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 1 

Selection through soft and incomplete sweeps 1 

underlies postglacial ecotype diƯerentiation in an 2 

Arctic wide-ranging ungulate  3 

Abstract 4 

Ecotypes oƯer a window into the earliest stages of adaptive divergence, before 5 

reproductive isolation is complete. In eastern Canada, migratory and boreal caribou 6 

(Rangifer tarandus caribou) represent a striking example of recent ecological 7 

divergence, diƯering primarily in movement strategy despite ongoing gene Ʋow. We 8 

used low- and high-coverage whole-genome sequencing from migratory and boreal 9 

populations in Quebec and Labrador to characterize the timing, demographic history, 10 

and genomic signatures of this divergence. Demographic modeling supported a 11 

secondary contact scenario, with an estimated divergence time roughly 7,000–12 

11,700 years ago, coinciding with the last deglaciation period. Despite weak overall 13 

population structure (genome-wide FST = 0.02) and evidence of continued gene Ʋow, 14 

we identiƱed distinct genomic peaks of diƯerentiation, nearly half of which coincided 15 

with divergent haplotype length (XP-nSL), a pattern consistent with recent, 16 

incomplete soft selective sweeps rather than classic hard sweeps. Combining 17 

diƯerentiation-, diversity-, and haplotype-based statistics proved essential for 18 



 2 

detecting this subtle selection signature. Candidate genes under selection point to a 19 

polygenic architecture spanning bone and connective tissue development (including 20 

antler-related pathways), mitochondrial energy metabolism, and other traits 21 

plausibly linked to the ecological diƯerences between ecotypes. Together, our results 22 

suggest that caribou ecotypes are not Ʊxed evolutionary endpoints but a dichotomy 23 

that can re-emerge from standing genetic variation as opportunity arises. 24 

Introduction 25 

 Ecotype is a widely used term in ecology to describe group-speciƱc 26 

phenotypic variation that may be linked to morphology, physiology, or behaviour. 27 

While ecotypes can occupy a wide space along the ecological speciation spectrum 28 

(Nosil, 2012), their adaptive divergence is maintained by partial barriers to gene Ʋow. 29 

This contrasts with the classic threshold for deƱning species that involves irreversible 30 

reproductive isolation such as hybrid unviability or sterility (Lowry, 2012). Partial and 31 

reversible barriers to gene Ʋow can involve diƯerences in phenology or habitat use 32 

during the mating season, reduced Ʊtness in hybrids, or strong selection against 33 

individuals dispersing outside their native habitat (Johannesson et al., 2026). As 34 

these barriers can have both spatial and temporal dimensions, ecotype pairs can be 35 

maintained in either allopatry (e.g., guppies Poecilia reticulata in high- and low 36 

predation environments, Torres-Dowdall et al., 2012), parapatry (e.g., forest and 37 

prairie deer mice Peromyscus maniculatus, Hager et al., 2022), or sympatry (e.g., full- 38 

and new-moon midge Clunio marinus, Fuhrmann et al., 2023). 39 
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There is an ongoing debate as to whether ecotypes and even species can routinely 40 

emerge without an initial period of geographical isolation (Jiggins, 2006; Bolnick & 41 

Fitzpatrick, 2007; Foote, 2018). Theory predicts that selection can overcome gene 42 

Ʋow if it is strong enough (Endler, 1977; Lenormand, 2002). However, demographic 43 

modeling of ecotype divergence rarely supports continuous gene Ʋow following a 44 

population split (e.g. Rougemont et al., 2017, but see Butlin et al., 2014 in Littorina 45 

saxatilis), and secondary contact following isolation in distinct glacial refugia has 46 

been associated with many cases of ecotypic divergence (e.g. Rougeux et al., 2019; 47 

Backenstose et al., 2024). By contrast, during the earliest stages of sympatric or 48 

parapatric divergence, phenotypic plasticity might allow the colonization of a novel 49 

habitat, promoting survival and establishment before positive selection can favor 50 

alleles that lead to heritable local adaptation, even though there is little empirical 51 

evidence to support this hypothesis (Levis & Pfennig, 2016; Levis et al., 2018; Castillo 52 

et al., 2024; Coates et al., 2025).  53 

The genomic basis of ecotypic divergence has been identiƱed in many systems 54 

(reviewed in Johannesson et al., 2026). Examples include the repeated implication of 55 

speciƱc genes in marine and freshwater three-spined sticklebacks (Gasterosteus 56 

aculeatus, Kingman et al., 2021) and the role of chromosomal inversions in ecotypes 57 

of Littorina saxatalis (Koch et al., 2022; Castillo et al., 2024). Such Ʊndings have 58 

largely emerged from comparisons of genomic variation between ecotypes, with 59 

genome-wide scans of genetic diƯerentiation providing a common approach for 60 

identifying candidate regions underlying ecological divergence (Hoban et al., 2016). 61 
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However, interpreting these patterns of diƯerentiation as signatures of selection 62 

requires caution. Metrics such as FST can conƲate reduced diversity with reduced 63 

gene Ʋow, since it is inƲated in low-recombination or low-diversity regions regardless 64 

of selection (Cruickshank & Hahn, 2014) and can be driven by demography alone 65 

(ExcoƯier et al., 2009). Genome-wide scans are nonetheless powerful to detect the 66 

signature of hard selective sweeps, where positive selection on a de novo mutation 67 

creates a dominant haplotype and decreases genetic variation in proximity (Maynard 68 

Smith & Haigh, 1974). Alternatively, soft selective sweeps create more subtle 69 

genomic signatures, since selection acts on multiple pre-existing haplotypes 70 

simultaneously. Soft sweeps might be more common in practice (Messer & Petrov, 71 

2013; Schrider & Kern, 2017) but can be harder to detect, especially if they are 72 

incomplete. Haplotype-based metrics have shown increased power compared to FST 73 

scans to detect soft and incomplete selective sweeps and are not dependent on 74 

recombination rates (Ferrer-Admetlla et al., 2014; Szpiech et al., 2021). 75 

Caribou and reindeer (both Rangifer tarandus) have a circumpolar range where 76 

ecotypes represent ecologically diƯerentiated populations that vary in habitat use, 77 

movement behaviour, and life-history strategies (COSEWIC, 2011). Eastern Canada 78 

is inhabited by the woodland caribou (R. tarandus caribou) subspecies, which 79 

comprises populations of the migratory, boreal and mountain ecotypes. 80 

Mitochondrial and microsatellite data indicate that caribou in Quebec and Labrador 81 

derive predominantly from a lineage that persisted through the Last Glacial Maximum 82 

in an eastern North American refugium prior to their northward expansion (Bergerud 83 
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et al., 2008; Yannic et al., 2014), with negligible introgression from the Beringian 84 

lineage from which it diverged approximately 70,000 years ago (Taylor et al., 2021; 85 

Hold et al., 2024). In Quebec, the migratory and boreal ecotypes provide a striking 86 

example of ecological divergence and diƯer mainly in their amplitude of movement. 87 

Migratory caribou form large herds that travel hundreds to thousands of km in yearly 88 

migrations from calving grounds in the tundra, where they aggregate to reduce 89 

predation risk and access seasonal food sources (Bergerud et al., 2008), to taiga 90 

wintering areas that allow for lichen foraging (Sharma et al., 2009). In contrast, 91 

individuals from boreal populations move over much shorter distances, travel in 92 

smaller, less cohesive groups, show weaker directionality, and space out to calve 93 

(COSEWIC, 2011). Partial reproductive isolation between ecotypes appears to be 94 

maintained through spatio-temporal separation, as overlap in habitats generally 95 

occurs after the end of the mating season (Boulet et al., 2007), although some GPS-96 

tracked caribou have been observed to change migratory behaviour across their 97 

lifetime (MELCCFP, unpublished data). Similar migratory-sedentary dichotomies 98 

recur around the globe at the tundra-boreal transition, but emerging genomic work is 99 

revealing that this diƯerentiation is shallow and polygenic, with independent origins 100 

rather than through a shared genetic basis (Cavedon et al., 2022; Pokharel et al., 101 

2023; Delgado et al., 2026). Identifying the genomic basis of these divergent 102 

ecological strategies can help elucidate how natural selection shapes genetic 103 

variation in recent ecotype diƯerentiation, particularly when divergence is 104 

maintained despite gene Ʋow. 105 
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Previous studies on R. tarandus of the North American lineage have examined 106 

peaks of diƯerentiation between the boreal and migratory ecotype using high-107 

coverage sequencing on limited sample sizes (Prunier et al., 2022; Delgado et al., 108 

2026) and demographic inference based on one-dimensional site-frequency spectra 109 

(SFS; Dedato et al., 2022). In this study, we leverage low and high coverage whole 110 

genomes from migratory and boreal populations in Quebec and Labrador to gather 111 

additional insight on the recent divergence of ecotypes and their subsequent gene 112 

Ʋow and adaptation. SpeciƱcally, we Ʊrst compared two-population demographic 113 

models to estimate the divergence time of ecotypes and migration rates while 114 

considering both continuous and discontinuous gene Ʋow. We then compared FST, 115 

diversity, and haplotype-based metrics along autosomes and the X chromosome to 116 

identify footprints of divergent selection between ecotypes. 117 

Methods 118 

Data collection and preprocessing 119 

We used raw whole-genome sequences produced in Carrier et al. (2022), focusing on 120 

samples collected from ear punches from boreal and migratory caribou populations 121 

in eastern Canada. Ecotype validation required at least two full years of telemetric 122 

tracking using GPS collars following the capture. The Val d’Or and Charlevoix 123 

populations were excluded because of their history of isolation or recent 124 

reintroduction. Samples showing elevated read-end nucleotide misincorporations 125 
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indicative of DNA degradation were also excluded. This resulted in 1) a low-coverage 126 

dataset of 111 caribou (40 migratory and 71 boreal), sequenced on NovaSeq 6000 127 

(Illumina), and 2) a high-coverage dataset of 16 caribou (6 migratory and 10 boreal), 128 

sequenced on HiSeq 4000 (Illumina). Migratory samples represented both the 129 

Rivière-aux-Feuilles (Quebec) and Rivière-George (Quebec – Labrador) herds, while 130 

boreal samples were taken across the Quebec range of the connected 131 

metapopulation (Fig. 1A). 132 

Both sets of raw reads were trimmed using fastp (Chen et al., 2018). We used 133 

bwa mem 0.7.18 (H. Li, 2013) with default setting to align trimmed reads on the 134 

Svalbard Reindeer (R. tarandus platyrhynchus) reference genome 135 

(GCA_949782905.1, Dussex et al., 2023). We used picard 3.1.0 (Picard Toolkit, 2019) 136 

to remove duplicate reads and clip overlapping ends of paired reads. We assessed 137 

the genome-wide individual depth of coverage after alignment and clean-up using 138 

mosdepth 0.3.5 (Pedersen & Quinlan, 2018). Sex assignments were veriƱed from 139 

relative X- and Y-chromosome coverage (Fig. S1), leading to reassignment of two 140 

samples and exclusion of one sample with ambiguous coverage. 141 

Population structure across ecotypes 142 

We Ʊrst assessed population structure in the low-coverage dataset using a genotype 143 

likelihood approach in ANGSD v0.940. Sites on autosomes presenting polymorphic 144 

SNPs were Ʊrst assessed using angsd −GL 2 -baq 2 -remove_bads 1 -minMapQ 30 -145 

minQ 20 -skipTriallelic 1 -uniqueOnly 1 -only_proper_pairs 1. For SNPs with at least 146 
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90% of samples (-setMinInd 0.9) with ≥1X (-setMinDepthInd 1), total depth under 8 147 

times the sampling size (-setMaxDepth), and minor allele frequency over 5% (-148 

minMaf 0.05), we ran ngsParalog (Linderoth, 2018) following Dallaire et al. (2023) to 149 

identify positions at which reads are likely to be mismapped due to paralogous 150 

sequence or repeated elements. ngsParalog likelihood ratios were compared to a χ2 151 

distribution and SNPs with a p value (adjusted by applying the Bonferroni procedure) 152 

under the threshold of 0.001 were considered as deviating from expecting patterns of 153 

heterozygosity and read ratio, likely to produce biased genotype likelihoods, and as 154 

such were excluded from the SNP list. 155 

 We calculated genotype likelihoods for Ʊltered SNPs in angsd and used ngsLD 156 

(Fox et al., 2019) to estimate linkage disequilibrium (LD) between SNPs within 500kb 157 

of each other. SNPs were iteratively pruned such that no pair within 100 kb had r² > 158 

0.1. We used the LD-pruned genotype likelihoods to estimate relatedness between 159 

individuals in ngsRelate (Hanghøj et al., 2019). For pairs with KING kinship > 0.09 160 

(second-degree relatives, Manichaikul et al., 2010), we removed one at random, 161 

retaining females (when possible) to maximize the sample available for X-162 

chromosome analyses. 163 

 We conducted principal component analysis (PCA) performed on the LD-164 

pruned dataset with PCAngsd v1.10 (Meisner & Albrechtsen, 2018). We then 165 

characterized population structure in more detail using NGSadmix (Skotte et al., 166 

2013), estimating individual ancestry proportions across a range of ancestral 167 

population numbers (K = 1 – 8). For each value of K, 50 independent replicates were 168 
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run. Replicates were clustered using CLUMPAK (Kopelman et al., 2015), and ancestry 169 

coeƯicients from the major mode were averaged for visualization. Model support was 170 

assessed from replicate consistency and ΔK (Evanno et al., 2005). 171 

 172 

Demographic inference 173 

We investigated the history of divergence between the migratory and boreal ecotypes 174 

by conducting demographic inference using fastsimcoal 2.28 (ExcoƯier et al., 2021). 175 

Rather than pooling all individuals within each ecotype, we restricted this analysis to 176 

two representative subsets to avoid conƲating within-ecotypes population structure 177 

with the migratory-boreal divergence signal. As such, we Ʊrst computed sample 178 

allelic frequency (SAF) likelihood for the Rivières-aux-Feuilles migratory herd (n = 18), 179 

then the boreal samples within the Nord-du-Québec region (n = 19, Fig. 1A). This was 180 

done using angsd -dosaf 5 -doMinorMajor 4 and all Ʊlters mentioned above, except 181 

for minimal MAF, in order to include rare variants and invariant sites. We used a copy 182 

of the reference genome where we masked regions within 75 bp of a deviant SNPs 183 

identiƱed by ngsParalog, to ignore repeated and paralogous sequences that 184 

introduce uncertainty on our read alignments and distort the SFS (Dallaire et al., 185 

2023). 186 

 We used winsfs (Rasmussen et al., 2022) on our SAF likelihood by ecotype to 187 

produce folded a 2D-SFS. This was done by chromosome for all autosomes, after 188 

which we summed the SFS. We compared four two-population models representing 189 
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strict isolation (SI), isolation with migration (IM), secondary contact (SC), and ancient 190 

migration (AM). For the best supported models, we tested if population growth or 191 

decline improved their Ʊt and estimated conƱdence intervals (95%) around 192 

demographic parameters (Supplementary Material). 193 

 194 

Detecting the footprint of divergent selection between ecotypes 195 

We estimated bootstrapped FST (bFST) and dxy between the two ecotypes, then θW, θπ, 196 

and Tajima’s D within the two ecotypes in 50 kb overlapping windows (step of 10 kb) 197 

along all autosomes and the chrX (Supplementary Material), after recomputing SAF 198 

and SFS as above on all migratory, then all boreal samples. Windows with the bFST in 199 

the top 0.2% across autosomes or on chrX were deƱned as peaks of diƯerentiation 200 

and considered as candidate regions for divergent selection between ecotypes. We 201 

complemented our FST approach with the cross-population extended haplotype by 202 

length (XP-nSL) in selscan v.3.0.0 (Szpiech & Hernandez, 2014), which detects 203 

diƯerences in haplotype length between populations. We Ʊrst imputed and phased 204 

our low-coverage dataset in Glimpse 2.0.1 (Rubinacci et al., 2021) after building a 205 

reference panel with the high-coverage dataset (Supplementary Material). We used 206 

the imputed genotypes to calculate XP-nSL in selscan between the migratory and 207 

boreal population. We then estimated the average normalized XP-nSL in sliding 208 

windows of 50 kb (step of 10 kb, as for previous statistics) and discarded windows 209 

containing ≤ 10 SNPs. We compared the XP-nSL distribution in peaks of 210 
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diƯerentiation (windows with bFST in the top 0.2%) and the genomic background 211 

(Supplementary Material), as well as the overlap between peaks of diƯerentiation and 212 

the windows in the top 0.2% of absolute XP-nSL. 213 

We compared θ statistics, Tajima’s D, and dxy in peaks of bFST or XP-nSL and 214 

the genomic background using CliƯ’s delta with block bootstrapping (Supplementary 215 

Material). We used both the raw dxy and one corrected for θπ (averaged across 216 

ecotypes), to which it was highly correlated. This approach is conceptually related to 217 

FST, in that both use within-population diversity to contextualize a measure of 218 

divergence. This residual-based correction is analogous to DA (Nei, 1987), acts as a 219 

complementary measure of diƯerentiation, and should be less sensitive to regions of 220 

low diversity than FST (Cruickshank & Hahn, 2014). To place our peaks of 221 

diƯerentiation associated with divergent selection between the migratory and boreal 222 

ecotypes in Quebec and Labrador in the context of a previous study (Prunier et al., 223 

2022), we mapped the Ʋanking regions of 15 previously identiƱed CNVs with adaptive 224 

potential to the Svalbard reindeer assembly using minimap2 (H. Li, 2018) (see Table 225 

S2) and compare their genomic positions with our candidate regions. 226 

 227 

Annotation and enrichment of gene ontology terms 228 

To test if some gene functions were overrepresented in putative targets of selection, 229 

we ran Gene Ontogology (GO) term enrichment analyses. Predicted genes were 230 

annotated by similarity to UniProt/Swiss-Prot using BLASTx, retaining genes with high-231 
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conƱdence matches (>70% query coverage and >50% identity). This yielded 19,507 232 

genes with predicted functions. We created three lists of candidate genes: those 233 

overlapping with the windows with 1) the top 0.2% bFST 2) the top 0.2% absolute XP-234 

nSL, and 3) the top 1% of both bFST and XP-nSL. We further divided the XP-nSL 235 

candidate genes for those with signs of position selection in migratory (XP-nSL > 0) or 236 

boreal (XP-nSL < 0) populations. Redundant nearby gene annotations were manually 237 

collapsed before enrichment analyses. We ran topGO 2.58 (Alexa & Rahnenführer, 238 

2017) on each list of genes, using all annotated genes on autosomes and X 239 

chromosomes as the background set. Because GO terms are hierarchically 240 

dependent, we used the weight01 algorithm without additional multiple-testing 241 

correction and interpreted enrichment results as exploratory. 242 

Results 243 

Data preparation and population structure 244 

Processing of raw reads yielded an average depth of coverage of 2.46X (sd = 0.41) for 245 

111 low-coverage samples (including 62 females) (Fig. S2). We identiƱed a total of 246 

13,131,713 SNPs across autosomes and chrX in the low-coverage dataset (Table S1). 247 

ngsParalog detected 2.88% of SNPs on autosomes and 13.35% on chrX as deviating 248 

from expected patterns of heterozygosity and allelic balance. For SFS based 249 

analyses, we masked low-conƱdence genomic regions within 75 bp of those deviant 250 

SNPs, which accounted for a total of 0.45% of autosome length (1.02% of chrX). By 251 
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using NGSrelate on the LD-pruned autosome low-coverage dataset (820,568 SNPs), 252 

we found one pair of samples with KING-robust relatedness coherent with full-253 

siblings or parent-oƯspring relationship (> 0.13), and Ʊve pairs with KING between 254 

0.09 and 0.13.  255 

PCA and admixture analyses conƱrmed clear genetic separation between 256 

migratory and boreal ecotypes (Fig. 1b), with admixture apparent in boreal 257 

populations of the Caniapiscau and Nord-du-Québec region (Fig. 2a). Among the 258 

boreal populations, substructure was evident in both the PCA (Fig. 1b) and admixture 259 

at K=4 (Fig. 2a), broadly dividing into western, central, and eastern groups, with 260 

individuals at lower latitudes showing purer ancestry than those at the northern edge 261 

of the range (Fig. 2B). 262 

Demographic inference of the divergence of ecotypes 263 

Among the four demographic models for the divergence of the migratory and boreal 264 

ecotypes tested in fastsimcoal, the secondary contact model (SC) provided the best 265 

Ʊt to the observed 2D-SFS (Fig. 3a), receiving the lowest AIC score across replicates 266 

(Fig. 3f). We considered isolation with migration (IM) as an alternative model as it 267 

showed the second lowest AIC value. For their run with the lowest AIC, both the IM 268 

and SC models showed simulated allele frequencies (Fig. 3b-c) similar to the 269 

observed 2D-SFS, with discrepancies more pronounced in the outer cells of the SFS 270 

(Fig. 3d-e). Adding growth factors to either or both populations did not improve the Ʊt 271 

of the IM or SC model (Fig. S3), and as such we interpreted models with constant 272 
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eƯective population sizes (Fig. 3g). Both models showed similar divergence time and 273 

Ne, with migratory Ne more than twice the boreal Ne (Table 1). The models mainly 274 

diƯered in the timing of migration: while IM included constant and low gene Ʋow from 275 

divergence to present, SC was characterized by a period of isolation after divergence, 276 

followed by subsequent (95% CI: 118 – 844 generations ago) gene Ʋow with migration 277 

rates slightly higher than those inferred from IM (Table 1). 278 

 Both models inferred migration rates that were approximately twofold higher 279 

from migratory to boreal population than in the reverse direction (Table 1). After 280 

converting migration rates to biologically intuitive forward-in-time migrants per 281 

generation, estimated gene Ʋow was slightly higher from migratory to boreal than 282 

from boreal to migratory populations. Nevertheless, the substantial overlap between 283 

the 95% conƱdence intervals suggests limited support for asymmetry in gene Ʋow 284 

between ecotypes since divergence. 285 

Imputation of low-coverage data and validation 286 

We called genotypes using the high-coverage data (n =16, including 9 females, mean 287 

depth of coverage = 36.8X, sd = 4.66) on 29,466,817 sites across autosomes and 288 

858,120 on chrX to build a phased reference for imputation of the low-coverage 289 

genotype likelihood. After imputation, we retained 9,824,284 and 156,455 SNPs on 290 

autosomes and chrX respectively with good imputation quality and MAF > 0.05. By 291 

comparing genotypes called from high-coverage data and imputed from subsampled 292 

reads for the same 19 samples across all populations studied, we found that samples 293 
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displayed between 98.6 and 99.2% of genotypes in concordance across all 294 

polymorphic SNPs (MAF > 1% in high-coverage samples). This percentage of 295 

concordance increased to 99.9% on SNPs with low MAF (1 – 5%) and reached 97.9% 296 

at higher MAF (40 – 50%). Migratory and boreal samples had similar genotype 297 

concordance after imputation (Fig. S4) 298 

Detection of divergent selection between the boreal and migratory 299 

ecotypes 300 

 Autosome-wide FST between migratory and boreal populations ranged 301 

between 0.021 and 0.026, while chrX had an average FST of 0.036 (Fig. S5). Mean 302 

permuted FST across 10 replicates averaged at 0.006 (0.009 on chrX) with little 303 

variation across 50kb windows (Fig. S5), leading to windowed FST and bFST 304 

(bootstrapped FST = FST – mean permuted FST) values that were highly correlated (rPearson 305 

= 0.994, Fig. S6). Across autosomes and chrX, 3,378 windows (1.41%) showed a 306 

mean normalized XP-nSL above 2 (longer haplotypes in migratory than boreal), while 307 

3,555 windows (1.48%) had a mean normalized XP-nSL below -2 (longer haplotypes 308 

in boreal than migratory), suggesting that positive selection acted on both ecotype to 309 

a comparable extent, although targeting diƯerent genomic regions and genes. bFST 310 

and absolute normalized XP-nSL showed a Pearson correlation of r2 = 0.41. 311 

The windows displaying the top 0.2% bFST (n = 479, bFst > 0.090 on autosomes, 312 

bFST > 0.174 on chrX) were arranged in 107 non-overlapping peaks across the 313 

genome, 48 of which overlapped windows with |XP-nSL| > 2. The top bFST windows on 314 
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autosomes had a median absolute normalized XP-nSL of 1.60 (Fig. 4b), compared to 315 

an expected median of 0.43 (sd = 0.05) under block bootstrapping of the autosomal 316 

genome, which represent a large eƯect size (CliƯ δ = 0.65, Table S3). Among known 317 

CNVs with adaptive potential in migratory or boreal caribou (Prunier et al., 2022), 318 

three overlapped the top 0.2% bFST windows. 319 

The windows displaying the top 0.2% absolute normalized XP-nSL (n = 478, 320 

|XP-nSL| > 3.34 on autosomes, |XP-nSL| > 4.13 on chrX) showed 51 distinct peaks with 321 

XP-nSL > 0 and 68 distinct peaks with XP-nSL < 0. The top |XP-nSL| windows on 322 

autosomes had a median bFST of 0.064, compared to an expected median of 0.015 323 

(sd = 0.001), which represented a very large eƯect size (CliƯ δ = 0.95). The top 0.2% 324 

bFST and top 0.2% |XP-nSL| had 62 windows (22 distinct peaks) in common, and 325 

relaxing thresholds to the top 1% identiƱed 484 windows (129 distinct peaks) in 326 

overlap. 327 

bFST and |XP-nSL| were both poorly correlated to dxy and θ metrics, with the 328 

strongest correlation being between |XP-nSL| and minimum θπ across ecotypes (r2 = -329 

0.212) (Fig. S6). However, we detected a moderate eƯect size when comparing 330 

autosomal genome-wide θ metrics to median in peaks of bFST (CliƯ δ = -0.40 to – 0.29, 331 

Table S3, Fig. S7) and peaks of |XP-nSL| (δ = -0.65 to – 0.41, Fig. S8), suggesting that 332 

genomic regions under putative selection showed decreased genetic diversity. We 333 

also observed that absolute diƯerence in Tajima’s D between ecotype was stronger 334 

in peaks of bFST (δ = 0.482) and even more pronounced in peaks of |XP-nSL| (δ = 0.765), 335 
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where the ecotype on which positive selection was inferred (based on the sign of XP-336 

nSL) consistently showed the lowest Tajima’s D (Fig. 5). 337 

Gene ontology enrichment 338 

We conƱdently annotated by homology the function of 18,444 genes across 339 

chromosomes. We build three gene lists (Table S4) to reveal Gene Ontology (GO) 340 

terms that were more frequent that expected: genes overlapping 1) top 0.2% bFST 341 

windows (169 genes); 2) top 0.2% |XP-nSL| windows (136 genes); and 3) both top 1% 342 

bFST and top 1% |XP-nSL| windows (178 genes). The second list included 85 genes 343 

with XP-nSL > 0 (inferred positive selection in the migratory ecotype) and 51 with XP-344 

nSL < 0 (positive selection in the boreal ecotype). Analyses revealed many enriched 345 

GO terms (p-value < 0.05, Table S5), with notable mentions including cuticle 346 

development, regulation of ossiƱcation, actin Ʊlament polymerization, hair follicle 347 

development, locomotory exploration behavior, and visual perception. 348 

Discussion 349 

Leveraging low-coverage whole-genome sequencing across 121 migratory and boreal 350 

caribou from Quebec and Labrador, we found weak population structure between the 351 

ecotypes (genome-wide FST = 0.02), consistent with recent split and gene Ʋow rather 352 

than long-standing isolation. Our demographic modelling suggest that the migratory 353 

and boreal ecotypes diverged around the onset of the Holocene, through an initial 354 

period of allopatry followed by gene Ʋow. Despite the recent divergence, we found 355 
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numerous distinct peaks of diƯerentiation that coincided with longer haplotypes in 356 

one ecotype than the other, which suggest that positive selection has shaped 357 

diƯerentiation at speciƱc loci. The moderate magnitude of these peaks (FST < 0.2) and 358 

only modest reductions in diversity within them point to recent, incomplete soft 359 

sweeps acting on standing genetic variation, rather than hard sweeps on new 360 

mutations. Such signals would likely have been harder to detect from diƯerentiation-361 

based metrics alone (Zheng & Wiehe, 2019), underscoring the value of haplotype-362 

based statistics in a system this young. 363 

Post-glacial divergence of caribou ecotypes 364 

Our demographic modeling of the evolutionary trajectories of the migratory and 365 

boreal ecotypes of caribou in Quebec and Labrador points toward their recent 366 

divergence through initial allopatry followed by gene Ʋow, with an estimated time 367 

since population split of 993 – 1,670 generations (IC 95%). Assuming a generation 368 

time of 7 years (COSEWIC, 2017), this translates to 6,951 to 11,690 years ago. While 369 

the Laurentide ice sheet that covered most of North America above the 45th parallel 370 

started melting 18,000 years ago, the current range of the populations studied here 371 

were among the last landscapes to remain glaciated, until roughly 6,000 years ago 372 

(Dalton et al., 2020). As such, our estimates are consistent with the initiation of 373 

reproduction isolation between ecotypes during the deglaciation period. Pollen 374 

evidence suggest that, at the height of glaciation, tundra was mostly absent from the 375 

eastern regions of North America outside a thin strip along the ice margin (Overpeck 376 

et al., 1992; Williams et al., 2000; Li et al., 2024a). There is, however, evidence for 377 
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multiple geographically distinct glacial refugia for caribou further south (Klütsch et 378 

al., 2012), the easternmost candidate being the Appalachian Mountains, which likely 379 

supported a common gene pool rather than the alternative migratory strategies 380 

observed today. 381 

 Based on early Holocene fossil and pollen records, Bergerud et al. (2008) 382 

suggested two concurrent routes for the northward expansion of this ancestral 383 

caribou population, starting 13,000 – 11,000 years ago: 1) toward the forested Great 384 

Lakes, then following the advance of the boreal forest to higher latitude, and 2) toward 385 

the Canadian Maritimes, St-Lawrence River coast, then Labrador, where a taiga-386 

tundra complex followed the retreat of the ice sheet (Payette et al., 2002). Our 387 

demographic modelling lends support to a similar scenario of two potential routes, 388 

where allopatry between alternate recolonization routes displaying diƯerent habitats 389 

could have favored the adaptation of populations through diverging ecotypes, before 390 

their secondary contact after the end of deglaciation (826 – 5,908 years ago in our 391 

model). We note, however, that failure to account for Ne Ʋuctuations can bias support 392 

toward secondary contact models (Momigliano et al., 2021). We therefore treat the 393 

SC/IM distinction as tentative considering the wide variation of population size in 394 

migratory herds (Morneau & Payette, 2000). We also emphasize that Ne values 395 

estimated here should be interpreted as long-term historical eƯective population 396 

sizes, providing insight in the evolutionary history of ecotypes rather than reƲecting 397 

recent declines in population Ne, as inferred in Dedato et al. (2022). 398 
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A recent genomic comparison of ecotypes in Quebec and Ontario found 399 

boreal populations to be genetically connected across provinces, while migratory 400 

herds on either side of James Bay showed limited genetic similarity (Delgado et al., 401 

2026). This pattern is consistent with the possibility that the migratory ecotype 402 

evolved independently in the two regions, rather than originating from a single 403 

ancestral migratory population. In Ontario, it has been proposed that the migratory 404 

ecotype could be derived from introgression from the Beringian lineage (Klütsch et 405 

al., 2016). However, the traces of this introgression are minimal in Quebec-Labrador 406 

populations (Yannic et al., 2018). As such, we argue that repeated ecotype formation 407 

in caribou could stem from the underlying behavioural plasticity between migratory 408 

and sedentary strategies documented across populations (Theoret et al., 2022), 409 

followed by adaptation to local environmental conditions. 410 

Soft selective sweeps across the genome 411 

Despite the recent divergence of ecotypes and the contemporary gene Ʋow, we found 412 

patterns consistent with divergent selection. Signals of FST and XP-nSL were only 413 

partly congruent, with roughly half of diƯerentiation peaks also showing diƯerences 414 

in haplotype length between ecotypes. This partial overlap could reƲect false 415 

positives but also diƯerent sensitivities between methods: XP-nSL can detect 416 

younger, in-progress sweeps before allele frequencies diverge enough to elevate FST, 417 

and this time lag between haplotype- and frequency-based methods is well 418 

documented (Nielsen, 2005; Sabeti et al., 2006). Tajima's D was consistently 419 

reduced, although not necessarily negative, for the ecotype under inferred selection 420 
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at XP-nSL peaks, and dxy remained higher than expected from its genome-wide 421 

relationship with θπ. Both patterns are pointing to a recent, ecotype-speciƱc 422 

reduction in diversity rather than the long-standing eƯect of low recombination 423 

(Cruickshank & Hahn, 2014). Together, these metrics converge most clearly on XP-424 

nSL peaks, and their combined signature (modest θ reduction, moderate bFST, and a 425 

relative enrichment in rare alleles) is consistent with ongoing, incomplete sweeps 426 

rather than Ʊxed, hard sweeps. This underscores the added value of multiple, 427 

complementary metrics to detect selection in young and diverging lineages. 428 

 This selective signature of divergence contrasts with the case of the Svalbard 429 

reindeer ecotype, whose colonisation of the Eurasian Arctic archipelagos appears to 430 

have occurred during the early to mid-Holocene, with mitochondrial divergence 431 

among the island populations estimated at ~8,000 years ago (Hold et al., 2024). 432 

Genomic analyses revealed a selective signature characterized by pronounced drops 433 

in diversity around diƯerentiation peaks and a large, well-resolved set of GO terms 434 

tied to cold tolerance, fat metabolism, and circadian regulation (Dussex et al., 2025). 435 

This architecture is the result of the survival and adaptation of the Svalbard 436 

population in the face of severe bottlenecks, hostile environments, and the absence 437 

of gene Ʋow with population outside the island. The comparison with our system 438 

highlights the importance of demography and selective strength on the shape and 439 

detectability of genomic footprints of local adaptation. Nonetheless, the 440 

convergence of multiple genomic signals allowed us to conƱdently identify targets of 441 

divergent selection in the ecotype pair in Quebec and Labrador, where divergence is 442 
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recent and gene Ʋow ongoing, conditions under which selection signatures are 443 

expected to be faint and easily missed by any single method. 444 

Local adaptation through complex traits 445 

 The genomic architecture of local adaptation we revealed here can be 446 

qualiƱed as highly polygenic, involving genes with diverse functions, as can be 447 

expected given the diversity of traits that underlie the ecotypic diƯerences between 448 

boreal and migratory caribou. Because these ecotypes occupy diƯerent habitats for 449 

most of the year, they are exposed to diƯerences in abundance and variety of food 450 

sources (Webber et al., 2022), exposure to parasites (Witter et al., 2012; Raponi et al., 451 

2018) and predators (Leblond et al., 2016; Michelot et al., 2024), and energetic 452 

demands linked to movement across the landscape. Boreal caribou populations also 453 

occur at lower densities (Callaghan et al., 2010) than migratory herds, which can 454 

aggregate by the tens of thousands during spring and summer. These ecological 455 

diƯerences may generate trade-oƯs and adaptive pressures, which could be 456 

reƲected in the elevated diƯerentiation and signatures of selective sweeps we 457 

detected at candidate genes. Circadian clock genes have repeatedly been associated 458 

with migration propensity or timing in salmonids (O’Malley et al., 2010), birds (Bossu 459 

et al., 2022), and even caribou (Cavedon et al., 2022), but here we did not Ʊnd any 460 

such genes in the candidate windows under selection. This supports the idea that the 461 

mutations driving the genomic patterns investigated are linked to local adaptation 462 

following the divergence in migratory strategy, rather that reƲecting the causal 463 

mechanisms leading to the migratory behaviour. 464 
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 Among the outlier loci, several candidate genes point to plausible axes of 465 

ecotypic divergence. A group of genes involved in bone and connective tissue 466 

development stood out, including osteocalcin, a key regulator of bone mineralization. 467 

DKK1, an antagonist of canonical Wnt/β-catenin signaling (Chen et al., 2008), and 468 

SMAD2, a mediator of TGF-β signaling (Matsumoto et al., 2012), were also detected 469 

as outliers. Both these signaling pathways and osteocalcin are directly involved in 470 

antler growth in cervids (Baxter et al., 1999; Mount et al., 2006; Li et al., 2024b). This 471 

convergence of independently detected candidate genes on antler-relevant 472 

pathways suggests that this group of candidates may reƲect selection on antler-473 

related traits. Antlers are linked to both male and female caribou Ʊtness through 474 

access to winter forage, intra and inter-sexual competition, and defense against 475 

predators (Schaefer & Mahoney, 2001), but also represent high energetic costs (Moen 476 

& Pastor, 1998). As such, they provide a prime target for adaptive trade-oƯs in the 477 

varying environments occupied by ecotypes. However, we note that these genes are 478 

broadly pleiotropic and could equally underlie other aspects of growth or bone 479 

turnover unrelated to antlers. 480 

 A further set of outliers, although not supported by formal GO enrichment 481 

analyses, is loosely associated with mitochondrial structure and energy metabolism. 482 

These include several components of the mitochondrial respiratory chain and its 483 

assembly machinery (COX6C, UQCC4, PDSS2), mitochondrial structure (MIC10, 484 

MIC27, TIMM50, TOMM6), or mitochondrial energy production (ECI1, BCKDHB). This 485 

pattern is noteworthy given the strong contrast in locomotor demands between 486 
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migratory and boreal caribou. Long-distance migration requires sustained aerobic 487 

energy production, and comparative studies in migratory birds have shown that 488 

migration is associated with increased mitochondrial abundance and oxidative 489 

capacity in Ʋight muscle (Coulson et al., 2024; Rhodes et al., 2024). Similar seasonal 490 

increases in mitochondrial oxidative enzymes and lipid metabolism have also been 491 

documented in migratory bats (McGuire et al., 2013). Although our data do not 492 

establish a direct functional link between these candidate genes and aerobic 493 

performance, their involvement in mitochondrial structure and energy metabolism 494 

provides a plausible functional context for their association with the migratory 495 

ecotype. 496 

Interestingly, three of the SNP-based peaks of diƯerentiation were overlapping 497 

copy-number variants previously identiƱed as potentially involved in the local 498 

adaptation of migratory and boreal caribou in Quebec and Labrador by Prunier et al. 499 

(2022). In these cases (e.g. Fig. 4b), the SNPs and CNV are most likely in physical 500 

linkage disequilibrium, and while we cannot conƱdently identify the mutation 501 

creating gains in Ʊtness behind the inferred selection, we can safely assume the CNV 502 

has more potential to create phenotypic eƯects than single SNPs, through changes 503 

in gene dosage, expression, or the deletion or duplication of coding regions (Ohno, 504 

1970; Iskow et al., 2012). While we did not test for their presence, chromosomal 505 

inversions might be another type of structural variants that underly the diƯerentiation 506 

in SNPs observed between ecotypes, for example in large regions of consecutive top 507 

candidate FST windows such as on chromosome 33 (~350 Mb, Fig. 4b).  508 
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Conclusion 509 

 While the genomic study of speciation has often focussed on lineages that are 510 

already advanced on the path toward reproductive isolation, the study of ecotypes 511 

can inform on the early establishment of such isolation. Our study adds evolutionary 512 

context for the mosaic of ecotypes observed around the globe in Rangifer tarandus. 513 

Our results support the view that the migratory and sedentary ecotypes are not Ʊxed 514 

evolutionary endpoints but a dichotomy that can re-emerge from standing genetic 515 

variation whenever the opportunity arise through glacial cycles. This process is closer 516 

to repeated ecological sorting than to the Ʊxation of a conserved genomic basis for 517 

movement strategy. In the present case, the complex and shifting landscapes of the 518 

deglaciation period may have allowed a period of allopatry that led to the adoption of 519 

distinct life-history traits and initiated the process of local adaptation that we observe 520 

through the footprint of divergent selection across the genome. 521 

Caribou ecotypes face mounting challenges, amongst which are the loss of 522 

safe, eƯective migration corridors (Joly et al., 2025) and the shrinking of large, 523 

undisturbed landscapes (Mackey et al., 2023) needed to avoid predation (Dickie et 524 

al., 2023). Preserving genetic diversity within both ecotypes should help support the 525 

species' capacity to adapt to an increasingly fragmented landscape and a warming 526 

climate. Because no genetic variants appear to act deterministically on ecotype, 527 

gene Ʋow between migratory and boreal caribou is unlikely to erode either strategy 528 

and may instead help maintain diversity, or even supplement demographically 529 

declining local populations. Clarifying how, when, and where this connectivity is 530 
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maintained, and quantifying the impact of immigration on the size of smaller 531 

populations, will be important next steps in translating our results into management 532 

considerations. 533 

 534 
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Figure legends 931 

Figure 1: a) Capture sites for migratory (square) and boreal (round) caribou samples 932 

analysed in this study. Smaller points were sequenced at low coverage and larger 933 

points at high coverage. Quebec and Labrador distribution range for the migratory 934 

(orange, annual ranges, MELCCFP, 2018-2024) and boreal (green, distribution range, 935 

MELCCFP, 2019) ecotypes are displayed in shaded areas, with the dashed line 936 

showing the northern limit of observations for boreal caribou in Québec at the time 937 

of sampling. b) First two axes of a principal component analysis for the covariance of 938 

genotype likelihoods at 820,568 genome-wide SNPs. 939 

Figure 2: a) Individual proportion of ancestry for K = 2 and 4 ancestral populations, 940 

CLUMPAK-averaged over replicate runs in the major mode (out of 50 runs). Individuals 941 

were grouped by population (migratory) or region (boreal) and ordered by longitude of 942 

capture site within regions. b) Pie charts depicting ancestral proportion (K = 4) of 943 

samples at their capture site. Individuals captured within 50 km had their ancestry 944 

proportion averaged and grouped in pie chart of area proportional to their sample 945 

size.  946 

 Figure 3: a) Observed two-dimensional site-frequency spectrum (2D-SFS) in 947 

migratory (Rivière-aux-Feuilles) and boreal (Nord-du-Québec) populations of 948 

caribou. b-c) Simulated 2D-SFS from the run with the lowest AIC for the isolation with 949 

migration (IM) and secondary contact (SC) models. d-e) Ratio of observed and 950 

simulated site frequency by minor allele count class. Classes with less that 10 sites 951 
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in either the observed or simulated 2d-SFS were not displayed. f) Akaike Information 952 

Criterion (AIC) for 100 runs of each competing demographic models. g) Forward-in-953 

time representation of the IM (blue) and SC (yellow) models. Width of rectangles are 954 

proportional to Ne (range : 14,467 – 31,384) and line width of arrows is proportional to 955 

the number of migrants per generation (9.9 – 17.2). 956 

Figure 4: a-b) Genome-wide distribution of bFST between migratory and boreal 957 

populations. Lines represent bFST values in 50kb windows (window step of 10kb), 958 

while points highlight the top 0.2% of values. Points are colored to reƲect the average 959 

normalized XP-nSL in top bFST windows, with darkest colors for normalized XP-nSL 960 

above 2 (orange) or below -2 (green), as displayed in panel c). The dashed horizontal 961 

line indicates the mean bFST across autosomes or chrX. Blue arrows denote the 962 

position of putatively adaptive CNVs from Prunier et al. 2022. Unannotated tick marks 963 

in panel a) denote 25 Mb increments. c) Density plot for normalized XP-nSL in 964 

windows with bFST in the top 0.2% (solid outline and colored area) or other windows 965 

(dashed outline). 966 

Figure 5: Comparison of Tajima’s D in windows of 50 kb for the boreal and migratory 967 

ecotype. Black points show the distribution across autosomes, while colored points 968 

highlight windows with a) the top 0.2% bFST in light and dark (for windows with average 969 

|XP-nSL| > 2) red, and b) the top 0.2% |XP-nSL| in orange (XP-nSL > 0) and green (XP-970 

nSL < 0). Violin and boxplots show the distributions of Tajima’s D for genome-wide 971 

and top candidate windows along the axes. 972 
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Table 1: Parameter estimates and 95% conƱdence intervals estimated by 974 

parametric bootstrap for eƯective population sizes (Ne) of caribou in Quebec and 975 

Labrador, timing of demographic events (in generations before present), migration 976 

rates and number of migrants per generation for the isolation with migration and 977 

secondary contact demographic models. Migration directionality is presented 978 

forward in time, and number of migrants per generation is a product of the migration 979 

rate and the Ne of the sink population. 980 

Parameter 

Isolation with migration Secondary contact 

Parameter 
estimate 

IC 95% 
Parameter 
estimate 

IC 95% 

Ancestral Ne 31,147 
37,081 

38,651 
31,384 

37,297 

38,431 

Migratory Ne 26,792 
29,017 

37,484 
27,899 

30,234 

36,829 

Boreal Ne 14,467 
14,588 

21,346 
14,596 

14,994 

20,441 

Divergence time 1,229 
995 

2,047 
1,041 

993 

1,670 

Secondary contact 
time 

-- -- 333 
118 

844 

Boreal → migratory 
migration rate 

3.68 x 10-4 
1.19 x 10-4 

4.63 x 10-4
 

4.9 x 10-4
 

2.5 x 10-4 

10.6 x 10-4
 

Migratory → boreal 
migration rate 

7.81 x 10-4
 

4.16 x 10-4 

8.97 x 10-4
 

11.8 x 10-4
 

6.4 x 10-4 

18.8 x 10-4
 

Boreal → migratory 
migrants/generation 

9.9 
4.4 

13.6 
13.7 

8.9 

34.4 

Migratory → boreal 
migrants/generation 

11.3 
8.6 

13.2 
17.2 

12.9 

34.5 

 981 

 982 
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