia) using BayesAss3-SNPs 27:28,
BayesAss3 uses a Bayesian approach to infer gene flow rates based on the frequency of individuals
with immigrant ancestry 27-2%. Mixing parameters for gene flow rates, allele frequencies and inbreeding
coefficients were set to 0.25, 0.4 and 0.03, respectively, after reaching optimal acceptance rates
(between 20% and 60%) in a test run. We ran three independent analyses with different random seeds
for 5,000,000 iterations, discarding the first 3,000,000 as burn-in and sampling every 100 iterations. We
checked for convergence using Tracer v.1.7.1 2,

To further visualise genealogical patterns, we inferred a Neighbour-net phylogenetic network
30 implemented in SplitsTree5 v.5.0.16 3'. We first converted the VCF file to a DNAbin object using the
vcfR2DNADbin function from the vcfR R package 32 and then computed a genetic distance matrix using
the dist.dna function from the ape R package 33, which we used as input for SplitsTree5.

We calculated genome-wide individual heterozygosity for the six individuals with whole-genome
sequencing (WGS) data as the number of heterozygous genotypes divided by the total number of
callable positions of each individual. To determine the total number of callable positions, we generated

a mappability mask using GenMap 34 with a k-mer size of 150 bp and allowing for up to two mismatches.



Sites with a mappability score of < 0.5 were masked and we also masked sites within annotations of
repetitive regions (see Supplementary Methods S1). We also applied a per-individual depth filter, set at
>Y5x and <2x the average genome-wide depth for each sample to control for differences in coverage
between samples. We then calculated heterozygosity in nonoverlapping 1 Mb windows across all

autosomes for each individual. We excluded windows where more than 50% of sites were masked.

Supplementary Methods 4: Modelling current, past and future distribution

Separate species distribution models (SDMs) were produced for each combination of ESU (Western,
Eastern) and season (breeding, non-breeding). SDMs were based on a large database of breeding and
non-breeding records, assembled from different published and unpublished sources (Supplementary
Table 7).

Regarding breeding data, based on the population structure analyses (Fig. 2a-d), we
considered 1,806 breeding records belonging to the Western ESU (collected between 1978 and 2021,
mean year 2018) and 657 belonging to the Eastern one (collected between 1993 and 2021, mean year
2013; Supplementary Table 7). For most European countries hosting large breeding populations
(Portugal, Spain, ltaly, Greece), we exploited highly accurate national population census data
(Supplementary Table 7). For the other regions, most data were obtained from citizen science
databases (mainly eBird and GBIF). Citizen science records were carefully screened to remove
implausible observations (e.g. those outside the known breeding range, likely reflecting migrating
individuals). We also removed citizen science records from those countries/regions for which we had
accurate national population census information. As a consequence, from the GBIF.org % dataset
(11,800 observations of lesser kestrels during May-June, i.e. the core breeding season), we retained
494 records only. For the eBird % dataset, we considered only those records with breeding status
defined as possible, probable or confirmed (breeding category codes C2, C3 and C4, respectively).

Non-breeding distribution data consisted mainly of citizen science records from GBIF
(Supplementary Table 7), with the addition, for the Western ESU, of non-breeding areas of individually
tracked birds 3. A total of 229 and 3,936 records were obtained for the Western and Eastern ESUs,
respectively. From the GBIF.org 3 dataset (lesser kestrel observations during December and January),
we retained 4,051 records out of 5,160 original ones, excluding records without photographic evidence
and those that were outside the core non-breeding areas in sub-Saharan Africa (e.g. a few records of
lesser kestrels spending the non-breeding season in Iberia and north Africa). Non-breeding distribution
data were collected between 2001 and 2020.

Records within the same 2.5 arc-minute grid cell (corresponding to the spatial resolution of
climatic data) and duplicate records were pooled into a single occurrence record before fitting SDMs.
Hence, original breeding distribution data were converted into 962 and 360 breeding occurrence records
for the Western and Eastern ESUs, while for the non-breeding season the corresponding figures were
159 and 1,691 occurrence records, respectively (Supplementary Data 3) (Fig. 1b; Supplementary Fig.
14).



Considering the global scale of the study, we initially positioned background locations
throughout all terrestrial regions included in a rectangular area defined by minimum and maximum
latitude and longitude of 2,000 km-buffers centred on all occurrence records (min. longitude 45.60° E,
max. longitude 170.19° W, min. latitude 39.64° S, max. latitude 83.60° N). We thus left out of this global
background only extremely distant areas, hardly accessible to lesser kestrels. Within that area, we
randomly scattered 200,000 background locations (excluding open water). Given that background
choice could affect model outcomes, we rerun the analyses using background locations specific to each
modelling unit (four combinations of seasons and ESUs). For each modelling unit, we used the global
background locations located within a 1,500 km-buffer around occurrence records for that modelling
unit, which were the same buffers used for cropping predicted distributions (see main text). We
subsequently checked for consistency in the modelled environmental suitability between the models
using the global background and the models using the modelling unit specific backgrounds.

Regardless of background choice, for all four models, occurrence data were partitioned into
spatially independent training and testing subsets using the “checkerboard 2” method (aggregation
factors: 10 and 2) of the R package ENMeval *°, which subdivided data into four partitions. A subset
including the data from three partitions was used as a training dataset, whereas data from the fourth
partition were used as testing dataset. SDMs were implemented using MaxEnt, a presence-background
SDM algorithm which has been previously shown to outperform other methods for occurrence-only data
40-44 MaxEnt models were built following the procedure outlined in Brambilla et al. 43, aimed at reducing
overfitting by using only linear and quadratic features, and selecting and tuning different model
parameters based on the Akaike's Information Criterion corrected for small sample size (AICc) to
balance power and complexity “°. The modelling procedure involved the following main steps: selection
of the initial regularisation multiplier; removal of variables with A = 0; ‘final’ model tuning, including the
selection of the final regularisation multiplier value, fitting function (linear and/or quadratic), iteration
number, and climate variables to be included by testing the effect of variable removal, according to the
relative value of permutation importance (Supplementary Table 8). None of the four climate variables
was removed from the final model (see Brambilla et al. 43 for further details). Model reliability was
evaluated on its performance over training and test datasets for each combination of ESU and season.
It was assessed by calculating and comparing TSS (True Skill Statistic) as well as AUC (Area Under
the Curve of the receiver operating characteristics) over training and test datasets for each combination
of ESU and season. The use of such statistics (which are sensitive to prevalence and cannot be used
as an absolute measure of model accuracy) over independent datasets offers a way to evaluate model
robustness and generalisability. The values of AUC and TSS were always similar between training and
test datasets (maximum difference across all combinations < 0.02, except for TSS for the non-breeding
distribution model for the Western ESU, which was equal to 0.05). We also calculated the omission
rates on test data at two thresholds computed on training data, i.e. the 10" percentile on training data,
and the minimum training presence. Omission rates in test data close to expected values of 0.1 and 0,
respectively, indicate model robustness; this was verified for all models, with omission rates at 10t

percentile always between 0.05 and 0.16, and omission rates at minimum training presence equal to 0.



Results from the models including background locations specific to each modelling unit were
highly correlated with those from the models including all background locations. For each modelling
unit, the ranking of variables’ according to permutation importance was consistent between the two
models with different backgrounds. Suitability values at occurrence locations were strongly correlated
for non-breeding Western ESU (r = 0.97), breeding Eastern ESU (r = 0.96) and non-breeding Eastern
ESU (r=0.81), and highly correlated for breeding Western ESU (r = 0.57). For the latter, we compared
the predicted distribution from the two models with the known distribution of the species: both models
depicted a broadly similar distribution of suitable areas, but the one based on the broader background
led to a predicted distribution that was more consistent with the actual one. All analyses were therefore
based on models using the broader background, which we deemed as more reliable. The models were
converted into presence-absence distribution maps using commonly adopted thresholds 4346, Upon
visually assessing predicted distributions obtained with different thresholds, the best agreement with
known distributions was achieved with the following (cloglog) suitability values: 0.4000 for breeding
Eastern ESU, 0.2201 for breeding Western ESU, 0.1624 for non-breeding Eastern ESU, 0.1084 for
non-breeding Western ESU.

Supplementary Methods 5: Detection of loci associated with climatic variation

Because loadings of sampling localities on RDA1 were very similar to the main axis of population
structure and to longitudinal variation, we employed a further strategy to filter out SNPs that were more
associated with either population structure or geography than with climate. We did not completely
discard SNPs correlated with either population structure or geography (in contrast to e.g. partial RDA,
BayPass or LFMM-LEA 4% because in our case climatic variation (and thus potential climate-
associated genetic variation) was correlated with population structure (PC1 of bioclimatic variables vs.
PC1 of population structure: r = 0.92, p < 0.001) and geography (PC1 of bioclimatic variables vs.
longitude: r = 0.88, p < 0.001). Consequently, by discarding SNPs correlated with either population
structure or geography, we would be removing the majority of climate-associated genetic variation 5951,
For each candidate SNP, we modelled the allele frequencies across populations as a function of: (1)
the first three PCs of bioclimatic variables (correlation with climate), (2) the first three PCs of population
structure (correlation with population structure), and (3) longitude (correlation with geography). For each
of the latter, we fitted linear regressions and calculated the R2. We then kept SNPs that had a higher
correlation with climate than with population structure and geography (higher R?), and had an R? with
climate > 0.5. When more than one SNP per contig existed, we only retained the SNP showing the
highest R? in the correlation with climate.

We then performed two differentiation-based analyses using OutFLANK v.0.2 52 and PCAdapt
v.4.3.3 53, OutFLANK infers the distribution of Fsr for loci that are unlikely to be under selection (based
on a trimmed distribution of Fst values) and then attempts to identify outlier loci that have elevated Fsr
values. Left and right trim fractions were set to 0.35 and 0.06 respectively, and the number of

populations was set to K = 2 based on the population structure results. Minimum heterozygosity required



for inclusion was 0.1 and the desired false discovery rate threshold was set to 0.05. PCAdapt detects
outlier loci with respect to how they are related to population structure without a priori grouping
individuals into populations. We retained two principal components based on the inspection of a scree
plot and we set an FDR threshold of 0.05 using the R package ‘qvalue’ v.2.16 4. Loci detected as
outliers by both OutFLANK and PCAdapt were considered differentiation outliers as they are more likely

to be under selection than outlier loci identified by a single method °.

Supplementary Methods 6: Demographic history reconstruction

To test the robustness of the DIYABC results, we performed the analyses using two different minor
allele frequency filters (> 0.01 and > 0.05). As we only aimed at including independent SNPs, we kept
a single SNP every 10 kbp (n = 7,643 SNPs). For model choice, we simulated a training set of 62,350
data sets (100,000 for parameter estimation) and calculated 130 summary statistics for observed and
simulated data. We used five noise variables and generated 500 random forest trees to select the most
likely scenario. For parameter estimation of the chosen model, we used 1,000 out-of-bag testing
samples. Due to a lack of biological information, we set broad priors drawn from uniform distributions
(Supplementary Table 9).

In addition, we used mitogenome coding-regions (15,663 bp) to estimate haplogroup ages
using Beast v.2.6.3 %¢. To find the best priors for Bayesian analysis, maximum likelihood (ML)
estimations were performed using the BaseML in PAMLX v.1.3.1 5 assuming a HKY85 mutation model
with gamma-distributed rates (approximated by a discrete distribution with 32 categories plus invariant
sites %859) and 17 partitions (one rate for each protein-coding gene, two for the rRNA genes, one for alll
tRNA and one for intergenic regions), using the tree obtained by the Maximum Parsimony approach.
We converted ML mutational distances into years by assuming an estimated split time between F.
tinnunculus and F. naumanni of 3.9 Mya (95% ClI: 2.7-5.2 Mya) . We then used Beast 2.6.3 with a
HKY substitution model (gamma-distributed rates plus invariant sites) and a relaxed clock (log-normal).
The clock value derived from BaseML (1.941x10® base substitution per nucleotide per year) was
entered as prior. The chain length was established at 50,000,000 iterations, with samples drawn every
1,000 Markov chain Monte Carlo (MCMC) steps after a discarded burn-in of 5,000,000 steps.



Supplementary Figures
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Supplementary Fig. 1 | A chromosome-level genome assembly for the lesser kestrel. a Hi-C interaction heatmap for the
assembly after manual curation. Both axes represent the linear sequence of the reference genome and the frequency at which
two DNA fragments physically associate in 3D space is shown by the colour intensity, with more intense colours representing a
higher physical association. b Snail plot summary of assembly statistics. The main plot is divided into 1,000 size-ordered bins
around the circumference with each bin representing 0.1% of the 1.22 Gbp assembly. The distribution of scaffold lengths is shown
in dark grey with the plot radius scaled to the longest scaffold present in the assembly (127 Mbp, in red). Orange and pale-orange
arcs show the N50 and N90 scaffold lengths (92 Mbp and 30 Mbp), respectively. The pale grey spiral shows the cumulative
scaffold count on a log scale with white scale lines showing successive orders of magnitude. The blue and pale-blue areas around
the outside of the plot show the distribution of GC, AT and N percentages in the same bins as the inner plot. A summary of
complete, fragmented, duplicated and missing BUSCO genes in the vertebrata_odb10 database is shown in the top-right. ¢ Hap-
mer blob plot of the lesser kestrel assembly. Each blob represents a contig, and its size is proportional to contig size. Red blobs
represent maternal haplotype contigs, whereas blue blobs represent paternal haplotype contigs. Each blob is plotted according
to the number of paternal and maternal hap-mers that it contains. The lack of paternal-specific hap-mers in the maternal assembly
and vice versa suggests that each contig was successfully phased.
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Supplementary Fig. 3 | Downsampling of loci does not affect patterns of population genetic structure in lesser kestrels.
Test performed to assess how the number of single-nucleotide polymorphisms (SNPs) from double-digest Restriction-Site
Associated DNA (ddRAD) data influenced the ability of Principal Component Analysis (PCA) to detect the primary axis of
population differentiation, which separates the Western and Eastern evolutionarily significant units (ESUs). Panels show PCAs
using (a) the complete linkage-pruned dataset comprising 27,853 SNPs; (b) 20,000 SNPs; (c) 10,000 SNPs; (d) 5,000 SNPs; (e)
2,000 SNPs; (f) 500 SNPs. Abbreviations for sampling localities are defined in Supplementary Table 1. Data are provided at

https://doi.org/10.5281/zenodo.14988067.
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Supplementary Fig. 4 | Heatmap of pairwise ®sr among sampling localities across the lesser kestrel breeding range.
Abbreviations are defined in Supplementary Table 1. Data are provided at https://doi.org/10.5281/zenodo.14988067.
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Supplementary Fig. 5 | Principal component analysis (PCA) based on lesser kestrel double-digest Restriction-Site
Associated DNA (ddRAD). Principal component 1 (PC1) and principal component 3 (PC3), which separates individuals from
Israel from the rest of individuals from the Western evolutionarily significant unit (ESU), are reported. Abbreviations for sampling
localities are defined in Supplementary Table 1. Data are provided at https://doi.org/10.5281/zenodo.14988067.
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Supplementary Fig. 6 | Coancestry matrix of lesser kestrel individuals across the global distribution range. Pairwise
coancestry coefficients based on double-digest Restriction-Site Associated DNA (ddRAD) data, colour-coded from low (yellow)
to high (black), and clustering dendrogram based on the coancestry matrix, with branches coloured according to the four fine-
scale genetic clusters (Iberian peninsula in red, Italian and Balkan peninsulas — including Turkey —in yellow, Israel in green and
Asia in blue) identified by the FineRADStructure structure analysis. Coloured bars at the left, top and right of the coancestry
matrix represent sampling localities of each individual (see Supplementary Table 1 for the explanation of abbreviations). Data
are provided at https://doi.org/10.5281/zenodo.14988067.
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Supplementary Fig. 7 | Haplotype genealogy graph of lesser kestrel mitogenome variation. A, B and C indicate haplogroup
affiliations. Node sizes are proportional to haplotype frequencies and are coloured by sampling locality in the main plot and by
geographical region in the inset. The inset is drawn collapsing haplotypes separated by less than one substitution (—e 1 option).
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Supplementary Fig. 8 | Variation in individual heterozygosity among lesser kestrel sampling localities. Individual
heterozygosity was expressed as the proportion of heterozygous sites per individual for each sampling locality (see
Supplementary Table 1 for the explanation of abbreviations), with mean values shown as horizontal black lines. The background
is coloured according to the four fine-scale genetic clusters identified by the fineRADStructure analysis (Supplementary Fig. 6).
Data are provided at https://doi.org/10.5281/zenodo.14988067.
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Supplementary Fig. 9 | Variation in heterozygosity across the lesser kestrel genome. Mean individual heterozygosity
expressed as the number of heterozygous single-nucleotide polymorphisms (SNPs) per Kb in nonoverlapping 1-Mb windows
across the autosomal genome using whole-genome sequencing (WGS) data for Western (top panel) and Eastern (bottom panel)
evolutionarily significant units (ESUs) (left); frequency distribution of per-window heterozygosity (right). Data are provided at
https://doi.org/10.5281/zenodo.14988067.
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Supplementary Fig. 10 | Neighbour-net network supporting the separation of lesser kestrel Western and Eastern
evolutionarily significant units (ESUs). The nearly star-like shape is consistent with the low differentiation among populations.
The outgroup branch (Falco tinnunculus, TIN) roots the network within the Eastern ESU, which is paraphyletic and suggests an
Asian origin for the species. Branches are coloured by sampling locality and abbreviations are defined in Supplementary Table
1. Data are provided at https://doi.org/10.5281/zenodo.14988067.
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Supplementary Fig. 11 | Admixture cross-validation plot for lesser kestrel double-digest Restriction-Site Associated
DNA (ddRAD) data. The plot highlights that K = 2 is the best supported number of clusters based on cross-validation. Data are
provided at https://doi.org/10.5281/zenodo.14988067.
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Supplementary Fig. 12 | Response curves to four bioclimatic variables for lesser kestrel species distribution models
(SDMs). Models were built for (a) the Western ESU during the breeding season, (b) the Eastern ESU during the breeding season,
(c) the Western ESU during the non-breeding season, and (d) the Eastern ESU during the non-breeding season. BIO1 (annual
mean temperature) and BIO7 (temperature annual range) are expressed in °C x 10; BIO12 (annual precipitation) and BIO15
(precipitation seasonality) in kg/m? per year.
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Supplementary Fig. 13 | Elevational distribution of lesser kestrels during the breeding and non-breeding seasons.
Raincloud plots of elevation (m a.s.l.) of the grid cells (100 m x 100 m) with lesser kestrel occurrence in the two evolutionarily
significant  units (ESUs) during the breeding and non-breeding seasons. Data are provided at
https://doi.org/10.5281/zenodo.14988067.
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Supplementary Fig. 14 | Lesser kestrel occurrence records and predicted distribution ranges. Dots show the original
occurrence data (pooled for 2.5 arc-minute grid cells) used for species distribution modelling together with the predicted current
breeding (dark-shaded colours) and non-breeding (light-shaded colours) distribution ranges for Western (orange) and Eastern
(blue) evolutionarily  significant units (ESUs) based on bioclimatic variables. Data are provided at
https://doi.org/10.5281/zenodo.14988067. Background maps were obtained from the rnaturalearth v.0.3.2 R package.
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Supplementary Fig. 15 | Manhattan plot showing lesser kestrel single-nucleotide polymorphism (SNP) associations with
the first redundancy analysis (RDA) axis. The climate-associated candidate SNPs are coloured in dark red (within genes) and
orange (outside genes), and SNPs more associated with population structure are coloured in yellow. Chromosomes are coloured
in alternating light and dark grey. Data are provided at https://doi.org/10.5281/zenodo.14988067.
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Supplementary Fig. 16 | Relative importance (R?) of bioclimatic variables in explaining variation in allele frequencies at
61 climate-associated SNPs according to a gradient forest (GF) analysis. Bioclimatic variables associated with temperature
are shown in red and those associated with precipitation are shown in blue (see Supplementary Table 5 for details of bioclimatic
variables). Data are provided at https://doi.org/10.5281/zenodo.14988067.
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Supplementary Fig. 17 | Schematic maximum parsimony phylogeny of 89 lesser kestrel mitogenomes. The tree was
rooted using the common kestrel (Falco tinnunculus) reference mitogenome. Numbers of nucleotide substitutions for the deepest
branches are shown as well as haplogroup and sub-haplogroup affiliations (above nodes). Except for A2, sub-haplogroups were
named only when encompassing at least two haplotypes. Coalescent age estimates for major nodes are reported. FnRS indicates
the F. naumanni reference sequence. FnAM indicates the reconstructed F. naumanni ancestral mitogenome. Abbreviations for
sampling localities are defined in Supplementary Table 1.
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Supplementary Fig. 18 | Temporal trends for the latitude of the centroid of the distribution range for both Western and
Eastern evolutionarily significant units (ESUs) during the breeding and non-breeding seasons. Future values are based
on projections under ‘extreme warming’ (UKESM1-0-LL; SSP5-8.5) (faded circles/lines) or ‘moderate warming’ future climate
(GFDL-ESM4; SSP3-7.0) (dark circles/lines). LIG: last interglacial period (approx. 120,000-140,000 years BP). Data are provided
at https://doi.org/10.5281/zenodo.14988067.



Supplementary Fig. 19 | Predicted non-breeding range for the Western and Eastern lesser kestrel evolutionarily
significant units (ESUs). Predicted ranges in the present (a, d) and in the future (2041-2070 [b, e] and 2071-2100 [c, f]) using
an ‘extreme warming’ future climate (UKESM1-0-LL; SSP5-8.5). This figure shows total predicted ranges before applying the
1,500 km-buffer  around known occurrence locations (see Methods). Data are provided at
https://doi.org/10.5281/zenodo.14988067. Background maps were obtained from the rnaturalearth v.0.3.2 R package.
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Supplementary Fig. 20 | Genetic offsets for lesser kestrel evolutionary lineages assuming ‘moderate warming’ future
climate. a Density plots of predicted genetic offsets in 2041-2070 for all breeding localities within the Western and Eastern
evolutionarily significant units (ESUs) showing slightly higher offsets for the Eastern one. Median values for each ESU are shown
as coloured vertical lines. b Predicted genetic offsets across the species current distribution range between the present and the
2041-2070 period based on projections assuming ‘moderate warming’ future climate (GFDL-ESM4; SSP3-7.0). The highest
offsets are in the western and northern part of the Eastern ESU's range. Data are provided at
https://doi.org/10.5281/zenodo.14988067. Background maps were obtained from the rnaturalearth v.0.3.2 R package.



Supplementary Tables

Supplementary Table 1. Details of lesser kestrel genetic samples for each sampling locality. Information includes locality
acronym and its description, the evolutionarily significant unit (ESU) individuals of each locality were assigned to, geographic
coordinates for each locality (average of sampling sites for that locality; see legend to Supplementary Data 1) and the number of
individuals available for genomic (double-digest Restriction-Site Associated DNA [ddRAD]) or mitogenomic (mtDNA) analyses.
Localities are sorted by increasing longitude (west to east).

Acronym Description ESU Longitude Latitude ddRAD mtDNA
POR Portugal Western -7.93 37.69 - 14
ESS Southern Spain Western -6.49 37.40 7 8
ESN Northern Spain Western -6.40 39.52 8 7
ITN Northern Italy Western 11.37 44.80 7 11
SIC Sicily Western 14.14 37.49 6 1
CRO Croatia Western 14.79 44.76 3 5
ITS Southern ltaly Western 16.60 40.67 8 14
GRG Western Greece Western 20.85 39.67 3 2
GRC Central Greece Western 22.61 39.52 5 4
GRL Eastern Greece Western 25.29 39.91 6 2
TUR Turkey Western 34.04 39.33 3 2
ISR Israel Western 35.07 32.60 8 7
KAZ Kazakhstan Eastern 47.34 47.98 4 4
RUS Southern Russia Eastern 94.58 50.47 6 3
MOS Southern Mongolia Eastern 106.93 42.57 4 2

MON Northern Mongolia Eastern 110.51 48.16 6 6




Supplementary Table 2. Assembly statistics, BUSCO results and annotation statistics for the lesser kestrel reference
genome.

Genome assembly statistics

Genome size (Gbp) 1.22

Number of scaffolds 290

Number of chromosomes 25 autosomes + ZW + MT
Genomic sequence assigned to chromosomes 98.92%

Scaffold N50 (Mbp) 91.8

Scaffold L50 6

Maximum scaffold length (Mbp) 127

GC percent 42

BUSCO (vertebrata_odb10) C:96.8% [S: 95.7%,D: 1.1%], F: 1.2%, M: 2.0%
Genes and pseudogenes 19,775
Protein-coding genes 16,079

Repeat content (Mbp) 263




Supplementary Table 3. Pooled land cover categories used in this study, the original land cover categories and their

descriptions.

Pooled land cover
category

Original land cover
category

Description

Forest

Shrubs

Herbaceous
vegetation

Bare

Cropland

Urban
Other

Closed forest,
evergreen needle leaf

Closed forest, deciduous
needle leaf

Closed forest, evergreen,
broad leaf

Closed forest, deciduous
broad leaf

Closed forest, mixed
Closed forest, unknown

Open forest,
evergreen needle leaf

Open forest,
deciduous needle leaf

Open forest,
evergreen broad leaf

Open forest,
deciduous broad leaf

Open forest, mixed
Open forest, unknown
Shrubs

Herbaceous vegetation

Herbaceous wetland

Bare / sparse vegetation

Cultivated and managed
vegetation/agriculture
(cropland)

Urban / built up

Moss and lichen

Snow and Ice
Permanent water bodies

Open sea

Tree canopy >70 %, almost all needle leaf trees remain green all year.
Canopy is never without green foliage

Tree canopy >70 %, consists of seasonal needle leaf tree communities
with an annual cycle of leaf-on and leaf-off periods

Tree canopy >70 %, almost all broadleaf trees remain green year
round. Canopy is never without green foliage

Tree canopy >70 %, consists of seasonal broadleaf tree communities
with an annual cycle of leaf-on and leaf-off periods

Closed forest, mix of types
Closed forest, not matching any of the other definitions

Top layer- trees 15-70 % and second layer mixed of shrubs and
grassland, almost all needle leaf trees remain green all year. Canopy is
never without green foliage

Top layer- trees 15-70 % and second layer mixed of shrubs and
grassland, consists of seasonal needle leaf tree communities with an
annual cycle of leaf-on and leaf-off periods

Top layer- trees 15-70 % and second layer mixed of shrubs and
grassland, almost all broadleaf trees remain green year round. Canopy
is never without green foliage

Top layer- trees 15-70 % and second layer mixed of shrubs and
grassland, consists of seasonal broadleaf tree communities with an
annual cycle of leaf-on and leaf-off periods

Open forest, mix of types
Open forest, not matching any of the other definitions

Woody perennial plants with persistent and woody stems and without
any defined main stem being less than 5 m tall. The shrub foliage can
be either evergreen or deciduous

Plants without persistent stem or shoots above ground and lacking
definite firm structure. Tree and shrub cover is less than 10 %

Lands with a permanent mixture of water and herbaceous or woody
vegetation. The vegetation can be present in either salt, brackish, or
fresh water

Lands with exposed soil, sand, or rocks and never has more than 10 %
vegetated cover during any time of the year

Lands covered with temporary crops followed by harvest and a bare
soil period (e.g., single and multiple cropping systems). Note that
perennial woody crops will be classified as the appropriate forest or
shrub land cover type

Land covered by buildings and other manmade structures
Moss and lichens

Lands under snow or ice cover throughout the year

Lakes, reservoirs, and rivers. Can be either fresh- or saltwater

Oceans, seas. Can be either fresh- or saltwater




Supplementary Table 4. List of genes with climate-associated single-nucleotide polymorphisms (SNPs) in the lesser
kestrel. These genes are potentially associated with processes that could be involved in divergent selection between lesser
kestrel Western and Eastern evolutionarily significant units (ESUs).

Gene Processes References Fst Chrom. Position
AATF thermal adaptation Paim et al. &' 0.09 1 110,958,111
ADORA2A adaptation to high altitude Granka et al. ®2 0.46 1 88,972,659
ALS2 memory formation Benjelloun et al. % 0.19 8 52,029,502
ANKS6 adaptation to high altitude Beckman et al. % 0.12 3 48,998,265
CACNA1C adaptation to high altitude; Zhang et al. %, Nudell et al. 0.18 5 23,819,707
circadian rhythm 66
CASK adaptation to high altitude; Wallberg et al. &, Gillespie & 0.06 2 83,204,973
memory formation Hodge 68
CDH8 thermal adaptation Ferris et al. ®° 0.22 15 8,559,930
CPNE4 thermal adaptation; differences Giinther & Coop "°, Delmore  0.12 4 1,711,128
in migratory routes etal.”
DPP4 adaptation to high altitude Wei et al. 0.33;0.28 8 41,192,565;
41,197,033
EMP2 circadian rhythm Fornietal. 7® 0.18 4 70,411,550
EPB41L2 adaptation to arid environments Mwacharo et al. ™ 0.12 6 55,440,652
EVI5 adaptation to high altitude Lietal ™ 0.27 11 16,538,701
FAR1 lipid metabolism Almugpbil et al. ® 0.10;0.13 10 10,525,363;
10,527,201
FASN thermal adaptation; lipid Chen etal. 7, Jayakumar et 0.40;0.31 1 127,269,272,
metabolism al.™® 127,298,912
HERC1 thermal adaptation; differences Paim et al. 5!, Asaduzzaman  0.19 7 22,766,867
in migratory routes etal. ™
KCNMB2 thermal adaptation; differences Delmore et al. ™", 0.12 13 21,763,163
in migratory routes Weldenegodguad et al. &
LDB3 lipid metabolism Garske et al. ' 0.12 9 40,414,188
NEO1 memory formation Branch et al. 0.25 7 1,514,106
PAK3 differences in migratory routes Cavedon et al. 8 0.22 14 4,147,928
PTPN5 adaptation to high altitude Qu et al. & 0.21 10 232,560
RNF43 adaptation to high altitude; lipid Micheletti et al. %, Deng et 0.06 1 100,606,921
metabolism; differences in al. 8, Belenguer et al. &
migratory routes
RORA adaptation to high altitude; Foll et al. ®, DallAra etal.®  0.11 7 21,564,660
circadian rhythm
SLC2A9 adaptation to arid environments ~ Marra et al. ®° 0.13 1 52,489,101
TACC3 thermal adaptation Bentley et al. *' 0.10 1 46,247,713
TECRL adaptation to arid environments Bhardwaj et al. % 0.10 1 65,498,010
ZBTB20 thermal adaptation; lipid Han et al. %, Liu et al. *, 0.12 5 6,320,742

metabolism; memory formation

Nielsen et al. %




Supplementary Table 5. Codes and description of bioclimatic variables used in this study. Codes and descriptions as
reported in the CHELSA v2.1 database .

Code

Description

BIO1

BIO2

BIO3

BIO4

BIOS

BIO6

BIO7

BIO8

BIO9

BIO10

BIO11

BIO12

BIO13

BIO14

BIO15

BIO16

BIO17

BIO18

BIO19

Annual mean temperature

Mean diurnal range [mean of monthly (max temp - min temp)]
Isothermality (BIO2/BIO7) (x100)

Temperature seasonality (standard deviation x100)
Max temperature of warmest month

Min temperature of coldest month

Temperature annual range (BIO5-BIO6)

Mean temperature of wettest quarter

Mean temperature of driest quarter

Mean temperature of warmest quarter

Mean temperature of coldest quarter

Annual precipitation

Precipitation of wettest month

Precipitation of driest month

Precipitation seasonality (coefficient of variation)
Precipitation of wettest quarter

Precipitation of driest quarter

Precipitation of warmest quarter

Precipitation of coldest quarter




Supplementary Table 6. Oligonucleotides employed for long-range PCR amplification of lesser kestrel mitogenomes.

The three primer pairs used to amplify fragments A, B and C are shown.

Fragment Primer name Sequence 5°-> 3’ Tm (°C) GC %
A Fn_16234 FOR TAGATTCCAGCCGCAACTTC 60 50
Fn_4910 REV TTGGTGGGAGTGTGATTGTG 60 50
B Fn_4730 FOR CTCCATAGTAACCGCCTCCA 60 50
Fn_10564 REV AGGTTGGGATTAGGGTTGCT 60 50
C Fn_10369 FOR AACCACCTCCAACATGAACC 60 50
Fn_16460 REV TGCTGGTTGTTTTGGATACG 59 45

Supplementary Table 7. Summary of breeding and non-breeding occurrence records of lesser kestrels. Datasets are listed in
decreasing order of numerical importance. No country/region is reported if a given dataset encompassed more than a single

country/region.

Dataset Country/region N records Reference
Western ESU
Breeding records
SEO census Spain 547  Bustamante ¥
LIFE FALKON archive Italy 415  Morganti et al. %; M. Morganti, unpubl. data
eBird breeding - 326  eBird *°
GBIF breeding - 185 GBIF.org *®
Genetic samples collection localities - 97  this study (Supplementary Table 1)
Breeding sites of tracked birds - 94 Saraetal ¥
Portugal Portugal 70 1. Catry, unpubl. data
Greece Greece 68 T. Bounas, unpubl. data
RU-BIRDS.RU - 3 Voltzit *
Armenia Armenia 1 Ananian '
Non-breeding records
GBIF non-breeding Sahel 118  GBIF.org *®
Non-breeding areas of tracked birds ~ Sahel 111 Saraetal ¥
Eastern ESU
Breeding records
GBIF breeding - 309 GBIF.org *®
Kazakhstan Kazakhstan 119  E. Bragin, A. Bragin and T. Katzner, unpubl. data
Mongolia Mongolia 99  B. Daavasuren and N. Batbayar, unpubl. data
RU-BIRDS.RU - 88  Voltzit *
Genetic samples collection localities - 23 this study (Supplementary Table 1)
eBird breeding - 19  eBird %
Non-breeding records
GBIF non-breeding southern Africa 3933 GBIF.org *®
Non-breeding areas of tracked birds  southern Africa 3 Milhouser "'




Supplementary Table 8. Permutation importance of selected bioclimatic variables included in lesser kestrel species
distribution models (SDMs). Values obtained from MaxEnt models based on 10 permutations, calculated using the command
provided in the R package SDMTune '°2 built for each season (breeding, non-breeding) and lineage (evolutionarily significant
unit, ESU).

Season/ESU Variable Permutation importance (s.d.)
Breeding West BIO1 67.2 (0.009)
BIO7 15.6 (0.003)
BIO12 16.6 (0.009)
BIO15 0.60 (0.001)
Breeding East BIO1 69.2 (0.020)
BIO7 14.2 (0.004)
BIO12 15.9 (0.004)
BIO15 0.80 (0.001)
Non-breeding West BIO1 11.9 (0.004)
BIO7 10.3 (0.006)
BIO12 5.2 (0.006)
BIO15 72.6 (0.020)
Non-breeding East BIO1 59.7 (0.009)
BIO7 9.2 (0.003)
BIO12 20.3 (0.005)
BIO15 10.8 (0.003)

Supplementary Table 9. Priors for DIYABC demographic modelling of lesser kestrel populations. All priors were set with
a uniform distribution. We defined the following temporal constraints: t3 > t2 > t1.

Parameter Parameter description Prior parameters

Minimum Maximum
NC Ancestral population size 10 1,000,000
N4 Population size of Asian 10 1,000,000
N3 Population size of Middle East 10 1,000,000
N2 Population size of Central and Eastern Europe 10 1,000,000
N1 Population size of Iberia 10 1,000,000
t1 Time of admixture in Central and Eastern Europe 0 10,000
t2 Time of admixture in Middle East 0 50,000
t3 Time of split between Western and Eastern ESUs 10 100,000
r1 Admixture rate from Iberia to Central and Eastern Europe 0.05 0.95

r2 Admixture rate from Europe to Middle East 0.05 0.95
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