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1  |  INTRODUC TION

Adaptive divergence is ubiquitous, makes a major contribution to biodi-

versity and might eventually lead to speciation (Hereford, 2009; Nosil, 

2012). Yet our understanding of it is incomplete: How do selection, 

genomic architecture and demography interact to establish and main-

tain separate populations, especially when counteracted by gene flow?

Divergence is facilitated by selection on individual loci that 

is strong relative to gene flow (Haldane, 1930), or by interactions 

between many loci under (potentially weak) divergent selection 
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Abstract
Combining hybrid zone analysis with genomic data is a promising approach to under-

standing the genomic basis of adaptive divergence. It allows for the identification of 

genomic regions underlying barriers to gene flow. It also provides insights into spatial pat-

terns of allele frequency change, informing about the interplay between environmental 

factors, dispersal and selection. However, when only a single hybrid zone is analysed, it 

is difficult to separate patterns generated by selection from those resulting from chance. 

Therefore, it is beneficial to look for repeatable patterns across replicate hybrid zones in 

the same system. We applied this approach to the marine snail Littorina saxatilis, which 

contains two ecotypes, adapted to wave- exposed rocks vs. high- predation boulder fields. 

The existence of numerous hybrid zones between ecotypes offered the opportunity to 

test for the repeatability of genomic architectures and spatial patterns of divergence. 

We sampled and phenotyped snails from seven replicate hybrid zones on the Swedish 

west coast and genotyped them for thousands of single nucleotide polymorphisms. Shell 

shape and size showed parallel clines across all zones. Many genomic regions showing 

steep clines and/or high differentiation were shared among hybrid zones, consistent with 

a common evolutionary history and extensive gene flow between zones, and supporting 

the importance of these regions for divergence. In particular, we found that several large 

putative inversions contribute to divergence in all locations. Additionally, we found evi-

dence for consistent displacement of clines from the boulder– rock transition. Our results 

demonstrate patterns of spatial variation that would not be accessible without continu-

ous spatial sampling, a large genomic data set and replicate hybrid zones.

K E Y W O R D S
clines, genomic architecture, inversions, molluscs, speciation
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(Barton, 1983; Flaxman et al., 2014). Divergence can be driven by a 
single divergent selection pressure or a combination of multiple dif-

ferent selection pressures that co- vary in space (Nosil et al., 2009). 

Balancing selection or positive selection, leading to sweeps shared 

across populations, might counteract divergence. Identifying the 

contributions of these various effects is challenging.

The genomic architectures expected to facilitate divergence 

with gene flow are those that reduce the potential for recombination 

between divergently selected alleles (Smadja & Butlin, 2011). This 

includes large- effect loci or pleiotropic loci affecting multiple traits 

under divergent selection, clustering of loci contributing to adapta-

tion in the genome, and genomic rearrangements reducing recom-

bination within populations, particularly inversions. Empirical work 

has provided evidence for all of these architectures (Barth et al., 

2017; Joron et al., 2011; Pfeifer et al., 2018; Samuk et al., 2017).

Genome scans of divergently adapted populations have been 

used to detect loci and genomic architectures underlying divergence 

by identifying genomic regions with high levels of differentiation 

(Bonin et al., 2006; Nosil et al., 2008; Wood et al., 2008). However, 

peaks of differentiation are not sufficient to identify divergently se-

lected regions, as various other processes can generate peaks and 

troughs in the differentiation landscape (Cruickshank & Hahn, 2014; 

Noor & Bennett, 2009; Ravinet et al., 2017). In addition, genome 

scans using spatially separate populations are often not suitable for 

understanding how genetic variation is organized across space, as 

they exclude areas where the environment changes. Consequently, 

it is difficult to infer which selection pressures drive genomic diver-

gence, and to understand how selection interacts with other factors 

at environmental boundaries.

Hybrid zone analysis is an alternative approach that not only en-

ables the identification of divergently selected genomic regions but 

also has the potential to teach us more about the interplay between 

different types of selection (e.g., divergent selection and balancing 

selection), the environment and demographic parameters (Harrison, 

1993). It differs from standard genome scan approaches in that it 

includes samples across the spatial continuum of divergence. The 

hybrid zone approach has a long history in the study of adaptive di-

vergence and speciation (Barton & Hewitt, 1985), and several re-

cent studies have demonstrated its usefulness in combination with 

genomic data (Singhal & Bi, 2017; Souissi et al., 2018; Stankowski 

et al., 2017).

Hybrid zone analysis provides information on cline width (a mea-

sure of the strength of selection), symmetry and centre position 

(Barton & Gale, 1993). Coincidence of cline centres with individual 

environmental transitions might identify the sources of selection 

pressures. On the other hand, cline asymmetries or spatial shifts 

away from environmental boundaries that are consistent across loci 

could reflect population movement or between- population differ-

ences in dispersal or population density.

Independent of whether a standard genome scan or hybrid zone 

analysis is used, individual outlier loci may be spurious, i.e. not gen-

erated by divergent selection but by evolutionary or sampling sto-

chasticity. Some outlier scan studies have therefore used “replicate” 

sample pairs and identified strong candidates as those outliers de-

tected in multiple pairs (Perrier et al., 2013; Wilding et al., 2001). 

With hybrid zone analysis, a similar logic can be applied (Christe 

et al., 2016; Zieliński et al., 2019). However, in this case one can ask 
not only whether outlier loci are shared among replicate pairs, but 

also whether other patterns, including cline widths, cline centres and 

allele frequencies at cline ends are shared across different zones, 

strengthening the evidence for nonrandom processes underlying 

those patterns.

In order to qualify as replicates, pairs of diverged populations 

must (a) be associated with similar environmental contrasts and 

show similar phenotypic patterns of divergence; and (b) be con-

nected by ongoing or recently ceased gene flow, so that adaptive 

variants are likely to be shared among locations. Population pairs 

separated by large geographical or evolutionary distances are not 

considered replicates here, as they are expected to have diverged 

to some extent based on independent genetic variation (e.g., Conte 

et al., 2012).

Hybrid zone analyses using genome- wide data are still relatively 

rare (Ryan et al., 2017; but see Singhal & Bi, 2017; Souissi et al., 

2018; Stankowski et al., 2017). While several hybrid zone studies 

have included repeated contacts between the same two taxa, the 

aim was usually a comparison between the different zones to de-

termine the extent of parallelism, with the zones often deliberately 

chosen to show differences in age or other features (e.g. Beysard & 

Heckel, 2014; Schaefer et al., 2016). Very few studies have explic-

itly included replicate hybrid zones in the sense discussed above 

(but see Zieliński et al., 2019). Combining replicate hybrid zones 
and genome- wide data will make it possible to study the genomic 

basis of adaptation along with its spatial patterns with increased 

power. Here, we analyse genomic data from replicate hybrid zones 

in the intertidal snail Littorina saxatilis. These hybrid zones connect 

two partially isolated ecotypes (“Crab” and “Wave”), adapted to 

different shore habitats. While there is little evidence for intrinsic 

barriers to gene flow (e.g., Johannesson et al., 2020), there is clear 

evidence for divergent ecological adaptation. The Crab ecotype is 

typically associated with boulder fields, where crab predation is 

intense, while the Wave ecotype inhabits areas of bedrock that are 

subject to wave exposure (Johannesson et al., 2010). The ecotypes 

differ in various phenotypes, with the Wave ecotype being much 

smaller, more globose and bolder than the Crab ecotype (Butlin 

et al., 2014; Johannesson et al., 2010). Remarkably, individual hy-

brid zones span distances of only tens of metres (Hollander et al., 

2015; Westram et al., 2018), and numerous hybrid zones can be 

found at small geographical scales (Hollander et al., 2015; Panova 

et al., 2006; Ravinet et al., 2016). This small- scale structuring is 

explained by the fact that L. saxatilis is a direct developer with in-

ternal fertilization and no larval dispersal stage and thus shows 

very limited lifetime dispersal (~1.5 m per generation; Westram 

et al., 2018), making this species ideal for studying replicate hybrid 

zones.

Cline analyses for a single L. saxatilis hybrid zone (Westram 

et al., 2018) revealed hundreds of “non- neutral” single nucleotide 
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polymorphisms (SNPs) potentially contributing to divergence or, 

more likely, linked to loci that do. Notably, the majority of these 

SNPs are located in three large genomic blocks probably represent-

ing chromosomal inversions (Faria, Chaube, et al., 2019). We also 
detected 14 additional putative inversions in the same geographical 

location, several of which show evidence of frequency differences 

between ecotypes (Faria, Chaube, et al., 2019). While work on a 
larger geographical scale indicates increased differentiation in the 

same genomic regions (Morales et al., 2019), the presence of high- 

linkage disequilibrium (LD) regions compatible with inversions was 

only assessed in the first studied hybrid zone (Faria, Chaube, et al., 
2019; Westram et al., 2018). Thus, their occurrence in other loca-

tions remains to be tested.

It is known from experimental studies that crab predation and 

wave exposure are strong selection pressures affecting our study 

system (Johannesson, 1986; Pennec et al., 2017); however, it is 

difficult to measure these selection pressures in the field. Before 

our first hybrid zone study, we predicted that clines would cen-

tre at the transition from boulder field to bedrock, where we ex-

pected selection pressures to change. Surprisingly, we found that 

most cline centres were shifted several metres from this transi-

tion into the rock area in this first analysed location (Westram 

et al., 2018). We hypothesized that this shift was explained by the 

presence of a density trough in the rock area, which might attract 

clines. However, another possible explanation is that the selection 

pressures driving divergence in this system are in fact not tightly 

associated with the boulder– rock transition but with other envi-

ronmental factors that show maximum change at a somewhat dif-

ferent position on the shore.

In this study, we analysed six additional hybrid zones on a small 

geographical scale to gain insights into how selection, demogra-

phy and genomic architecture interact in a system of divergence 

with gene flow. We first ensured that the sampled hybrid zones 

constitute replicates, by testing whether they show repeatable 

phenotypic divergence and high levels of background genetic sim-

ilarity. We then tested for replicated genetic patterns in the fol-

lowing aspects: (a) the occurrence of chromosomal inversions (so 

far only tested in a single geographical location); (b) the identity of 

outlier loci (loci putatively affected by divergent selection, here 

identified by cline analysis); (c) the genomic location of divergent 

regions (e.g., whether outliers repeatably cluster in inversions); 

and (d) cline parameters (allele frequencies at cline ends, cline 

widths and centres), particularly a displacement of cline centres 

from the boulder– rock transition.

2  |  MATERIAL S AND METHODS

We sampled six hybrid zones and performed phenotyping, geno-

typing, inversion identification and cline fitting for each zone using 

similar methods as for the first studied zone (“ANG”; Faria, Chaube, 
et al., 2019; Westram et al., 2018), which was also included here. We 

then compared patterns between different zones and performed 

further analyses in order to understand causes of common patterns. 

All analyses were implemented using custom R scripts unless other-

wise stated.

2.1  |  Sampling

We sampled snails from three bays on different islands on the 

Swedish west coast: Ramsö (58°49′27.8″N, 11°03′45.3″E), Inre 
Arsklovet (58°50′00.5″N, 11°08′19.6″E) and Yttre Arsklovet 
(58°49′51.3″N, 11°07′59.0″E), here labelled CZA, CZB, and CZD, 
respectively (Figure 1b). Distances between islands are between 4.2 
and 6.2 km, except for CZB and CZD (0.4 km apart). On each island, 

we sampled a transect from bedrock via a boulder field to the bed-

rock on the other side of the bay, so that each transect includes two 

Crab– Wave hybrid zones (labelled CZA_left and CZA_right, etc., as 

viewed from the sea; Figure 1a). Thus, the Crab ends of the two hy-

brid zones on the same island are directly adjacent and reflect the 

same population (Figure 1a,b).
We sampled 600 snails per island, of which 382– 384 adults 

were genotyped. The position of each snail in three dimensions 

was recorded using a Total Station (Trimble M3; error typically 

<1 cm). For each snail, shell shape (based on a geometric morpho-

metric analysis) and size (length of the shell) were determined as 

in Westram et al., (2018). Snails were dissected, and tissue was 

stored in ethanol.

We recorded three environmental characteristics at ~1,000– 

2,000 points along each transect: in addition to the substrate 

(bedrock vs. boulders/stones), we included presence of barnacles 

(indicative of wave exposure) and fucoid seaweed (indicative of 

weaker wave action and more shelter for shore crabs).

2.2  |  Definition of snail positions and 
environmental transitions

Details for the definition of snail positions and environmental transi-

tions along the shore are given in the Supporting Information. In par-

ticular, we obtained the position of each snail along a one- dimensional 

path in order to allow for one- dimensional cline analysis (Figure 1a). 
For that, we determined the position of each snail on a “least cost 
path,” minimizing path length while constraining movement mainly to 

areas of high snail density. The reduction to one dimension is justified 

as snails occupy only a narrow zone. We did this for each island and 

each zone (CZA/B/D_left and CZA/B/D_right) separately and en-

sured that each path has a starting position of 0 at the centre of the 

Crab habitat. For the single hybrid zone on the island of Saltö (ANG), 
we used the distances from Westram et al., (2018).

We defined the position of different environmental transitions 

on the path by taking weighted averages within 2 m of each snail 

for boulder vs. rock, presence of barnacles or fucoid seaweed, shore 

height and a measure of topography, and then fitting step functions 

to these variables.
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2.3  |  Genotyping and bioinformatics

DNA was extracted from foot tissue using a CTAB protocol (Panova 

et al., 2016). We then used a capture sequencing approach to obtain 

data for thousands of short (a few hundred bp) randomly distrib-

uted genomic regions. Capture sequencing technology allows for 

the targeting of specific genomic regions (so that the same regions 

are sequenced in each individual) by performing enrichment before 

sequencing. We used a total of 40,000 probes of 120 bp in length, 

identical to those described in Westram et al., (2018).

Library preparation, capture and paired- end sequencing (125 bp) 

were performed by Edinburgh Genomics. The resulting fastq files 

were processed as in Westram et al., (2018), with minor modifica-

tions, in order to obtain genotype data and allelic read depth data for 

each individual (see Supporting Information for details).

2.4  |  Spatial structure and relationships between 
populations

To represent replicates, the different population pairs must be con-

nected by a recent common history allowing for extensive sharing 

of adaptive alleles. To test this, we analysed the genetic structure 

within and between islands and ecotypes, using called genotypes. 

We calculated FST estimates and performed principal component 

analysis (PCA), excluding SNPs within inversions and outlier SNPs 

as well as individuals close to boulder– rock transitions (Supporting 

Information).

2.5  |  Sharing of chromosomal rearrangements

For each island we identified potential chromosomal rearrange-

ments from patterns of LD generated by reduced recombination in 

inversion heterokaryotypes (Faria, Chaube, et al., 2019; Kemppainen 
et al., 2015) and also made use of our previously published genetic 

map of Littorina saxatilis (Westram et al., 2018). We followed the 

procedure of Faria, Chaube, et al., (2019), with minor modifications. 
Briefly, we used LD network analyses implemented in the LDna R 

package (Kemppainen et al., 2015) to identify SNPs in relatively high 

LD, within each linkage group and for each island separately (see 

Supporting Information for details). The positions of the outermost 

SNPs of each LD cluster in the L. saxatilis genetic map define the 

boundaries of putative inversions. A PCA was subsequently imple-

mented using all SNPs within each LD cluster for each island sepa-

rately, using the PCadapt R package (Luu et al., 2017). The aim was 

to confirm the presence of three separate groups of genotypes, as 

expected for inverted regions (or six groups for complex regions 

probably representing overlapping inversions; see below). Finally, 
we investigated whether the genomic coordinates of inversions de-

tected on the different islands were similar, indicating that the same 

rearrangements are shared among islands. Strong LD observed be-

tween SNPs across large mapping regions generally points to the 

presence of inversions (Faria, Chaube, et al., 2019; Westram et al., 
2018). However, some LD clusters have weaker support in terms 

of the percentage of variance explained by PC1 or the strength 

of LD than others. Although we refer to all these regions as inver-

sions, some caution is needed until validation using independent 

information.

Due to the nonindependence of SNPs within inversions (caused 

by high LD), we performed some of our analyses without inversions 

or performed them twice (with and without inversions). All inver-

sions appeared to be shared among all islands (see Section 3); con-

sequently, for analyses without inversions, the same regions were 

excluded in all zones. When genomic coordinates of inversions var-

ied slightly between islands, we used the outermost coordinates de-

tected on any island (Table 1). When excluding inversions, we also 

completely removed linkage group 12, which showed unclear pat-

terns suggesting sex linkage and multiple chromosomal inversions 

spanning a large proportion of the chromosome.

2.6  |  Cline analyses

We fitted clines for individual SNPs inside and outside rearrange-

ments, based on allelic depth data (read count for each of the two 

alleles) obtained for each individual. Using a maximum likelihood ap-

proach, we fitted a sigmoid cline model to these data, analysing each 

SNP in each hybrid zone separately, as in Westram et al., (2018) with 

minor modifications (Supporting Information).

Each cline fit provided five estimates: the position of the cline 

centre, the cline width, the allele frequency at each cline end, 

F I G U R E  1  (a) Example of the sampling strategy (island CZA). The boulder and rock habitats are shown with red and blue patterns. As we 
sampled two boulder– rock transitions, we divided the transect into two zones (“left” and “right”) by splitting it at the centre of the boulder 
habitat (black line). The sampling locations of snails are indicated by grey points, coloured depending on their distance from the centre of the 
boulder habitat along a one- dimensional least- cost path (from light to dark grey). Snails occur continuously along the shore: Sampling density 
does not necessarily reflect snail density, and gaps are due to sampling pattern, not distribution gaps. (b,c) Schematic maps (not to scale) of 
the four islands. For the current study, two hybrid zones were sampled on each of the three islands CZA, CZB and CZD, as shown for CZA in 
(a). On the island ANG, only a single hybrid zone was sampled for a previous study (Westram et al., 2018). Sharing of cline outliers between 
hybrid zones on the same island (b) and on different islands (c) is indicated, including SNPs in inversion regions in the analysis (black) or 
excluding these regions (grey). For the sharing between islands, this was first calculated separately for all possible pairwise combinations 
of zones and then averaged. (d) Average differentiation between same- ecotype samples from the same and different islands, compared to 
differentiation between ecotypes on the same island, using only samples distant from the boulder– rock transition, and excluding SNPs in 
inversion regions. The median is shown as a black point
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TA B L E  1  All inversions detected in this study

Linkage 
group Cluster

ANG
Start

ANG
End

CZA
Start

CZA
End

CZB
Start

CZB
End

CZD
Start

CZD
End

Consensus 
start

Consensus 
end Type Comment No cline

LG1 LGC1.1 0.0 2.1 0.0 2.1 0.0 2.1 0.0 2.1 0.0 2.1 Inversion

LG1 LGC1.2 75.5 81.0 75.5 81.0 75.5 81.0 75.5 81.0 75.5 81.0 Inversion ANG

LG2 LGC2.1 0.3 14.2 0.3 14.2 0.3 14.2 0.3 14.2 0.3 14.2 Inversion

LG4 LGC4.1 1.0 1.5 1.4 1.5 1.0 1.5 1.2 1.5 1.0 1.5 Inversion CZB_right

LG6 LGC6.1/2 0.0 29.3 0.0 29.9 0.0 28.7 0.0 29.3 0.0 29.9 Complex Contains three haplotypes 

(a, b, c) due to two 

overlapping inversions

LG7 LGC7.1 36.0 37.7 36.0 37.7 36.0a  37.7a  36.0 37.7 36.0 37.7 Inversion

LG7 LGC7.2 42.1 51.4 42.1a  51.4a  42.1a  51.4a  42.1 51.4 42.1 51.4 Inversion

LG9 LGC9.1 18.6 41.8 19.3 41.8 18.6 41.8 18.6 41.8 18.6 41.8 Inversion CZB_right, CZD_right

LG10 LGC10.1 0.6 3.1 0.9 3.1 0.6 3.1 0.6 3.1 0.6 3.1 Inversion CZB_left, CZD_left

LG10 LGC10.2 3.1a  44.1a  3.1 41.6 3.1 41.6 3.1 41.6 3.1 44.1 Inversion CZA_left, CZA_right, 

CZB_right

LG11 LGC11.1 52.3 52.9 52.3 52.9 52.3 52.9 52.3 52.9 52.3 52.9 Inversion ANG, CZA_right, CZB_

left, CZB_right

LG14 LGC14.1/2 0.4 11.7 0.4 11.7 0.4 11.4 0.4 11.7 0.4 11.7 Complex Contains three haplotypes 

(a, b, c) due to two 

overlapping inversions

LG14 LGC14.3 11.7 34.9 10.2a  34.7a  10.2a  34.9a  17.4a  34.9a  10.2 34.9 Inversion

LG17 LGC17.1 47.0 62.3 47.0 62.3 47.0 62.3 47.0 62.3 47.0 62.3 Inversion

Notes: The start and end coordinates for each inversion on each island are shown in cM. Consensus coordinates are the outermost coordinates detected in any of the four islands. The zones where an 

inversion did not show a significant cline are indicated in the “No cline” column. Linkage group 12 is likely to contain inversions, but we refrain from listing them as the patterns are highly complex.
aDetected only after lowering the LDna or PCA detection thresholds. 
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and the variance in the data explained by the cline model. We 

studied the extent to which patterns in each of these estimates 

were shared among hybrid zones, as described in the following 

sections.

As SNPs within inversions show high levels of LD, each inver-

sion can be treated as a single locus. We therefore also fitted clines 

for each inversion, using the inversion genotypes identified for 

each individual as input. We followed Faria, Chaube, et al., (2019) 
except that we always used the frequency of the arrangement that 

was more common in the Wave habitat than the Crab habitat. We 

recorded which arrangement this was in order to check for any dif-

ferences in direction among hybrid zones (File S1). To test for cline 
displacement, we repeated the cline fitting with centres that were 

constrained to be located at the boulder– rock transition. We consid-

ered the unconstrained fit better if the difference in Akaike's infor-

mation criterion (AIC) was >4. We considered there to be evidence 

for clinal variation if either fit had an AIC more than 4 below the AIC 

for a constant arrangement frequency.

We found two complex inversions (LGC6.1/2 and LGC14.1/2) 

that each had three haplotypes segregating in our samples (“a,” “b” 

and “c”). One haplotype was consistently at low frequency in each 

case and did not show clinal variation. The other two showed re-

ciprocal clines. Therefore, we report clines only for the common 

haplotype with a higher frequency in the Wave habitat in each 

case.

In order to test for repeatable phenotypic patterns, clines were 

also fitted to shell length and shape data (Supporting Information). 

We compared the best- fitting cline model with an otherwise similar 

model in which the cline centre was constrained to the boulder– rock 

transition, providing a test for displacement comparable to the test 

used for inversion clines.

2.7  |  Outlier identification and sharing

The presence of a cline alone is not informative regarding whether a 

locus is affected by divergent selection, as clines can be generated by 

isolation- by- distance or a genome- wide barrier to gene flow. Here, 

we use the proportion of the variance in the SNP genotype data that 

is explained by the best- fitting cline model (var.ex) to identify SNPs 

not consistent with neutrality: in simulations taking into account 

the general barrier to gene flow, neutral loci that were not linked 

to selected loci very rarely achieved high values of var.ex (Westram 

et al., 2018). Due to the large number of samples from multiple hy-

brid zones in this study, detailed simulations of the system were not 

feasible; however, based on our earlier work, we used the var.ex as 

a measure to infer non- neutrality, and set an arbitrary threshold at 

the 99% quantile for each hybrid zone. This analysis provided a set 

of “outlier SNPs” that are likely to be influenced by direct selection 

or selection at linked loci.

We then investigated to what extent outliers were shared 

between hybrid zones on the same and on different islands by 

calculating the proportion of outliers in zone X that were also outli-

ers in zone Y. We repeated the analysis excluding inversion regions 

in order to understand to what extent patterns of sharing were 

driven by the presence of shared inversions.

2.8  |  Shared genomic architectures of divergence

We investigated the genomic distribution of outlier SNPs, using a 

previously published linkage map based on the same capture se-

quencing probes (Westram et al., 2018). First, for each zone sepa-

rately, we tested whether outliers were significantly enriched in 

each of the inversions, using permutation. For each inversion and 
zone, we randomly drew SNPs from the collinear background (i.e., 

all genomic regions not containing an inversion on any island) until 

the number of SNPs drawn equalled the number of SNPs in the 

inversion. The inversion was considered significantly enriched for 

outliers if it contained a larger number of outliers than found in 

95% of 1000 permutations. In cases of complex inversions, a sin-

gle inversion region encompassing all overlapping inversions was 

considered.

Second, for each zone separately, we investigated whether 

outliers outside inversion regions were enriched in other low- 

recombination regions. Regions of low recombination are likely to 

contain more SNPs for a given genetic map interval, because their 

physical length is greater. Therefore, we used the number of non- 

outliers (on average 99% of all SNPs) in each 1- centimorgan (cM) in-

terval as a proxy for recombination rate and correlated this with the 

proportions of outliers in these intervals.

2.9  |  Sharing of cline patterns

In our previous study (Westram et al., 2018) we found that almost 

none of the SNPs and inversions putatively under divergent selec-

tion showed fixation at cline ends. Here, we investigated whether 

the same pattern can be found across multiple replicate hybrid 

zones. For that, we compared the distribution of allele frequencies 
(for both SNPs and inversions) obtained from the cline fitting for 

each zone.

We also tested whether cline widths were similar across zones by 

correlating the values found in different zones.

For cline centres, we investigated whether SNP clines showed 
shifts away from the boulder– rock transition. We first tested 

whether SNP cline centres are correlated across hybrid zones, indi-

cating that cline centres of individual loci show consistent shifts in 

different hybrid zones. We also tested for overall shifts of cline SNP 

centres by investigated whether the distribution of cline centres was 

shifted from the boulder– rock transition, using a Wilcoxon signed 

rank test for each hybrid zone separately.

We then investigated whether cline shifts could be explained 

by any of the alternative environmental transitions that we defined. 
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However, as all other environmental variables were extremely 

noisy and the variance explained by the step model was often low, 

instead of presenting a formal analysis we only discuss our results 

verbally.

As one hypothesis that could explain consistent cline shifts across loci 

and hybrid zones is a difference between ecotypes in dispersal and/or pop-

ulation density, we tested for the extent of spatial structure within ecotypes 

by performing an isolation- by- distance analysis (see Supporting Information).

F I G U R E  2  Distribution of outlier SNPs on the genetic map (each subplot shows a linkage group). Each row represents one hybrid zone, 
labelled on the left; on the islands CZA, CZB and CZD, the “left” hybrid zone is shown above the “right” zone. Each point represents a 1- cM 
interval where at least one SNP (in a given hybrid zone) is an outlier. The size of the point reflects the proportion of SNPs at a given position 
that are outliers (the smallest points reflect 2% or less, the largest 40% or more; between these values, circle size scales with the proportion 
of outliers). Only map intervals containing 10 or more SNPs are shown. Shaded areas represent putative inversion regions. Note that linkage 
groups 10 and 14 each contain two adjacent inversions; these are separated by a black line. Linkage group 12 is likely to contain inversions 
but we refrain from highlighting individual inversions as the patterns are highly complex
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3  |  RESULTS

3.1  |  Analysis of phenotypic clines

All sampled locations showed clear phenotypic clines from large, 

elongated shells in the boulder field to small, globose shells on the 

rock (Tables S1 and S2, Figures S1 and S2). Sizes and shapes at cline 
ends were similar for all contact zones (Tables S1 and S2), as required 

for replicate zones. The phenotypic cline centres were displaced 

into the rock habitat in all cases except for the shape cline centre in 

CZA_left and CZA_right (Tables S1 and S2); this displacement was 

significant in most cases (Tables S1 and S2). The extent of displace-

ment varied from a few metres to more than 20 m for some shell 

size clines; in all zones the size cline was more displaced than the 

shape cline.

3.2  |  Spatial structure and relationships among 
populations

After excluding SNPs located in putative inversion regions in any 

of the hybrid zones, between 8,000 and 20,000 SNPs (depending 

on the focal population pair) remained for an analysis of population 

structure. FST estimates demonstrated low differentiation between 

same- ecotype samples from different zones (Figure 1d). Consistent 
with the patterns revealed by FST, the first principal component of a 

PCA on all putatively neutral SNPs passing filters (excluding inver-

sions, 7,976 SNPs) splits the two ecotypes (Figure S3; however, note 
that this axis explains only 2.8% of the total variance).

Together these results demonstrate high similarity of same- 

ecotype samples from different bays (or different sides of the same 

bay), as required for replicate hybrid zones.

3.3  |  Sharing of chromosomal rearrangements

We performed de novo detection of inversions for CZA, CZB and 

CZD, where the presence of inversions has not been tested before. 

In total, we found evidence for 16 putative chromosomal inversions 

in 10 out of the 16 linkage groups investigated (excluding LG12), in-

cluding one (LGC10.2) not described by Faria, Chaube, et al., (2019); 
Figure 2, Table 1). In LG6 and LG14, we detected two overlapping 
inversions in each case (Table 1), and report results for the combined 

inversion regions (LGC6.1/2 and LGC14.1/2).

Despite some slight variation in coordinates, most inversions 

were consistently detected in an independent manner across all is-

lands. The only three exceptions correspond to three clusters that 

did not pass one of our detection thresholds in at least one island. 

However, LD patterns, coordinates or PCA groupings for these clus-

ters strongly suggest the presence of the same inversion across all 

islands (Table 1), so that we consider all inversions as shared among 

all zones in the following analyses. All inversions except for LGC11.1 

showed significant clinal change in most zones (Table 1; File S1).

3.4  |  Sharing of outliers

For the whole genome (i.e., inside and outside inversions) 48,672 
SNPs passed filtering and could be used for cline fitting in all loca-

tions. In the different zones, between 32% and 59% of SNPs showed 

nominally significant clines. Cline “outliers,” likely to be affected by 

divergent selection, were defined based on the variance explained 

by the best cline model. Sharing of outliers between zones was 

generally high (Figure 1b,c), and higher between zones on the same 
island, which share the same Crab population. Sharing between is-

lands was more limited but still much larger than the random expec-

tation (five shared outlier SNPs expected based on sampling from 

a hypergeometric distribution; the probability of sharing 36% or 

more is essentially 0). Each zone had some private outliers that were 

not shared with any other zone, but the proportion of these outli-

ers was typically small (CZA_left: 15%; CZA_right: 16%; CZB_left: 

15% CZB_right: 26%; CZD_left: 9%; CZD_right: 13%; ANG: 40%; the 

larger proportion in ANG is partly explained by the fact that no sec-

ond geographically close zone on the same island was sampled). In 

total, 87 outliers were shared between all zones.

When inversion regions were excluded from the analysis (leaving 

33,226 SNPs in the analysis), outlier sharing was lower (Figure 1b,c; 
grey numbers), but still much higher than the random expectation 

(the probability of sharing 18% of outliers, or more, by chance is es-

sentially 0).

3.5  |  Shared genomic architectures of divergence

All hybrid zones showed similar genomic distributions of outliers 

(Figure 2). Most outliers clustered in a few genomic regions, many 
of them coinciding with inversion regions. Some inversion regions 

showed a significant enrichment of outliers (yellow shading in 

Figure 2); most notably, LGC6.1/2 and LGC14.1/2 were enriched for 
outliers in all zones. An inversion in LG17 showed a clear enrichment 

of outliers in ANG, but in none of the other zones. While we base our 

analyses on cline outliers, FST estimates were elevated in the same 

genomic regions (see Figure S4 for Manhattan plots).
Shared outliers were more commonly located in inversion re-

gions than nonshared outliers. For example, 74% of SNPs that were 
outliers in only a single zone were located in an inversion region 

(n = 646), while 97% of outliers shared among exactly five hybrid 

zones were located in an inversion region (n = 93). All outliers shared 

among exactly six zones were located in an inversion region (n = 76), 

and all outliers shared among all seven zones (n = 87) were located in 

the LG6 or LG14 inversions. However, some inversion regions (e.g., 

a large putative inversion on LG10) contained very few outliers in 

general, and no shared outliers.

A large proportion of outliers were located in inversion re-

gions, but SNPs in an inversion are in high LD and this might 

distort patterns. Therefore, we repeated the analysis of outlier 

distribution without inversion regions (Figure S5). While sharing 
of outliers was considerably lower when inversion regions were 



3806  |    WESTRAM ET Al.

excluded (Figure 1b,c, grey numbers), outlier SNPs outside inver-
sion regions tended to cluster near linkage group centres in all 

zones (Figure S5), particularly in the centre of LG2. This pattern 
suggests an association with centromeres (the location of which 

is not currently known), which are regions of low recombination 

in many organisms. We therefore hypothesized that outliers tend 

to be associated with regions of low recombination. We tested 

this by comparing the numbers of outliers with the numbers of 

nonoutliers per 1- cM interval. If outliers are randomly distributed 

across the genome, independent of recombination rate, the slope 

of this regression is expected to be 0.01 (as 1% of SNPs are outli-

ers by definition). However, if outliers are predominantly located 

in regions of low recombination where there are many SNPs per 

cM, the slope is expected to be steeper because outliers are ex-

pected to be overrepresented in these intervals. Outliers were 

indeed overrepresented in intervals with large numbers of non-

outlier SNPs (Figure 3).

3.6  |  Sharing of allele frequency and inversion 
frequency patterns

For all SNPs with significant clines, allele frequencies at cline 
ends were estimated. These were strongly correlated between 

ecotypes in all zones (Figure 4). Outlier SNPs tended to show 
stronger differences between ecotypes than nonoutliers, as ex-

pected. However, differential fixation between ecotypes was rare 

or absent in all zones; even among outlier SNPs, the great major-

ity were polymorphic at both cline ends. Some inversions showed 

strong frequency differences between ecotypes, particularly 

LGC6.1/2 and LG14.1/2, consistent with the observed enrichment 

in SNP outliers (Figure 4, coloured symbols). However, fixation 
was rare also for inversions, and differential fixation was never 

observed (Figure 4).
Allele frequencies for a given ecotype tended to be similar 

across zones: all pairwise correlations of allele frequencies were 

positive and statistically significant (all Pearson correlation coef-

ficients (r) ≥ .65; all p < .001; Tables S3 and S4). Figure 4 shows 
that inversion- cline end frequencies were also similar between 

zones.

3.7  |  Sharing of cline widths

In contrast to allele frequency estimates, the cline width estimates 

were not (or very weakly) correlated between the two zones on the 

same island (CZA: Pearson r = .02, p = .03; CZB: r = .02, p = .24; CZD: 

r = 0, p = .7; Figure S6). A correlation would have been expected 
at least for shared outlier SNPs if selection was roughly similar in 

strength. Cline widths were also frequently estimated to be at the 

lower or upper boundary allowed in the estimation procedure, in-

dicating that many of these estimates are unreliable (Figure S6). We 
therefore do not discuss cline widths further in this study.

3.8  |  Sharing of cline centre shifts

We tested for consistent cline shifts away from the boulder– rock 

transition across zones based on patterns at individual SNPs. 

Correlations were either not significant or very weak (CZA: Pearson 

r = .02, p = .06; CZB: r = .06, p < .001; CZD: r = .05, p < .001, Figure 
S7), indicating that shift patterns differ between zones.

To test for a general pattern of cline shifts across loci, we com-

pared the overall distribution of cline centres (SNPs excluding in-

version regions) with the boulder– rock transition and found highly 

significant displacements for all zones (Wilcoxon signed rank test; 

all p < .001; Figure 5); the median displacement was between 1.7 m 
(CZA_left) and 27.0 m (CZB_right). Similarly, for all inversions with 

significant clines, a model with displacement provided the best fit. 

The shift away from the boulder– rock transition was into the rock 

area for both SNPs and inversions. In many cases there was a long 

tail of the distribution in the rock area, with many clines displaced for 

tens of metres (Figure 5).
We investigated whether one of our other environmental vari-

ables could provide an explanation for the shifted clines. Fucoid sea-

weed did not show a consistent change between the two sides of the 

transect (Figure S8, Table S5). It is therefore unlikely to explain the 
consistent cline shifts. The environmental transitions for topography 

(steepness of the shore) and shore height were sometimes shifted 

to the right and sometimes to the left of the boulder– rock transi-

tion, and both showed very noisy patterns; therefore, they are also 

unlikely to explain cline shifts (Figure S8, Table S5). In contrast, the 

F I G U R E  3  Relationship between the number of outliers and the number of nonoutliers in 1- cM intervals (excluding inversions). 
The relationship is expected to be steeper if outliers are predominantly located in low- recombination regions (i.e., intervals with many 
nonoutliers). A linear model fitted to the observed data is shown as a grey line; the expectation (based on 1000 permutations each) is shown 
as a black dashed line. The difference in slope was significant in all cases, i.e. the slope obtained for the observed data was above the 95% 
quantile of the distribution of permutation slopes
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prevalence of barnacles systematically increased on the rock side, 

and the transition was always on the rock side of the boulder– rock 

transition (Figure 5; Figure S8, Table S5). However, the variation in 
the barnacle data was usually considerably higher than the variation 

in substrate (Figure S8, Table S5); we therefore refrain from any for-
mal test of associations with cline centres.

Another partial explanation for consistent cline shifts could be a 

difference in population density and/or dispersal between ecotypes. 

Higher dispersal, higher population density or both in the Crab eco-

type would generate overall asymmetric gene flow into the Wave 

habitat, displacing the clines from the environmental transition 

where selection changes. We addressed this possibility by perfo-

ming an isolation- by- distance analysis within ecotypes, using only 

individuals far from the contact. The results did not show an increase 

in genetic distances with geographical distances in the Crab popu-

lations, but did show evidence of IBD in several of the Wave pop-

ulations, consistent with higher density or dispersal in Crab snails 

(Figure S9).

4  |  DISCUSSION

Hybrid zones are great natural laboratories offering many insights 

into evolutionary processes (Abbott et al., 2013; Hewitt, 1988). 

Tracking how allele frequencies change over space may increase 

the power to detect divergently selected loci and provide informa-

tion about selection pressures and genomic architectures that is 

not always accessible when relying on pairs of population samples. 

However, like other studies of genomic divergence, hybrid zone 

studies often suffer from an inability to distinguish between chance 

effects (either due to evolutionary stochasticity [drift] or due to 

sampling effects) and idiosyncrasies of specific sampling sites on the 

one hand, and more general patterns on the other hand. Here, we 

use seven hybrid zones on a small geographical scale as “replicates” 

of adaptive divergence in order to make this distinction.

4.1  |  Replicate hybrid zones

Studies comparing multiple hybrid zones have mostly focused on 

their differences, for example analysing geographically distant 

zones, zones of secondary contact of different age or ecologically 

dissimilar zones. These differences are often associated with differ-

ences in the set of genomic regions showing clinal change, the extent 

of introgression, hybrid zone structure (e.g., mosaic vs. continuous; 

unimodal vs. bimodal) or patterns of cline displacement (Arntzen 

et al., 2014; Beysard & Heckel, 2014; Dufresnes et al., 2015; Schaefer 

et al., 2011). In contrast, here we use multiple hybrid zones that are 

as similar as possible to serve as replicates, a related approach to 

that previously employed by Zieliński et al., (2019), who sampled 
replicate transects of the same newt hybrid zones. To serve as repli-

cates when studying the genomic basis of divergence, the different 

hybrid zones must show similar patterns of phenotypic divergence 

and must be connected by recent gene flow, so that adaptive vari-

ants can readily be shared. If this is not the case, location- specific 

adaptations and different genomic solutions to obtaining the same 

adaptation may be common (Conte et al., 2012).

Here, the analysis of phenotypic clines shows that shell shape 

and size are similarly diverged in all studied zones, suggesting that 

F I G U R E  4  Fitted allele frequencies at the Wave and Crab ends 
of the cline for all SNPs with significant clines outside inversion 
regions (grey points: putatively neutral SNPs; semi- transparent 
red points: outlier SNPs), and for inversions with significant clines. 
Cline fitting was not performed for SNPs with an allele frequency 
difference of less than 0.1 between Crab and Wave; this explains 
the lack of points around the 1:1 line. For complex inversions 
(LGC6.1/2 and LGC14.1/2) only the arrangement with the largest 
change between Crab and Wave is shown
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selection pressures at least on these traits are similar. Our PCA and 

FST results show that differentiation between ecotypes within hybrid 

zones and differentiation within ecotypes between hybrid zones is 

at a similar level, indicating high gene flow within ecotypes between 

zones and/or a recent common evolutionary history. This system is 

therefore well suited for identifying repeatable patterns.

Our study builds on the premise that patterns replicated 

among these geographically close hybrid zones are less likely to 

be spurious than patterns observed in a single zone. For example, 
the repeated shifts of both phenotypic and genetic clines into the 

rock area that we observe are unlikely to be due to chance effects 

because cline shifts happen independently on each island. One 

potential criticism of our approach might be that, with geograph-

ically close hybrid zones, where gene flow between zones within 

ecotypes is high, chance differences between ecotypes could be 

shared among some hybrid zones. This could potentially generate 

false- positive outliers that are shared among islands. However, 

we note that levels of sharing are still expected to be higher for 

selected than neutral SNPs, making the most- shared outliers the 

strongest candidates. In addition, alleles reaching high- frequency 

differences due to drift may not show steep clines between eco-

types, so that they are less likely to be detected as outliers with 

our cline analysis approach in the first place. In other words, the 

general criticism of genome scans that outliers may not be func-

tionally associated with ecotype divergence still applies to our 

analysis; however, an analysis including replicates represents an 

improvement compared to a single- location analysis as confidence 

is increased for outliers shared among multiple zones.

In the following, we discuss patterns shared between replicates 

and their implications. We also highlight some nonshared patterns 

and possible explanations.

4.2  |  Sharing of inversion polymorphisms

Segregating chromosomal rearrangements are common in many 

species and have frequently been shown to contribute to diver-

gence (Wellenreuther & Bernatchez, 2018). Inversions could pro-

vide an efficient means of transporting sets of adaptive alleles 

between locations, contributing to rapid adaptation (Faria et al., 
2019), for example in postglacial populations such as Swedish 

Littorina saxatilis. If rearrangement polymorphisms are maintained 

by selection, they should be shared among replicate hybrid zones. 

There is strong evidence that this is the case in our study system: 

When analysing the four islands separately, we detected largely 

the same candidate regions in every case. While the coordinates 

varied slightly and are relatively imprecise due to the limited 

resolution of our sequencing data and genetic map, it seems very 

likely that the same rearrangements segregate in all studied hybrid 

zones, and do so at similar frequencies. These findings therefore 

confirm the presence of rearrangement polymorphism detected 

in a single location in earlier studies (Faria, Chaube, et al., 2019; 
Westram et al., 2018). They are also consistent with work dem-

onstrating large blocks of high differentiation at much larger geo-

graphical scales in some of these inversion regions (Morales et al., 

2019), even if direct evidence for the presence of inversions was 

not possible due to the use of pool- seq data. Many of the inver-

sions show clinal changes with the same directionality in multiple 

hybrid zones (File S1). Below, we discuss the role of these shared 
inversions in divergence.

4.3  |  Sharing of outliers

While it has been shown that outliers detected in genome scans 

can be false positives (i.e., not indicative of divergent selection) 

for various reasons (Ravinet et al., 2017), we here combine two 

approaches to obtain an especially reliable set of outliers: hybrid 

zone analysis and the use of replicates. As expected for a study 

with very closely related replicates and relatively large sample 

sizes, a large proportion of cline outliers were shared among at 

least two islands, and we therefore obtain a large set of strong 

candidate regions.

It is possible that some shared outliers are not related to 

adaptive divergence between ecotypes, but instead represent 

old intrinsic incompatibilities that became coupled with extrin-

sic barriers (Bierne et al., 2011). However, there is little evidence 

for intrinsic incompatibilities in this system so far (Johannesson 

et al., 2020), and it is clear that numerous traits change across our 

hybrid zones. Therefore, while we certainly cannot exclude that 

some outlier regions represent intrinsic barriers, it seems likely 

that most shared outliers are associated with genomic regions 

underlying local adaptation. Further work will focus on annotat-
ing these regions and finding associations with phenotypes using 

mapping studies. However, as discussed below, many of the out-

liers are located in putative regions of low recombination (inver-

sions or other low- recombination regions); therefore, identifying 

individual genes underlying divergence will be challenging (Cheng 

et al., 2012).

While the majority of outliers in each zone are shared with at least 

one other hybrid zone, there are also a small number of zone- specific 

outliers. These outliers might be associated with zone- specific selec-

tion pressures. The sampled zones differ in some environmental as-

pects including the height and slope of the cliff and the orientation, 

which could modify the strength of crab and wave selection pres-

sures and introduce additional local selection pressures. However, 

F I G U R E  5  Distribution of cline centres along the shore, from the Crab habitat (left) to the Wave habitat (right). Arrows indicate two 
environmental transitions (red: boulder– rock; black: barnacle). Phenotypic cline centres are shown as grey solid (size) and dashed (shape) 
lines. Histograms indicate the position of individual cline centres for SNPs, excluding those in inversion regions. Horizontal positions of 
inversion names indicate locations of inversion cline centres (left- aligned). Note that a small number of inversion cline centres falling outside 
the sampling range are not shown (but see File S1 for all centre locations)
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it is currently impossible to distinguish loci under location- specific 

divergent selection pressures from spurious outliers that are gener-

ated by drift or sampling (false positives), or outliers that are under 

selection in multiple locations but crossed our arbitrary threshold in 

only one location (false negatives in other zones). The latter might be 

the case, for example, for outliers in the linkage group 17 inversion 

(see following section).

It is notable that the proportion of shared outliers clearly de-

creases when inversions are excluded from the analysis; in partic-

ular, the number of outliers shared between all islands decreases 

substantially— see Morales et al., (2019) for a similar result on a larger 

geographical scale. This is one piece of evidence for the role of inver-

sions in genomic divergence in this system.

4.4  |  Shared genomic architecture of divergence

Numerous theoretical and empirical studies have emphasized the 

role of recombination reduction in divergence with gene flow. Our 

findings are consistent with this, as we find clear shared patterns 

of genomic architectures. First, outliers in all zones cluster in inver-
sion regions, and arrangement frequencies differ strongly between 

ecotypes for some inversions; second, outliers outside inversions in 

all zones cluster near chromosome centres and are potentially as-

sociated with low recombination rates. We discuss these patterns 

in turn.

The role of chromosomal rearrangements in adaptive divergence 

and speciation is becoming increasingly clear. Theory predicts that 

two populations containing different inversion karyotypes will ben-

efit from reduced recombination, allowing for the maintenance of 

locally adapted combinations of alleles (Kirkpatrick & Barton, 2006). 

Inversion polymorphisms associated with adaptive divergence and/

or incipient speciation have been found in multiple systems, includ-

ing lake- stream divergence in sticklebacks (Roesti et al., 2015), di-

vergence between migratory and stationary ecotypes in cod (Berg 

et al., 2016) and divergence in life- history traits in monkeyflow-

ers (Twyford & Friedman, 2015). We find that multiple inversions 
show clinal change between ecotypes. However, as for SNPs, clinal 

change alone is not sufficient evidence for divergent selection, even 

when shared across replicate zones, as the general barrier to gene 

flow between ecotypes may generate clinal changes at neutral loci. 

However, we also find that arrangement frequencies for some in-

versions show very strong and consistent differences between eco-

types (LGC6.1/2 and LGC14.1/2 are close to differential fixation in 

some of the zones), a pattern that seems unlikely under neutrality. 

Consistent with this, we find that outliers are overrepresented in 

inversion regions, potentially indicating divergent selection on the 

inversions (but see caveats discussed at the end of this section). The 

directionality of divergence between the Crab and Wave ecotypes 

is almost always the same, consistent with one arrangement con-

taining alleles adapted to the Wave environment and the other ar-

rangement containing alleles adapted to the Crab environment. The 

evidence is particularly strong for the inversions on linkage groups 6 

and 14, which we already detected in previous studies in the location 

ANG (Faria, Chaube, et al., 2019; Westram et al., 2018); remarkably, 
evidence for high levels of differentiation in these genomic regions 

has been found across Europe (Morales et al., 2019). It therefore 

seems likely that these two inversions, and possibly others, make a 

strong contribution to ecotype divergence in this system. As L. sax-

atilis ecotypes in Sweden have diverged only recently, possibly when 

crabs recolonized the area a few thousand years ago (Butlin et al., 

2014), segregating inversions with sets of co- adapted alleles could 

have been important drivers of rapid adaptation. These inversions 

could have been maintained in northern populations during glacia-

tions (e.g., by balancing selection, see below) or they could have in-

trogressed from southern populations (where crabs might have been 

present throughout glaciations or might have recolonized the area 

earlier than in the north).

We also find some inversions that seemingly contribute to diver-

gence only locally. Most notably, the inversion on LG17 contains a 

large number of outliers in ANG, but none in any of the other zones. 

However, on closer inspection this inversion shows similar frequency 

patterns in all zones: it is near fixation in the Crab ecotype, but poly-

morphic on the Wave side, where many heterokaryotypic individuals 

occur. Frequency differences are slightly more pronounced in ANG, 
leading to the large number of outliers (as outliers in the inversion 

are in LD, a sudden increase in outlier number with a small change 

in arrangement frequency is not surprising). It is therefore feasible 

that this region is under similar selective pressures in all zones, but 

that slight chance differences, slight differences in the strength of 

selection or variation in power among the analyses of the different 

zones cause the observed pattern.

A general caveat is that inversions generate strong LD and SNPs 

within inversions do not evolve independently. Indicators of diver-

gent selection (FST, cline slope, extent of sharing) at SNPs linked to 

causal variants are usually weakened by recombination. This weak-

ening effect is diminished substantially in inversions, where strong 

LD can be maintained across tens of megabases. In contrast, in anal-

yses of reduced- representation data sets, almost all SNPs in collin-

ear regions experience this weakening effect because it is unlikely 

that directly selected variants are captured. As a result, inversions 

may stand out regarding indicators of divergent selection even if 

selection on them is not stronger than selection on many variants 

in the collinear genome. While it seems clear that inversions are im-

portant in this system, it is therefore currently impossible to esti-

mate their relative importance compared to other genomic regions, 

to pinpoint exactly the location and number of selected loci, or to 

determine whether selected loci are associated with intrinsic or ex-

trinsic barriers.

As the number of outliers in our analysis was fixed (to 1% of 

the total number of SNPs), inversions might pocket the majority of 

outliers, effectively masking patterns in the rest of the genome. We 

therefore repeated the outlier analysis without inversion regions 

and found that outliers are also particularly common near chromo-

some centres. We hypothesized that this represents an accumula-

tion in regions of low recombination, as observed in other systems 



    |  3811WESTRAM ET Al.

(Duranton et al., 2018; Renaut et al., 2013; Roesti et al., 2012). Under 

divergence with gene flow, outliers are expected to cluster in low- 

recombination regions, both because low recombination prevents 

the disruption of favourable allele combinations and because signa-

tures of selection spread further along the chromosome. Empirically, 

an accumulation of outliers in low- recombination regions has been 

demonstrated, for example, in sticklebacks, especially when popu-

lations are connected by gene flow (Samuk et al., 2017). We used 

a proxy of the recombination rate based on the L. saxatilis genetic 

map and indeed found a negative relationship between recombina-

tion rate and the proportion of outliers. However, we note that we 

currently cannot distinguish between a larger number of selected 

loci located in low- recombination regions and an accumulation of 

outliers simply because signatures of selection are more likely to be 

detected where recombination is low.

4.5  |  Sharing of allele frequency patterns

Considering the geographical proximity, small FST values between 

zones and high levels of outlier sharing, it is not surprising that allele 

frequencies are correlated between samples of the same ecotype 

from different islands. Interestingly, fixed differences between 

ecotypes are rare in all zones (and completely absent in some), for 

SNPs as well as inversions, including those that show evidence of 

divergent selection. For SNPs, the pattern might be explained by the 
fact that we target a relatively small proportion of the genome, and 

most outlier SNPs are unlikely to be under direct divergent selec-

tion but are rather linked to selected loci, as discussed above. As 

an alternative, but not mutually exclusive explanation, if selection 

is stabilizing within ecotypes and focused on highly polygenic traits, 

fixation may not be expected even at causative loci.

The pattern of nonfixation is more surprising for inversions, 

which are likely to be under direct divergent selection because they 

contain major- effect loci or multiple loci contributing to polygenic 

traits. As we previously argued for the location ANG (Westram et al., 

2018), patterns of nonfixation for divergently selected inversions 

could be explained by balancing selection acting on these inversions 

at the same time, for example due to the presence of recessive del-

eterious alleles (causing heterokaryotype advantage). Such a combi-

nation is feasible given theory that emphasizes both the propensity 

of inversions to contribute to divergence by generating blocks of 

locally adapted alleles (Kirkpatrick & Barton, 2006) and the risk for 

inversions to accumulate recessive deleterious mutations that ul-

timately lead to overdominance (Faria, Johannesson, et al., 2019; 
Kirkpatrick, 2010; Ohta, 1971).

4.6  |  Sharing of cline centre shifts

In all hybrid zones we found a consistent shift of the median cline 

centre into the rock area. This shift is consistent with previous work 

(Johannesson et al., 2020), where we observed that the hybrid 

index does not abruptly change at the habitat transition, but rather 

changes mostly in the rock (Wave) area, often gradually. The centre 

shift is not only observed for neutral SNPs, outlier SNPs and inver-

sions, but also for one of the two phenotypes we studied (shell size). 

For individual loci, the extent of the shift is not consistent. While 
there is some uncertainty associated with each individual cline fit, 

which may weaken the correlation between cline centre estimates 

from different zones, the complete lack of a correlation probably in-

dicates that the general shift is explained by genome- wide effects 

rather than locus- specific effects such as epistasis or dominance. 

We often found a large number of cline centres clustering on the 

rock side of the boulder– rock transition, with a long tail of additional 

cline centres spreading further into the rock habitat.

We suggest two, not mutually exclusive, possible explanations 

for cline shifts. First, the boulder– rock transition might not corre-

spond to the position where the main selection pressures change. 

Either the well- established crab and wave selection pressures 

change to some extent independently of the substrate or other en-

vironmental factors contribute to selection. In some locations the 

bedrock is relatively flat, potentially allowing crabs to forage on it. In 

others, wave exposure is influenced by shore form and aspect as well 

as substrate. This is supported by our finding that the presence of 

barnacles (which indicate wave exposure; Jenkins & Hawkins, 2003) 

often increases some distance from the boulder– rock transition. If 

selection pressures change more gradually than the very sudden 

shift in substrate, this could also explain the trailing- off of the cline 

centre distribution into the rock habitat.

Second, between- ecotype differences in dispersal or population 

density could contribute to the shift of the clines. If net dispersal 

from Crab into Wave is higher than vice versa, this would lead to a 

general shift of clines. Our isolation- by- distance analysis on “pure” 

Crab and Wave samples is consistent with this, as Crab individuals 

show essentially no population structure, while there are patterns 

of increasing genetic distance with spatial distance in some Wave 

samples. This could indicate higher dispersal, higher density or both 

in Crab habitats or in the Crab ecotype, which is conceivable given 

that dispersal between boulders might be substantially different 

from that on a cliff, and that Crab snails are much larger than Wave 

snails. Alternatively, it is possible that the stronger spatial structure 

in the Wave ecotype is a direct effect of stronger spatial variation in 

selection pressures. Ultimately, a difference in density or dispersal 

can only be confirmed with extensive sampling, mark– recapture or 

experimental studies.

Notably, while cline shifts were observed in all zones, the ex-

tent of displacement and the amount of variation among cline cen-

tres differs substantially between different zones. This is probably 

explained by differences among zones regarding the extent and 

abruptness at which the selective environment is changing. As our 

alternative environmental measures show, despite the presence of 

a relatively clear boulder– rock transition the shores are highly com-

plex, with some selection pressures probably varying on a very local 

scale. Other factors might also contribute, such as differences in the 

strength of selection between habitats.
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Whatever the explanation, it is clear that the cline shifts we 

observed at ANG are not solely explained by a site- specific den-

sity trough, as we hypothesized when studying only a single zone 

(Westram et al., 2018). Similar density troughs have not been ob-

served at other locations. Our results on cline shifts therefore rep-

resent a good example of how replicate hybrid zones can help to 

disentangle site- specific processes from those that are more gen-

eral. How multiple environmental transitions, demographic factors 

and selection strengths interact to generate spatial patterns of allele 

frequency change, and how this interaction affects the progress of 

divergence and speciation, is an exciting direction for further theo-

retical and empirical research.
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