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Abstract 12 

The three-spined stickleback (Gasterosteus aculeatus) is an important model system for 13 

the study of parallel evolution in the wild, having repeatedly colonized and adapted to 14 

freshwater from the sea throughout the northern hemisphere. Previous studies identified 15 

numerous genomic regions showing consistent genetic differentiation between freshwater 16 

and marine ecotypes, but these had typically limited geographic sampling and mostly 17 

focused on the Eastern Pacific region. We analysed population genomic data from the 18 

three-spined stickleback marine and freshwater ecotypes covering the entire species’ 19 

range to detect loci involved in parallel evolution at different geographic scales. Most 20 

signatures of parallel evolution were unique to the Eastern Pacific and trans-oceanic 21 
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marine-freshwater differentiation was restricted to a limited number of shared genomic 22 

regions, including three chromosomal inversions. Based on simulations and empirical 23 

data, we demonstrate that this could result from the stochastic loss of freshwater-adapted 24 

alleles during the invasion of the Atlantic basin and selection against freshwater-adapted 25 

variants in the sea, both of which can reduce standing genetic variation available for 26 

freshwater adaptation outside the Eastern Pacific region. Moreover, the elevated linkage 27 

disequilibrium associated with marine-freshwater differentiation in the Eastern Pacific is 28 

consistent with secondary contact between marine and freshwater populations that 29 

evolved in isolation from each other during past glacial periods. Thus, contrary to what 30 

earlier studies from the Eastern Pacific region have led us to believe, parallel marine-31 

freshwater differentiation in sticklebacks is far less prevalent and pronounced in all other 32 

parts of the species global distribution range. 33 

 34 

Keywords: Gasterosteus aculeatus; genetic differentiation; linkage disequilibrium; local 35 

adaptation; parallel evolution  36 
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Introduction 37 

The extent to which the evolution of similar phenotypes arises by selection acting on 38 

shared ancestral polymorphism (i.e. parallel evolution1) or via distinct molecular 39 

evolutionary pathways (i.e. convergent evolution2-4) is a major question in evolutionary 40 

biology. A powerful approach to disentangle these processes is to study the genomic 41 

architecture underlying the repeated evolution of similar phenotypes in similar 42 

environments. After the retreat of Pleistocene glaciers, marine three-spined sticklebacks 43 

(Gasterosteus aculeatus) colonized many newly formed freshwater habitats and adopted 44 

similar changes in a number of morphological, physiological, life history and behavioural 45 

traits5-9. Thus, this species has become one of the most widely used model systems to 46 

study the molecular basis of adaptive evolution in vertebrates in the wild10. 47 

Previous studies of the three-spined stickleback model system have quantified the extent 48 

of parallel evolution by identifying genomic regions that are consistently differentiated 49 

between marine and freshwater ecotypes sampled across different geographic areas3,11-18. 50 

The focus has historically been on the Eastern Pacific region11,13,14,19-21, but several recent 51 

studies have focused on Atlantic populations12,15-18. However, only two studies have thus 52 

far included samples from a larger (global) geographic range3,11. Based on whole genome 53 

sequence data from a limited number of individuals from Eastern Pacific and Atlantic 54 

populations (n = 21), Jones et al.11 identified ~200 genomic regions that consistently 55 

separated marine and freshwater individuals globally, representing roughly 0.5% of the 56 

dataset. They also found that 2.83% of the genome showed signatures of parallel selection 57 

in Eastern Pacific freshwater locations – approximately six times more than that at the 58 

global scale (tree i, Supplementary Fig. 2 and Supplementary Table 7 in Jones et al.11 – 59 

suggesting that more loci contribute to parallel evolution at smaller geographic (regional) 60 
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scales. However, since this pattern was unique to the Eastern Pacific (and the focus was 61 

on global parallelism) its implications for a holistic understanding of marine-freshwater 62 

differentiation at both regional and global scales was never discussed. Such global 63 

heterogeneous ecotype divergence is consistent with the results of several other studies 64 

as well. Focusing on 26 candidate genes in six pairs of marine-freshwater populations 65 

across the globe, DeFaveri et al.3 found that only ~50% of the genes under divergent 66 

selection were shared across more than three population pairs, and none were shared 67 

among all populations. This suggested a limited re-reuse of ancestral polymorphism at the 68 

global scale, implicating either an important role of convergent evolution at larger 69 

geographic scales3, or geographic heterogeneity in selective pressure among different3 70 

freshwater ecosystems3,4. Furthermore, studies focusing on parallel evolution within 71 

oceans, and even smaller geographic regions, show striking differences in the proportion 72 

of loci involved in parallel freshwater adaptation between Pacific and Atlantic regions11-73 

13,15-18,21. For instance, Terekhanova et al.17,18 recovered only 21 highly localized genomic 74 

regions involved in parallel freshwater differentiation in the White Sea, in contrast to 75 

Hohenlohe et al.13 and Nelson & Cresko21 who found large genomic regions involved in 76 

parallel freshwater differentiation across almost all chromosomes in the Eastern Pacific 77 

populations. Therefore, the potential mechanisms underlying this apparent large-scale 78 

geographic heterogeneity in genome-wide patterns of parallel evolution in three-spined 79 

sticklebacks remain unexplored. To this end, we analysed population genomic data from a 80 

comprehensive sampling of all major geographic areas inhabited by the three-spined 81 

stickleback, and employed unsupervised and supervised methods to detect loci involved in 82 

parallel marine-freshwater differentiation at different geographical scales. Based on earlier 83 

observations3,12,15-18,22, we hypothesize that the genetic parallelism in response to 84 

freshwater colonization by marine sticklebacks is heterogeneous at the global scale, and 85 
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that the degree of genetic parallelism is much stronger in the Eastern Pacific region than 86 

elsewhere. 87 

We further seek to understand and discuss the ultimate causes of the marked regional 88 

differences in genome-wide signatures of parallel genetic differentiation among ecotypes. 89 

To explain the mechanism behind the repeated use of the same alleles in independent 90 

freshwater populations of sticklebacks, Schluter & Conte1 proposed the “transporter 91 

hypothesis”. This hypothesis postulates that three-spined sticklebacks have repeatedly 92 

colonized and adapted to freshwater environments via selection on standing genetic 93 

variation in large marine populations. These freshwater-adapted alleles are in turn 94 

maintained in the marine populations by recurrent gene flow with previously colonized 95 

freshwater populations. Three-spined stickleback populations have persisted in the 96 

Eastern Pacific for approximately 26 Mya23-26 and from there recolonized the Western 97 

Pacific and Atlantic Ocean basins following local extinctions much more recently, during 98 

the late Pleistocene (36.9-346.5 kya27-29). During bottlenecks and founder events, rare 99 

alleles are lost at a higher rate than common alleles30,31. Since freshwater-adapted alleles 100 

exist in the marine populations only at low frequencies1, it is likely that they were lost to a 101 

higher degree than neutral variation during geographic range expansions from the Eastern 102 

Pacific (via the sea), thereby reducing the amount of standing genetic variation available 103 

for freshwater adaptation outside of the Eastern Pacific. To test this hypothesis, we used 104 

individual-based forward simulations designed to mimic the transporter hypothesis, and 105 

the general global population demographic history of three-spined sticklebacks outlined 106 

above. We conclude with a discussion on other potential biological and demographic 107 

explanations for the high degree of geographic heterogeneity in patterns of parallel 108 

genomic differentiation, and reflect upon the representativeness of the Eastern Pacific 109 

three-spined stickleback populations as a general model for the study of parallel evolution. 110 
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 111 

Results 112 

Marine-freshwater divergence determined by unsupervised and supervised 113 

approaches 114 

The Linkage Disequilibrium Network Analysis (LDna) was applied on a dataset including 115 

2,511,922 SNPs derived from 166 individuals worldwide to identify and extract clusters of 116 

highly correlated loci, i.e. sets of loci affected by the same evolutionary processes (LD-117 

clusters). The first step of LDna identified 214,326 loci that were in high LD with at least 118 

one other locus within windows of 100 SNPs (Supplementary Information 1). The next step 119 

of performing LDna on each chromosome separately (only using one locus from each LD-120 

cluster from step one; Supplementary information 1) resulted in 81 distinct LD-clusters. 121 

From these, a final 29 LD-clusters were obtained (pooling within chromosome LD-clusters 122 

whenever they were grouped by LDna in the final step; Supplementary information 1), 123 

containing a total of 71,064 loci (viz. Cluster 1-29). Eight of these LD-clusters associated 124 

with geographic structure and genetic parallelism are highlighted in Fig. 2a-h. Details of all 125 

29 clusters can be found in Extended Data Fig. 1 and Extended Data Fig. 7.  126 

LDna successfully recovered most of the previously identified regions from Jones et al. 127 

(2012) that differentiated marine from freshwater ecotypes, and failed to recover only small 128 

regions that had low coverage and relatively low levels of marine-freshwater differentiation 129 

(Supplementary Information 2 and Extended Data Fig.2). 130 

 131 

Trans-oceanic marine-freshwater parallelism 132 
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LD-clusters 5, 6, 10, 11, 12, 13, 16, 18, 20, 22, 25 and 27 (a total of 2,502 loci, 0.100% of 133 

the dataset; see four representatives in Fig. 1e-h, and all in Extended Data Fig.1, 2) 134 

grouped multiple freshwater individuals from different geographic regions across the 135 

Pacific and Atlantic Oceans (for all P < 0.05, permutation test for ecotype differentiation), 136 

reflecting genetic marine-freshwater parallelism on a global (trans-oceanic) scale. Within 137 

those, LD-clusters 6, 11, 12, 16 and 27 (a total of 1,639 loci, 0.065% of the dataset) 138 

similarly showed high marine-freshwater allelic differentiation (FST, Fig 1e-h, Fig. 2c-e) in 139 

both the Eastern Pacific and Atlantic, further suggesting global parallelism. Particularly, 140 

loci from LD-cluster 11 mapped to four distinct regions on Chr. V of which one (Fig. 2c-e) 141 

mark the position of the Ectodysplasin (EDA) gene that known to be responsible for 142 

marine-freshwater differences in lateral armour plate development worldwide20. In contrast, 143 

although the remaining clusters (5, 10, 13, 18, 20, 22, 25, a total of 863 loci, 0.034% of the 144 

dataset) also grouped freshwater individuals from both the Pacific and Atlantic Oceans 145 

(similar to LD-cluster 29 above; Fig. 2c-e and Extended Data Fig. 1), they showed much 146 

less marine-freshwater differentiation in the Atlantic Ocean than in the Eastern Pacific (Fig. 147 

2c-e). Among the LD-clusters associated with marine-freshwater differentiation, LD-148 

clusters 6 and 22 covered previously known chromosomal inversions on Chr. I and XI, 149 

respectively11 (Fig. 1e, Extended Data Fig. 1, Extended Data Fig. 7). In addition, we also 150 

found a putative novel inversion on Chr. V (LD-cluster 19,241 loci) that was not associated 151 

with marine-freshwater differentiation (Extended Data Fig. 1, Extended Data Fig. 7). LDna 152 

and FST analyses did not detect any significant region showing marine-freshwater 153 

differentiation in the Western Pacific (Extended Data Fig. 3c) and thus, this region is not 154 

considered further here. 155 

 156 
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Eastern Pacific marine-freshwater parallelism 157 

LD-clusters 2 (53,785 loci, 2.141% of the dataset, Fig. 1b) and 21 (183 loci, 0.007% of the 158 

dataset, Fig. 1c) separated Eastern Pacific freshwater individuals exclusively from the 159 

remaining samples, a pattern that is not expected by chance alone (permutation test P < 160 

0.001, Extended Data Fig. 1, Extended Data Fig. 7). Rather, this reflects a shared adaptive 161 

response among Eastern Pacific freshwater populations. The exception was two 162 

freshwater individuals from the Eastern Pacific (ALA; Alaska) that did not group with the 163 

other freshwater individuals from the Eastern Pacific but instead with Atlantic (marine and 164 

freshwater), Western Pacific (marine and freshwater) and the marine individuals from 165 

Eastern Pacific (Fig. 1c, Extended Data Fig. 4). LD-cluster 29 (2,728 loci, 0.109% of the 166 

dataset) covering a known inversion on Chr. XXI (Fig. 1d) grouped the Eastern Pacific 167 

freshwater individuals (except the two Alaskan individuals above) together with six Atlantic 168 

freshwater individuals and one Eastern Pacific marine individual. Because this LD-cluster 169 

maps to an inversion, the groups also represent putative inversion karyotypes22.Thus, this 170 

inversion shows strong ecotype differentiation not only in the Eastern Pacific, but also in a 171 

small proportion of individuals outside of the Eastern Pacific that putatively carry the 172 

freshwater-adapted karyotype (i.e. the karyotype with the highest frequency among 173 

Eastern Pacific freshwater individuals). Notably, no cluster of similar magnitude to LD-174 

cluster 2 – which separates freshwater individuals from one specific region from all 175 

remaining samples in the data – could be detected outside of the Eastern Pacific, 176 

demonstrating that parallel marine-freshwater differentiation in the Eastern Pacific is much 177 

more prevalent than anywhere else in the world. 178 

A small proportion of the loci from LD-cluster 2 (28 SNPs) mapped to regions that showed 179 

global parallelism in Jones et al. 11 (Extended Data Fig. 2). In addition, <1% of all loci in 180 
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LD-cluster 2 (243 SNPs) showed FST > 0.2 also in the Atlantic (as is evident e.g. from Fig. 181 

2a and Extended Data Fig. 3a). These loci appear to be non-randomly distributed in the 182 

genome (Extended Data Fig. 3a), indicating that indeed they are likely to be linked to 183 

genomic regions involved in marine-freshwater differentiation in both the Atlantic and the 184 

Eastern Pacific. Due to small sample-sizes, the FST Manhattan plots display a considerable 185 

amount of noise, particularly in the datasets from the Eastern and Western Pacific Oceans 186 

(Fig. 2b,e and Extended Data Fig. 3).  187 

 188 

Geographic structure and regional local adaptation 189 

LD-cluster 1 (10,184 loci, 0.405% of the dataset) separated all Pacific individuals (Eastern 190 

and Western) from the Atlantic individuals (Fig. 1a), thus mainly reflecting trans-oceanic 191 

geographic structure. LD-clusters 4, 8, 9, 14 and 24 (a total of 526 loci, 0.021% of the 192 

dataset, Extended Data Fig. 1) separated freshwater individuals from only one geographic 193 

region; this likely reflects geographic clustering, but could also contain some loci involved 194 

in non-parallel freshwater adaptation. We therefore could not determine the underlying 195 

evolutionary phenomena that produced these clusters (Extended Data Fig. 2). Accordingly, 196 

loci from these LD-clusters showed little marine-freshwater differentiation in both the 197 

Eastern Pacific and Atlantic (Extended Data Fig. 1), and only 2 loci (from LD-cluster 14) 198 

mapped to the marine-freshwater divergent regions identified by Jones et al.11)regions 199 

(Extended Data Fig. 2). 200 

 201 

Proof of concept simulations 202 
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Several potential explanations for geographic heterogeneity in parallel patterns of marine-203 

freshwater differentiation in three-spined sticklebacks have been suggested3. One such 204 

explanation that has not received much attention in the context of three-spined 205 

sticklebacks is the stochastic loss of freshwater-adapted alleles due to founder events 206 

when three-spined sticklebacks colonized the rest of the world from the Eastern Pacific in 207 

the late Pleistocene (see Introduction). Thus, as a proof of concept, we used forward-in-208 

time simulations to investigate the conditions under which parallel islands of differentiation 209 

between marine and freshwater ecotypes can arise under such a scenario. 210 

In the simulated data, before Atl (the simulated Atlantic Ocean) was colonized from Pac 211 

(the simulated Pacific Ocean) prior to the closing of the Bering Strait (38-40 Kya), all five 212 

freshwater populations in Pac were fixed or nearly fixed for the freshwater-adapted alleles 213 

of all locally adapted QTL (Fig. 3f). Following the colonization of Atl, the increased 214 

frequency of the freshwater allele in the Atlantic freshwater populations depended on both 215 

QTL density and the level of gene flow between Pac and Atl (Fig. 3f). The highest increase 216 

in freshwater-adapted alleles in Atl was observed when QTL density was low (3 QTL per 217 

chromosome) and trans-oceanic gene flow was high (5 migrants/generation, Fig. 3f). 218 

During post-glacial colonization of new freshwater habitats from the sea (10 Kya to 219 

present), freshwater-adapted alleles (in both Pac and Atl) gradually increased in the newly 220 

formed freshwater populations (Fig. 3f), reflecting local adaptation. This increase was 221 

similarly dependent on the QTL density (both in Pac and Atl) and trans-oceanic gene flow 222 

(only affecting Atl, Fig. 3f). These patterns likely reflect the underlying levels of ancestral 223 

variation in the sea available for subsequent freshwater adaptation (Supplementary Fig. 224 

1a). The lowest frequencies of freshwater-adapted alleles in the sea were always 225 

observed when QTL density was the highest (in both Pac and Atl) and trans-oceanic gene 226 

flow was the lowest (only affecting the Atl, Supplementary Fig. 1a). Furthermore, the 227 
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frequency of freshwater-adapted alleles in both the sea (ancestral variation) and in the 228 

post-glacial freshwater populations (local adaptation) depended on whether the QTL were 229 

located in low or high recombination regions; the lowest frequencies of freshwater-adapted 230 

alleles were always observed in low recombination regions (Supplementary Fig. 1b,c). The 231 

freshwater-adapted alleles in both Pac and Atl freshwater populations never reached 232 

similar frequencies during the post-glacial colonization (10 Kya; Fig. 3f) as before post-233 

glacial colonization (>10 Kya; Fig. 3f), showing that ancestral variation in the sea was not 234 

sufficient to allow complete local adaptation (i.e. fixation of all original freshwater-adapted 235 

alleles) in our simulations. Note that with the rapid fixation of all the freshwater-adapted 236 

alleles (that started at frequency 0.5 in the freshwater populations in Pac) and the low 237 

mutation rate used (1e-8 per site and generation), the contribution of de novo mutations (at 238 

the QTL) to freshwater adaptation in these simulations are negligible. 239 

In the simulations, present-day marine-freshwater differentiation (mean neutral FST) was 240 

always low for the two chromosomes without QTL as well as in high recombination regions 241 

of chromosomes that contained QTL (Fig. 4; Supplementary Fig. 1d). In contrast, FST for 242 

low recombination regions of QTL-containing chromosomes was high for Pac (for all 243 

parameter settings), indicating strong islands of parallel marine-freshwater differentiation. 244 

This was also true for Atl when QTL density was low (3 or 6 QTL per chromosome) and 245 

when trans-oceanic gene flow was high, but not when QTL density was high (9 QTL per 246 

chromosome; Fig. 4; Supplementary Fig. 1d) and trans-oceanic gene flow was low. 247 

In the LD-clusters with the strongest Pacific-freshwater (PF) versus non-PF genetic 248 

differentiation in the simulated data, the clusters separation score (CSSs; the scaled 249 

centroid distance based on the two first principal components [PCs], with range [0,1]) were 250 

always high (>0.75) between PF and the Atlantic populations (Atlantic-marine and 251 
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freshwater, AF and AM, respectively), similar to LD-cluster 2 (Fig. 3g-h, Supplementary 252 

Fig. 1e). However, the CSS between PF and Pacific-marine (PM) for LD-cluster 2 was also 253 

high (0.62), in contrast to the simulated data where this score was low (starting from < 0.2) 254 

but increased with QTL density, and more so when migration rate during colonization of Atl 255 

from Pac was high (5 migrants/generation; Fig. 3g-h, Supplementary Fig. 1e). This is likely 256 

due to QTL density increasing the distance (in the Principal Component Analyses [PCA]) 257 

between PF and PM and migration rate decreasing the distance between Pac and Atl 258 

individuals, as CSS here is scaled by the maximum Euclidean distance between any two 259 

points in the data. Furthermore, when migration rate was low, no LD-cluster showed any 260 

significant CSS between AF and AM. However, when migration rate was high and with 261 

increasing QTL density, LD-clusters similar to LD-cluster 2 were readily observed also in 262 

Atl. This shows that in simulations, low migration rates and high QTL densities are 263 

required to produce patterns similar the observed data.  264 

 265 

Discussion 266 

Using genome-wide SNP data from a comprehensive global sampling of marine and 267 

freshwater stickleback ecotypes, we demonstrate that a much smaller proportion of the 268 

genome (0.208% of the dataset) is involved in global parallel marine-freshwater 269 

differentiation than exclusively in the Eastern Pacific (2.149% of the dataset). This shows 270 

that parallel evolution in the three-spined stickleback is much more pervasive in the 271 

Eastern Pacific than anywhere else in the world. Indeed, the LD signal from marine-272 

freshwater differentiation in the Eastern Pacific is even stronger than that from geographic 273 

structuring between the Pacific and Atlantic Oceans – LD-clusters separating freshwater 274 

individuals from the Eastern Pacific comprised five times as many loci than the LD-cluster 275 
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reflecting geographic structuring between Pacific and Atlantic Oceans. With simulations, 276 

we demonstrate that this pattern could partly be explained by the stochastic loss of low 277 

frequency freshwater-adapted alleles in the sea during range expansion from the Eastern 278 

Pacific. As predicted, the discrepancy between the simulated Pacific and Atlantic 279 

populations in both FST and CSS analyses was the highest when trans-oceanic gene flow 280 

was low (stronger founder event), but this also required the QTL density of locally adapted 281 

loci to be high, as this reduced the levels of standing variation of freshwater-adapted 282 

alleles in the Atlantic. However, the loss of ancestral variation due to founder effects and 283 

the transporter hypothesis is likely not the only explanation for the large discrepancy in 284 

patterns of marine-freshwater differentiation between the Eastern Pacific and Atlantic 285 

Oceans. In the following, we discuss other alternative biological processes that could 286 

potentially contribute to this discrepancy. 287 

 288 

Geographic heterogeneity in standing genetic variation 289 

The “transporter hypothesis”1 postulates that a low frequency of freshwater-adapted alleles 290 

is maintained in the sea via recurrent gene flow between ancestral marine and previously 291 

colonized freshwater populations. This standing genetic variation is what selection acts on 292 

during the subsequent colonization of freshwater habitats. This implicitly assumes that a 293 

large pool of locally adapted alleles has accumulated over a long period of time, as gene 294 

flow is expected to spread potentially beneficial mutations across demographically 295 

independent populations32,33. In support of this hypothesis, it has been shown that 296 

haplotypes repeatedly used in freshwater adaptation are identical by descent20,34 and old – 297 

on average, six million years (My), but some are reported to be as old as 15 My21. Notably, 298 

these studies analysed populations from the Eastern Pacific region, which represents the 299 
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oldest and most ancestral marine population27,28 where three-spined sticklebacks are 300 

thought to have persisted since the split from their close relative, the nine-spined 301 

stickleback (Pungitius pungitius), approximately 26 Mya23-26,35. However, populations in the 302 

Western Pacific and the Atlantic are much younger, as they were colonized from the 303 

Eastern Pacific during the late Pleistocene (36.9-346.5 kya27,28). Furthermore, there is no 304 

evidence for trans-oceanic admixture27,28 following the split of Pacific and Atlantic clades, 305 

and there are no extant populations of three-spined sticklebacks in arctic Russia between 306 

the Kara Sea and the Eastern Siberian Sea. Thus, the spread of freshwater-adapted 307 

alleles from the Eastern Pacific to elsewhere via migration through the Bering Strait is 308 

unlikely, and has probably not occurred in recent times. Our simulations show that 309 

following colonization of freshwater populations from the sea, the accessibility of 310 

freshwater-adapted alleles – which is a function of colonization history, QTL-density and 311 

recombination rate – largely determines the number of loci that show high marine-312 

freshwater differentiation. Thus, consistent with previous simulations34,36, genomic islands 313 

of differentiation in linked neutral loci require several QTL to cluster in low recombination 314 

regions (Fig. 4 and Supplementary Fig. 1d). Furthermore, when trans-Atlantic gene flow 315 

was low and QTL density was high, we readily observed LD-clusters that showed high 316 

marine-freshwater differentiation only in the Eastern Pacific, not in the Atlantic.  317 

Our simulations and empirical data suggest that both stochastic loss of genetic diversity 318 

and selection against freshwater-adapter variants played a role in reducing the pool of 319 

standing genetic variation of freshwater-adapted alleles in the Atlantic region. During range 320 

expansions, genetic diversity is expected to decrease with distance from the source 321 

population from which the expansion started37. This pattern was clear in our simulations as 322 

well as in the empirical data, both of which show a statistically significant reduction in 323 

heterozygosity in the Atlantic region as compared to the Eastern Pacific region (Fig. 3i, 324 
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Supplementary Information 3). These results are consistent with a moderate founder effect 325 

following colonisation of the Atlantic basin from the Eastern Pacific (Supplementary 326 

Information 3), which could account for the random loss of standing genetic variation of 327 

freshwater adapted alleles. Furthermore, since freshwater-adapted alleles are selected 328 

against in the sea and thus occur at low frequencies in marine environments, they are 329 

even less likely to spread to new geographic regions than neutral alleles30,31. Consistent 330 

with this, the mean individual heterozygosity for LD-cluster 2 loci was 29 times higher in 331 

the Pacific compared to the Atlantic Ocean; a very pronounced difference compared to 332 

that in the rest of the genome (Extended Data Fig. 5b). However, the between-ocean 333 

differences in marine-freshwater differentiation in the simulated data (Fig. 4) were much 334 

less pronounced compared to the empirical data (Fig. 2d). Thus, founder effects and 335 

selection are likely not the only factors affecting patterns of marine-freshwater 336 

differentiation in the three-spined sticklebacks at the global level. 337 

Alternative explanations for the observed discrepancy in patterns of marine-freshwater 338 

differentiation between the Eastern Pacific and Atlantic include i) stronger spatial genetic 339 

structure in marine populations outside of the Eastern Pacific causing heterogeneity in 340 

standing genetic variation available for freshwater adaptation, and ii) heterogeneity in 341 

selective regimes among freshwater habitats, both between Atlantic and Eastern Pacific 342 

Oceans and between different geographic areas in the Atlantic. We have further tested 343 

these hypotheses but found little or inconclusive support in our data and in other studies 344 

(Supplementary Information 3). 345 

 346 

Secondary contact in the Eastern Pacific 347 
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All of the above hypotheses assume that the original source of the ancestral variation in 348 

the Eastern Pacific and elsewhere is the same. That is, ancient Eastern Pacific marine 349 

populations carried most ancestral variation of freshwater adapted alleles at low 350 

frequencies, sourcing the Atlantic region with freshwater adapted alleles which were 351 

partially lost either stochastically or due to selection. However, an alternative hypothesis is 352 

that modern Eastern Pacific freshwater variants were not present in the marine ancestors 353 

but rather in land-locked, ice-lake freshwater populations38. As glaciers melted, those 354 

populations could have followed meltwater downstream, establishing freshwater 355 

populations with a different stock of alleles. Secondary contact with marine sticklebacks 356 

during this time might have eroded genetic differentiation across most of the genome, with 357 

the exception of those regions involved in freshwater adaptation. In this scenario, the 358 

standing genetic variation responsible for Eastern Pacific freshwater adaptation may not 359 

have entered the Eastern Pacific marine population until after the end of the last glaciation. 360 

Since there is no evidence of gene flow between Atlantic and Pacific populations after the 361 

closing of the Bering Strait (60-30 Kya), this ancestral variation could have remained 362 

unique to the Pacific Ocean.  363 

There is ample evidence for large ice-lakes during the last glacial period (LGP) in North 364 

America, with little (if any) connection to the sea 39-42. Thus, a large part of the genetic 365 

variation underlying marine and freshwater adaptation in the Eastern Pacific could in 366 

principle have evolved in allopatry i.e. separately among the freshwater ice-lake 367 

populations and in the sea (and any other potential freshwater water bodies the sea is in 368 

contact with). Consistent with this hypothesis is the strong pattern of long-range LD 369 

observed among Eastern Pacific marine individuals43, as well as our LDna results which 370 

revealed one large cluster separating the Pacific and Atlantic Ocean individuals, and one 371 

that specifically separates all Eastern Pacific freshwater individuals from all other 372 
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individuals. The secondary contact hypothesis is also consistent with close to zero 373 

heterozygosity in Atlantic marine individuals observed for LD-cluster 2 loci (Extended Data 374 

Fig. 5a), as well as the mismatches marine-freshwater differentiation in the simulated 375 

compared to the empirical data. Curiously, we found significant isolation by distance in the 376 

Atlantic but not in the Eastern Pacific where overall population structuring was 377 

nevertheless higher than in the Atlantic ( Extended Data Fig. 5d). This could be consistent 378 

with the secondary contact hypothesis, if introgression was stronger in some regions of the 379 

Eastern Pacific compared to others. However, further empirical and simulation studies are 380 

needed to test the extent to which this secondary contact hypothesis provides a better 381 

explanation for the observed data than the transporter hypothesis alone. 382 

 383 

Conditions that allow global parallelism 384 

Genomic islands of parallel ecotype divergence were more likely to arise in the simulations 385 

when several QTL clustered in the same low recombination region. Surprisingly these 386 

were also the QTL where the frequency of the freshwater-adapted allele showed the 387 

lowest frequencies in the sea and thus, were least likely to spread to Atlantic during 388 

colonisation from Pacific. Since QTL in low recombination regions are less likely to be 389 

separated by recombination when freshwater-adapted individuals migrate to the sea, it is 390 

reasonable to assume that the selection pressure against these “haplotypes” in the sea is 391 

stronger43. However, this is not consistent with the empirical data showing that the 392 

genomic regions most likely to show global parallel ecotype divergence are inversions, 393 

where recombination in heterokaryotypes is particularly restricted. Our simulations assume 394 

that freshwater-adapted alleles are selected against in the sea (and the strength of this 395 

selection is equal for all QTL) while in reality, selection against some of the "freshwater 396 
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haplotypes/karyotypes” in the sea may be weak or even absent, allowing them to easily 397 

spread during range expansions. Consistent with this reasoning, in PCAs based on loci 398 

from LD-clusters corresponding to inversions (LD-clusters 6, 22 and 29) several marine 399 

individuals also cluster with the freshwater individuals (Fig. 1d,e, Extended Data Fig. 1), 400 

indicating frequent occurrence of the “freshwater karyotypes” in the sea. Indeed, 401 

Terekhanova et al.17 found that the genomic regions most commonly involved in local 402 

adaptation in multiple independent freshwater populations were also those with the highest 403 

frequencies in the sea. In other words, the most geographically widespread genomic 404 

regions involved in freshwater adaptation (sensu the transporter hypothesis) are likely to 405 

experience the weakest selection against them in the sea, allowing them to remain at 406 

higher frequencies in the sea as standing genetic variation 17. 407 

 408 

Are three-spined sticklebacks a representative model to study parallel evolution? 409 

Since the pattern of parallel genetic differentiation between marine and freshwater 410 

stickleback ecotypes in the Eastern Pacific is in stark contrast to what is seen across other 411 

parts of the species distribution range, it is reasonable to question the generality of the 412 

findings from the Eastern Pacific stickleback studies with respect to parallel evolution on 413 

broader geographic scales. A recent review of parallel evolution suggests that even 414 

dramatic phenotypic parallelism can be generated by a continuum of parallelism at the 415 

genetic level 44. For instance, the coastal ecotypes of Senecio lautus exhibit only partial 416 

reuse of particular QTL among replicate populations45, and genetic redundancy frequently 417 

underlies polygenic adaptation in Drosophila46. Similarly, using FST outliers to detect 418 

putative genomic targets of selection, Kautt et al.47 (cichlid fishes), Le Moan et al.48 419 
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(anchovy) and Westram et al.49 (periwinkles) showed that phenotypically very similar 420 

populations often share only a small proportion of their FST outliers. 421 

One exception that seems more general across taxa is the repeated involvement of 422 

chromosomal inversions in parallel evolution. Chromosomal inversions could store 423 

standing variation as a balanced polymorphism and distribute it to fuel parallel 424 

adaptation50. For instance, the same Chr. I inversion involved in global marine-freshwater 425 

differentiation in three-spined sticklebacks 11,15,17,18, this study also differentiates stream and 426 

lake ecotypes in the Lake Constance basin in Central Europe51. Two other clear examples 427 

where most genetic differentiation between ecotypes at larger geographic scales is 428 

partitioned into inversions come from monkey flowers (Mimulus guttatus52) and marine 429 

periwinkles (Littorina saxatilis53,54). 430 

While our study focuses exclusively on marine-freshwater ecotype pairs of three-spined 431 

sticklebacks, other ecotype pairs within freshwater habitats, such as stream vs. lake and 432 

benthic vs. limnetic, also exist. A recent study focusing on stream-lake populations found 433 

that putative selected loci showed greater parallelism in the Eastern Pacific (Vancouver 434 

Island) than the global scale (North America and Europe55), i.e. a similar pattern as 435 

reported by our study. Furthermore, Conte et al.56 studied the extent of QTL reuse in 436 

parallel phenotypic divergence of limnetic and benthic three-spined sticklebacks within 437 

Paxton and Priest Lakes (British Columbia), and found that although 76% of 42 phenotypic 438 

traits diverged in the same direction, only 49% of the underlying QTL evolved in parallel in 439 

both lakes. For highly parallel traits in two other pairs of benthic-limnetic sticklebacks, only 440 

32% of the underlying QTL were reported to be shared57. Thus, these studies are also in 441 

stark contrast to the original conclusions of widespread genetic parallelism in three-spined 442 

sticklebacks. Notably, the two freshwater individuals from the Eastern Pacific that did not 443 
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cluster with the remaining freshwater individuals from the Eastern Pacific (and were 444 

subsequently removed from the datasets used for FST genome scans) were from Alaska. 445 

These two individuals are also phylogenetically distinct from other freshwater individuals 446 

from the Eastern Pacific 28. One explanation for this could be that the highly divergent 447 

freshwater populations in the Eastern Pacific have a different colonization history than the 448 

Alaskan lakes. More specifically, the former could have been colonized from some 449 

divergent ice-lake refugia (see above), whereas the latter could have independently been 450 

colonized from the sea. 451 

 452 

Conclusions 453 

Our results demonstrate that genetic parallelism in the marine-freshwater three-spined 454 

stickleback model system is in fact not as pervasive as some earlier studies focusing on 455 

Eastern Pacific populations have led us to believe. Our analysis of geographically more 456 

comprehensive data, with similar and less assumption-burdened methods as used in 457 

earlier studies, shows that the extraordinary genetic parallelism observed in the Eastern 458 

Pacific Ocean is not detectable elsewhere in the world (e.g. Atlantic Ocean, Western 459 

Pacific Ocean). Hence, the focus on the Eastern Pacific has generated a perception bias – 460 

the patterns detected there do not actually apply to the rest of the world. Furthermore, our 461 

simulations show that the spread of freshwater-adapted alleles can be hampered if 462 

colonization of the Atlantic from the Pacific was limited, particularly for QTL clustered in 463 

low recombination regions (i.e. those most likely to result in parallel islands of ecotype 464 

differentiation). Therefore, geographic differences in the incidence and pervasiveness of 465 

parallel evolution in three-spined sticklebacks likely stem from geographic heterogeneity in 466 

access to, and amount of, standing genetic variation, which in turn has been influenced by 467 
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selection as well as historical population demography. Such historical demographic factors 468 

include founder events as well as the potential accumulation of genetic ecotypic 469 

differences in allopatry during the last glacial maximum, followed by a secondary contact 470 

only after the Atlantic Ocean was colonized via the sea from the Eastern Pacific. Hence, 471 

while striking genome-wide patterns of genetic parallelism exist (e.g. in Eastern Pacific 472 

sticklebacks), the conditions under which such patterns can occur may be far from 473 

common, perhaps even exceptional.  474 

 475 

Material and Methods 476 

Sample collection 477 

We obtained population genomic data from 166 individuals representing both marine and 478 

freshwater ecotypes from the Eastern and Western Pacific, as well as from the Eastern 479 

and Western Atlantic Oceans (Fig. 1i, Extended Data Fig. 6, Supplementary Table 1). 480 

Additional data from previously published studies were retrieved from GenBank. Fish 481 

collected for this study were sampled with seine nets, minnow traps and electrofishing. 482 

Specimens were preserved in ethanol after being euthanized with an overdose of Tricaine 483 

mesylate (MS222). The samples were collected under appropriate national fishing or 484 

ethical licenses granted to collectors of the respective countries listed in acknowledgement 485 

in Fang et al. (2018). In Finland, the fishing is permitted by land owner according to the 486 

Finnish Fishing Law (5§ 27.5.2011/600). The research does not involve animal 487 

experiments according to Act of Animal Experimentation (FINLEX 497/2013). 488 

To study the extent of genetic parallelism among freshwater sticklebacks with different 489 

phylogeographic histories, we classified global samples into seven biogeographic regions 490 
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based on their phylogenetic affinities: (i) Eastern Pacific, (ii) Western Pacific, (iii) Western 491 

Atlantic, (iv) White and Barents Seas, (v) North Sea and British Isles, (vi) Baltic Sea and 492 

(vii) Norwegian Sea 28 (Fig. 1i). A summary of coordinates, ecotype and population 493 

information on the sampled individuals and re-acquired samples is given in the 494 

Supplementary Table 1. 495 

 496 

Sequencing and genotype likelihood estimation 497 

Restriction site associated DNA sequencing (RADseq) using the enzyme PstI was 498 

performed for the 62 individuals sampled in this study, using the same protocol as in Fang 499 

et al. (2018), where DNA library preparation and sequencing method are described in 500 

detail. The raw RAD sequencing data has been uploaded to GenBank. Previously 501 

published RADseq and whole genome sequencing (WGS) data for an additional 104 502 

individuals from 62 populations were retrieved from GenBank (Supplementary Table 1). All 503 

RADseq and WGS datasets were mapped to the three-spined stickleback reference 504 

genome (release-92, retrieved from Ensembl58 using BWA mem v0.7.1759. PCR duplicates 505 

were removed using the program Stacks v2.560 for pair-end RAD data, and SAMtools v1.9 506 

(function “markdup”61) for whole genome data. Given the heterogeneity in sequencing 507 

depth among different datasets, and particularly the very low coverage of the data 508 

retrieved from Jones et al.11, most of the analyses were performed directly using genotype 509 

likelihoods, avoiding variant calling whenever possible. Genotype likelihoods where 510 

estimated from the mapped reads using the model of SAMtools61 as implemented in the 511 

program suite ANGSD v0.92962. Full scripts for the genotype likelihood estimation and 512 

filtering parameters are publically available through DRYAD. Bases with a q-score below 513 

20 (-minQ 20) and reads with mapping quality below 25 (-minMapQ 25) were removed, 514 
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and variants were only retained if they had a p-value smaller than 1e-6 (-SNP_pval 1e-6 flag 515 

in ANGSD). We retained sites with a minimum read depth of two (-minIndDepth 2) in at 516 

least 80% of the sampled individuals (-minInd 133). The sex chromosome (Chr. XIX63,64) 517 

was excluded from downstream analyses due to sex-specific genomic heterogeneity65,66. 518 

The raw output of genotype likelihoods from all 166 individuals comprised 2,511,922 519 

genome-wide loci. 520 

 521 

Unsupervised approach to determine marine-freshwater differentiation 522 

LDna uses a pairwise matrix of LD values, estimated by r2, to produce a single linkage 523 

clustering tree. The hierarchical clustering algorithm uses the LD matrix to combine two 524 

clusters connected to each other by at least one edge. In the resulting tree, the nodes 525 

represent clusters of loci connected by LD values above thresholds, where the threshold 526 

value is proportional to the distance from the root22. As the LD threshold is sequentially 527 

lowered, an increasing number of loci will be connected to each other in a fashion that 528 

reflects their similarity in phylogenetic signals. For each cluster merger (with decreasing 529 

LD threshold), the change in median LD between all pairwise loci in a cluster before and 530 

after the merger is estimated as λ. When two highly interconnected clusters merge, λ will 531 

be large (unlike when only a single locus is added to an existing cluster), signifying that 532 

these two clusters bear distinct phylogenetic signals. LDna is currently limited to ~20,000 533 

SNPs at a time due to its dependence on LD estimates for all pairwise comparisons 534 

between loci in the dataset. To analyse the whole dataset, we applied a novel three-step 535 

LDna approach to reduce the complexity of the data in a nested fashion. First, we started 536 

with non-overlapping windows within each chromosome67, then performed the analysis on 537 

each chromosome individually22,and finally on the whole dataset (Supplementary 538 
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Information 1). In all steps of LDna, we estimated LD between loci from genotype 539 

likelihoods using the program ngsLD68, setting the minimum SNP minor allele frequency at 540 

0.05. Full scripts for the LDna analyses are provided in DRYAD. In the first step, we only 541 

kept loci that were in high LD with at least one locus (r2>0.8) within a window of 100 SNPs, 542 

as most SNPs in the data were not correlated with any other adjacent loci (so-called 543 

singleton clusters67), and thus, are unlikely to be informative in the LDna analyses 544 

(Supplementary Information 1). 545 

The main evolutionary phenomena that cause elevated LD between large sets of loci in 546 

population genomic datasets are polymorphic inversions, population structure and local 547 

adaptation, all of which are expected to be present in our dataset22. There are specific and 548 

distinct predictions about the population genetic signal and the distribution of loci in the 549 

genome that arise from these evolutionary phenomena22. First, clusters with LD signals 550 

caused by polymorphic inversions are expected to predominantly map to the specific 551 

genomic region where the inversions are situated. In addition, PCAs of these loci are 552 

expected to separate individuals based on karyotypes. In general, the heterokaryotype is 553 

expected to be intermediate to the two alternative homokaryotypes (provided that all 554 

karyotypes exist in the dataset), and the heterokaryotypic individuals are expected to show 555 

higher observed heterozygosity than the homokaryotypes. However, this is not always so 556 

clear, for instance when the inversion is new and mutational differences have not yet 557 

accumulated. Second, a PCA based on loci whose frequencies are shaped by genetic drift 558 

is expected to separate individuals on the basis of geographic location, with no (or very 559 

little) separation between marine and freshwater ecotypes. Third, an LD signal caused by 560 

local adaptation (globally) is expected to cluster individuals based on ecotype, regardless 561 

of geographic location, with both the locus distribution and LD patterns to some extent 562 

being negatively correlated with local recombination rate34,69. The reason for this 563 
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correlation is that gene flow between ecotypes erodes genetic differentiation in sites linked 564 

to locally adapted loci with the exception of regions where recombination is restricted (for 565 

instance in inversions, or close to centromeres or telomeres). No such pattern is expected 566 

for LD caused by population structuring, as the main source of this LD is the random 567 

genetic drift that, in the absence of gene flow, generates LD in a fashion that is 568 

independent of genome position (Kemppainen et al. 2015) and background selection is 569 

also not expected to result in strong patterns of within-species genetic differentiation, 570 

particularly when there is at least some level of gene-flow70,71. If a set of loci contributes to 571 

local adaptation exclusively in a particular geographic area, a PCA based on these loci will 572 

only separate individuals based on ecotype in that region. We considered loci to be 573 

involved in parallel evolution only if they grouped individuals of the same ecotype from 574 

more than one independent location. Otherwise, it is not possible to discern drift from local 575 

adaptation, particularly if Ne is small (i.e. genetic drift is strong). To determine if an LD-576 

cluster was likely associated with parallel freshwater differentiation, we first used 577 

expectation maximisation and hierarchical clustering methods to identify clusters of 578 

individuals in PCAs that contained a minimum of seven individuals, of which at least 85% 579 

are freshwater ecotypes (the “in-group”; dotted line; Fig. 1a-h, Extended Data Fig. 1). With 580 

less than seven in-group individuals, there was no power to detect significant associations, 581 

even if all individuals were freshwater ecotypes. Second, if such in-groups were detected, 582 

we used permutations to further test whether this cluster contained more freshwater 583 

individuals than expected by chance (Supplementary Information 4). We benchmarked 584 

LDna by quantifying the proportion of regions previously identified by Jones et al.11 as 585 

involved in marine-freshwater ecotype differentiation (globally and within the Eastern 586 

Pacific) that were correctly recovered by LD-cluster loci (Supplementary Information 2). 587 

Note that freshwater individuals from locations without marine individuals were also 588 
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important for the analyses, as they can inform us about the geographic scale of parallel 589 

marine-freshwater differentiation (for the LD-clusters where marine-freshwater 590 

differentiation also involved geographic regions where marine samples were available). 591 

 592 

Supervised approaches to determine marine-freshwater differentiation 593 

Genome-wide allelic differentiation (FST estimated from genotype likelihoods in ANGSD) 594 

between marine and freshwater ecotypes was estimated separately for the three major 595 

oceans in our study: Eastern Pacific, Western Pacific and Atlantic Oceans. All available 596 

samples were always used, but due to the small number of available Pacific marine 597 

individuals, marine individuals from the Eastern (n=4) and Western Pacific (n=13) were 598 

pooled and treated as a combined Pacific marine group in Eastern and Western Pacific 599 

ecotype comparisons (Extended Data Fig. 8) in order to reduce the noise of non-window 600 

based (single SNP) analyses. To determine whether pooling of Eastern and Western 601 

Pacific marine individuals could bias FST estimates, we first estimated FST in 100 kb 602 

windows for Eastern Pacific marine vs. Eastern Pacific freshwater and Western Pacific 603 

marine vs. Eastern Pacific freshwater individuals, as using large windows allowed us to 604 

obtain precise estimates even when the marine group comprised of only four marine 605 

individuals from the Eastern Pacific. The two sets of window-based pairwise FST estimates 606 

were highly correlated (r = 0.904; P<0.001; Extended Data Fig. 3d-g), suggesting that 607 

pooling marine individuals from Eastern and Western Pacific should not strongly affect 608 

SNP based estimates. Note that from the results of the unsupervised LDna, two Eastern 609 

Pacific freshwater individuals from Kodiak Island, Alaska (ALA population) never grouped 610 

with the other Eastern Pacific freshwater individuals. Therefore, in agreement with earlier 611 

phylogenetic analyses28, these two individuals were excluded from the supervised 612 
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analyses. The squared correlation coefficient of FST before and after this exclusion was 613 

0.88, indicating that this did not affect the results. 614 

In each comparison, the sites were firstly filtered from raw mapped reads, retaining sites 615 

with less than 25% missing data with quality control (-minIndDepth 1, -uniqueOnly 1, -616 

remove_bads 1, -minMapQ 20, -minQ 20). We retained only variable sites (-SNP_pval 1e-617 

6) in each region, resulting in 1,218,858 SNPs in the Eastern Pacific, 1,072,257 SNPs in 618 

the Western Pacific, and 1,681,923 SNPs in the Atlantic Ocean. We then obtained 619 

genotype likelihoods and site allele frequency likelihoods of the variants (-GL 1, -doSaf 1). 620 

Based on these likelihoods, we estimated the two‐dimensional site‐frequency spectrum 621 

(SFS) for each pair of ecotypes (realSFS) and calculated the pairwise weighted FST 622 

(realSFS fst). 623 

 624 

Proof of concept using simulated data 625 

The simulations were performed with quantiNemo72. and aimed to recreate the transporter 626 

hypothesis model in the Eastern Pacific (referred to as “Pac” in the context of simulations), 627 

to simulate the colonization of the Atlantic (referred to as “Atl” in the context of simulations) 628 

from Pac 60-30 Kya during the last known opening of the Bering Strait27,73,74 and the 629 

subsequent post-glacial (10 Kya) colonization of newly formed freshwater habitats in both 630 

oceans (simulation details can be found in Supplementary Information 4). In short, 631 

simulations begin with one marine population in Pac connected to five independent 632 

freshwater populations by symmetrical gene flow (i.e. no gene flow exists between any of 633 

the freshwater populations; Fig. 3a) for 10k generations (40-50 kya). This is followed by 634 

colonisation of Atl from Pac (with Atl having identical population structure to Pac) by 635 
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allowing one or five migrants per generation between the oceans for 2 Ky (38-40 Kya), 636 

after which no further gene flow is possible. The retreat of the Pleistocene continental ice 637 

sheets (at 10 Kya; Fig. 3d) and the colonization of newly formed freshwater habitats is 638 

simulated by removing four of the freshwater populations, immediately followed by the 639 

emergence of four new (post-glacial) freshwater populations (in both Pac and Atl; Fig. 3e). 640 

The fifth freshwater population remains as a “glacial refugia” that continues to feed 641 

freshwater-adapted alleles to the sea as standing genetic variation. Post-glacial local 642 

adaptation is thus only possible due to the spread of freshwater-adapted alleles from the 643 

sea in accordance with the transporter hypothesis1 (Fig. 3a-e). 644 

Marine-freshwater differentiation was based on bi-allelic QTL with allelic effects of either 645 

zero or ten, with the selection optima in the marine habitat being zero and the selection 646 

optima in all freshwater populations being 20. Thus, a freshwater individual homozygous 647 

for allele 2 for a given QTL meant that the individual was at its optimal phenotype, and vice 648 

versa for marine individuals. Selection intensities were such that a sufficient amount of 649 

standing genetic variation was allowed in the sea and rapid local adaptation in freshwater 650 

was possible (see Supporting Information 4 for details). In simulations, all allele 651 

frequencies started from 0.5 in all populations (including the QTL in the freshwater 652 

habitats). The simulated genome was comprised of ten equally sized chromosomes, with a 653 

total genome size of 1000 bps. Regions of both low (centromeric regions) and high 654 

(chromosome arms) recombination were represented (Supplementary Information 4). 655 

Either 3, 6 or 9 QTL per chromosome were randomly placed in eight of the chromosomes, 656 

after which the positions were fixed, leaving the last two chromosomes without any QTL. 657 

Twenty replicate simulations were run for each of the six different parameter settings (two 658 

levels of trans-oceanic gene flow rates and three different QTL densities). The frequency 659 

of freshwater-adapted alleles was recorded at 50-generation intervals throughout the 660 



 29 

simulations. Population genomic data were saved at the end of the simulations 661 

(representing present-day sampling). 662 

 663 

Linking empirical data to simulated data 664 

LDna identified one major cluster (LD-cluster 2; see Results) that separated all Eastern 665 

Pacific freshwater individuals from the remaining individuals (Atlantic, Western Pacific and 666 

marine samples from the Eastern Pacific, pooled). From the simulated data, we first sub-667 

sampled individuals from Pac and Atl to match the samples size of the empirical data 668 

(excluding the Western Pacific samples, as this ocean was not included in the 669 

simulations), and used LDna to detect clusters similar to LD-cluster 2 using Cluster 670 

Separation Scores (CSS; custom R-scripts available from DRYAD). Cluster Separation 671 

Scores were calculated as the Euclidean centroid distance in a PCA (based on 672 

coordinates from the two first principal components scaled by their eigenvalues) between 673 

two groups of individuals, standardized by the longest distance between any two 674 

individuals in the PCA (CSS thus ranges between [0,1]). PCA of the simulated datasets 675 

were performed by the function snpgdsPCA from the R-package SNPRelate75. CSS 676 

scores are known to correlate with FST, but give higher resolution when genetic 677 

differentiation is high, and are less sensitive to small sample sizes11. In LDna, we are only 678 

interested in clusters with high λ-values (see above and Supplementary Information 1). 679 

Therefore, from the ten LD-clusters with the highest λ-values (from each simulated 680 

dataset), we considered the cluster with the highest CSS between PF (Eastern Pacific 681 

freshwater) and non-PF individuals to be the strongest candidates for showing high 682 

ecotype differentiation specifically in Pac, and thus, the most similar to LD-cluster 2 in the 683 

empirical data. The non-PF individuals were comprised of PM (Eastern Pacific marine), AF 684 
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(Atlantic freshwater) and AM (Atlantic marine) individuals pooled. To further assess how 685 

similar the patterns of population differentiation (in PCAs) were in the above LD-clusters 686 

(simulated data) and empirically obtained LD-cluster 2, we compared the CSS’s for all 687 

pairwise comparisons between PF and the other three groups of individuals (i.e. “PF vs. 688 

PM”, “PF vs. AF” and “PF vs. AM”) in the simulated and empirical datasets. To further 689 

assess the extent to which clusters similar to LD-cluster 2 could be produced in the Atl, we 690 

used the same procedure as above to look for the LD-clusters with the highest CSS scores 691 

between AF and non-AF individuals (AM, PF and PM), and calculated CSS scores 692 

between AF individuals and the three non-AF groups. 693 

 694 

Data availability 695 

The new RAD sequencing data have been uploaded to the GenBank under accession 696 

numbers SAMN14078677-SAMN14078738. Previously published sequencing data are 697 

retrieved from studies specified in Supplementary Table 1. 698 
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The scripts used for analysing empirical data (genotype likelihood estimation, filtering, 701 
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FIGURES 930 

Figure 1 | Linkage Disequilibrium network analysis (LDna). (a-h) Eight main clusters of 931 

loci identified by LDna (LD-clusters). In each panel (LD-cluster), the top and middle plots 932 

present the marine-freshwater differentiation (FST) between Atlantic and Eastern Pacific 933 

samples, respectively. The bottom plot shows the principal component analysis (PCA) 934 

based on the LD-cluster loci. The seven different colours represent the geographic origin 935 

of populations. Solid and open circles refer to freshwater and marine ecotypes, 936 

respectively. All identified LD-clusters (29 in total) and corresponding information are 937 

presented in Extended Data Fig. 1 and Extended Data Fig. 7. (j) Map of the sampled 938 

populations; colours match those in the PCA results. A Mercator projection of the sampling 939 

map is shown in Extended Data Fig. 6. 940 

 941 

Figure 2 | Genetic parallelism identified by the unsupervised and supervised 942 

methods. (a) Comparison of marine-freshwater differentiation (FST) in the Atlantic (x-axis) 943 

and Eastern Pacific (y-axis) datasets for the three LD-clusters (LD-clusters 2, 21 and 29) 944 

associated with strong marine-freshwater parallelism in the Eastern Pacific. (b) Genome-945 

wide FST of the Eastern Pacific samples for loci of the LD-clusters coloured as in (a). (c) 946 

The same as (a) but for the twelve LD-clusters (5, 6, 10, 11, 12, 13, 16, 18, 20, 22, 25 and 947 

27) that are involved in global marine-freshwater genetic parallelism. (d) and (e) Genome-948 

wide FST of the Atlantic and Eastern Pacific samples, respectively, with colours 949 

corresponding to LD-cluster loci in (c). The position of the Ectodysplasin (EDA) locus is 950 

indicated in (d) and (e). 951 

  952 
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Figure 3 | Ecological genetics in simulated data. (a-e) A schematic of the demographic 953 

scenario used for the simulations that is consistent with the “transporter hypothesis”. (a) 954 

Initial local adaption of the freshwater populations in the Pacific. (b) The colonization of 955 

stickleback populations from the Pacific to the Atlantic. (c) Geographic isolation between 956 

the two oceans. (d) Extinction of lakes during the last glacial period (LGP) with the survival 957 

of refuge populations. (e) The post-glacial colonization of the new freshwater populations. 958 

(f) Frequency of selected (freshwater-adapted) alleles in the newly established freshwater 959 

populations through generations at high and low levels of trans-oceanic gene flow and 960 

different QTL-densities. (g) PCA of the empirical data (LD-cluster 2; left) and the simulated 961 

data (right), with ecotypes and geographical regions as shown in the figure legend. (h) 962 

Cluster separation score (CSS) of the empirical and simulated data in the Pacific and 963 

Atlantic oceans, respectively. (i) Boxplots of observed heterozygosity in different 964 

geographical regions in the empirical and simulated data (empirical data, GLM, 965 

F2,64=43.05, P<0.001; simulated data: GLM, F1,238=509.7, P<0.001; Supplementary 966 

Information 3). Only trends, rather than absolute values, of heterozygosity should be 967 

compared between empirical and simulated data (refer to Extended Data Fig. 5 for further 968 

information) 969 

 970 

Figure 4 | Genomic differentiation in simulated data. (a, b) Genome-wide marine-971 

freshwater differentiation (FST) from simulated data (data from the last generation 972 

representing present day sampling). For each parameter combination, loci from all 20 973 

replicates were pooled. Red dots indicate QTL, and blue dots indicate loci from LD-974 

clusters that were the most similar to LD-cluster 2 (empirical data) showing the strongest 975 

marine-freshwater differentiation in the Eastern Pacific (grey represent non-LD cluster 976 
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loci). (c) FST distribution of QTL in the simulations (all replicates pooled), indicating the 977 

proportion of loci that were either fixed (FST~1), lost (FST~0), or were fixed to different 978 

degrees in only 1, 2 or 3 of the four freshwater populations (0.1 ≲ FST ≲ 0.9) since post 979 

glacial colonisation. A small amount of noise (along the x-axis) has been added to the QTL 980 

positions to improve their visibility. 981 
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