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In the ocean, where many species are characterized by large pop-

ulation  sizes, long- distance planktonic dispersal and broad ranges  

(Kinlan & Gaines, 2003; Palumbi & Pinsky, 2014), there has been a 

classical assumption of genetic homogeneity and little persistent dif-

ferentiation (Hedgecock, 1986). Recently, however, both population 

genomics and comparative physiology have uncovered evidence 

of genetic selection and functional differences among widespread 

populations living across varied marine environments (Pespeni & 

Palumbi, 2013; Sanford & Kelly, 2011). Likewise, genetic studies 

and associated modelling have detected subtle genetic structure 

driven by oceanography in species that disperse widely (Galindo 

et al., 2006; White et al., 2010; Xuereb et al., 2018). This increasing 
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systems with extensive dispersal, despite high gene flow and consequently low ge-

netic structure. The speed and mechanisms by which such adaptation occurs remain 

poorly resolved, but are critical to understanding species spread and persistence in a 

changing world. Here, we investigate these mechanisms in the European green crab 

Carcinus maenas, a globally distributed invader. We focus on a northwestern Pacific 

population that spread across >12 degrees of latitude in 10 years from a single source, 

following its introduction < > 1500 km, we 

examine genetic structure using 9376 single nucleotide polymorphisms (SNPs). We 

find high connectivity among five locations, with significant structure between these 



five highly connected locations, the only structure observed was a cline driven by 

a handful of SNPs strongly associated with latitude and winter temperature. These 

SNPs are almost exclusively found in a large cluster of genes in strong linkage dis-

equilibrium that was previously identified as a candidate for cold tolerance adaptation 

in this species. This region may represent a balanced polymorphism that evolved to 

promote rapid adaptation in variable environments despite high gene flow, and which 

now contributes to successful invasion and spread in a novel environment. This re-

search suggests an answer to the paradox of genetically depauperate yet successful 

invaders: populations may be able to adapt via a few variants of large effect despite 

low overall diversity.

       

balanced polymorphism, invasive species, island of divergence, rapid adaptation, seascape 

genomics
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evidence for differentiation in the sea begs the question of how 

quickly, and through which mechanisms, marine species may cope 

       

2013). Introduced species, which in many cases establish and thrive 

in novel habitats, offer the opportunity to examine these questions 

in the context of the natural environment (Blackburn, 2008; Lee 

et al., 2011).



based in part on their dispersal. Local adaptation in the classical sense 

is restricted to species with relatively limited dispersal, which facili-

tates the selection and retention of adaptive alleles within a popula-

tion (Kawecki & Ebert, 2004). Relatively isolated populations are also 

likely to diverge due to neutral processes, as genetic drift changes al-

lele frequencies across the genome (Ellingson & Krug, 2016; Prunier 

et al., 2017). On the other end of this evolutionary spectrum lie open 

marine systems, where alleles are continually exported from each 

location to a mixed pool of larvae that may settle in environments 

far different from their sources. In this dynamic, balanced polymor-

phism is favoured, and adaptive variation is maintained within the 

population as a whole (Sanford & Kelly, 2011). These adaptive al-

leles mix as larvae disperse, and the environmental conditions they 

encounter as they recruit can result in strong and rapid selection 

that culls less- fit alleles from the local population (Sotka, 2012). This 

phenomenon has been described largely in the context of maintain-

ing differentiation across small- scale environmental differences year 

after year in systems where the scale of dispersal far exceeds the 

scale of selection. For example, strong selection to salinity appears 

to have maintained an enzymatic cline in mussels along Long Island 



tidal heights maintain balanced polymorphism in limpet populations 

(Schmidt et al., 2000). Such examples may better reflect the realized 

capacity of highly dispersive marine species to adapt to stressors 

across complex oceanographic regimes than studies of strict local 

adaptation (Véliz et al., 2006).

  -

aptation may be mediated by the complex demographic effects 

  

Peterson, 2016). Expanding populations are frequently charac-

terized by sequential  bottlenecks and losses  of  genetic  diversity 

caused by small groups of colonizing organisms (Bors et al., 2019; 

Eckert et al., 2008; White et al., 2013). The success of some such 

populations, which multiply and spread despite low genetic diver-

sity, has been coined the “genetic paradox of invasions” (Roman & 

Darling, 2007). These bottlenecks can also lead to increased sto-

chasticity at range edges, causing allele surfing and other distinc-

tive genetic patterns (Excoffier & Ray, 2008). Gene flow plays a 

substantial role in this process. In some cases, low- diversity edge 

populations may be evolutionarily limited by a lack of gene flow 

(Sexton et al., 2011; Takahashi et al., 2016), while in others, semi- 

isolation at range edges permits rapid evolution in organisms at the 

expansion front (Kilkenny & Galloway, 2012; Phillips et al., 2006; 

Szücs et al., 2017). High dispersal and large populations may also 

facilitate species persistence and expansion, if functional diversity 

can be maintained and quickly spread throughout the expanding 

range (Rius & Darling, 2014). The maintenance of such diversity 

can in theory provide the raw substrate for adaptation and per-

mit extremely quick evolutionary response to shifting conditions 

(Llaurens et al., 2017; Tigano & Friesen, 2016). However, to date, 

the relative contributions of selection and drift as populations es-

tablish in novel environments have not been explored empirically 

in high gene flow systems.

The European green crab ( ) along the northeast Carcinus maenas

Pacific coastline presents an ideal test case for untangling the dy-

namics of rapid marine adaptation and differentiation with high po-

tential gene flow. In this region, the species established an initial 



and spread >1500 km to Vancouver Island in 10 years despite de< -

riving from a single, significantly bottlenecked source (Tepolt et al., 

2009). Green crabs advanced along the coast and primarily to the 

    

        

Yamada & Gillespie, 2008; Figure 1). This rapid expansion was asso-

ciated with extremely strong positive El Niño- Southern Oscillation 

(ENSO) indices in 1997– 1998 that promoted high reproductive out-

put, northward transport and coastal retention of larvae (Behrens 

Yamada et al., 2005; Behrens Yamada & Kosro, 2010; See & Feist, 

2010). Importantly, in the northeast Pacific, C. maenas  are found 

almost exclusively in shallow waters of protected embayments and 

not along the exposed outer coast between bays, resulting in a 

disjunct distribution of green crab populations. This habitat distri-



rocky coast is also subject to high- energy wave action (Hampton & 

Griffiths, 2007), but differs from its more continuous distribution in 



a relatively wide environmental tolerance and diet breadth, along 

with a 30-  to 75- day pelagic larval duration (Dawirs, 1985), which 

have contributed to its spread and establishment in six introduced 

        

et al., 2005).

The importance of ENSO events in the spread and abundance 

of northeast Pacific C. maenas  suggests that  both  temperature  

and local oceanography may play substantial roles in structuring 

the population. Decades of field surveys of abundance in both the 



of temperature during early  development in  driving  recruitment  

strength: cold winters have been associated with weaker recruit-

ment and smaller cohorts of crabs than milder years (Behrens 



demonstrated population- level differences in adult heat and cold 

tolerance consistent  with local adaptation  (Tepolt & Somero,  

2014). Subsequently, transcriptomic work has identified genetic  

markers associated  with temperature  tolerance on a population 

level (Tepolt & Palumbi, 2020). Like many marine species, C. mae-

nas  larvae have shown narrower temperature tolerances than 

adults in laboratory trials, suggesting that thermal tolerance at 

early life stages may be particularly important in shaping crab 
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populations across different years (Dawirs, 1985; de Rivera et al., 

2007).

Here, we use transcriptome- derived single nucleotide poly-

morphisms (SNPs) from  populations in the northeast C. maenas

Pacific to test the roles of connectivity and selection in shaping 

the population structure of this highly dispersive and recently 

 >1500 km of coast-

line, we examine population structure and relative migration to 

elucidate connectivity among embayments across  the species’ 

northeast Pacific range. For a few sites, we have temporal sam-

ples spanning 2– 5 years, which we use to examine the stability of 

population structure over time. Finally, we test for candidate genes 

for selection across a thermal latitudinal gradient, comparing these 

candidates to genes identified in a prior global study of the genetic 

-

ulation was founded 35 years ago from a single source, our data <

represent patterns of divergence and selection that have arisen in 

under 20 generations.

  |

 |

Twelve crabs were sampled from each of six sites along the north-

east Pacific range of C. maenas in 2015– 2016 (Figure 1). Two of these 

 -

pled in both years, while the remaining sites were sampled once. We 

also re- analysed raw sequence data from a prior study of crabs col-

lected in 2011 from two sites (Seadrift Lagoon and Barkley Sound, 



.

 | 



-



(Invitrogen), and up to 4 µ   -



 



were quantified and pooled into groups of 16 multiplexed samples 

run on five lanes of an Illumina HiSeq 4000 in 50- bp single- end 

reads.

  |

Raw sequences were cleaned and trimmed using TRIM GALORE !  ver-

sion 0.6.4 (http://www.bioin forma tics.babra ham.ac.uk/proje cts/

trim_galor e/), a wrapper for CUTADAPT    

   



C. maenas  cardiac transcriptome was used as a refer-

ence (Tepolt & Palumbi, 2015), after an expression- based screen-

ing to remove poorly supported contigs and reduce computational 

load. Briefly, we mapped trimmed and clipped reads from Tepolt 

and Palumbi (2015) back to the reference transcriptome using 

SALMON  version 1.2.1 (Patro et al., 2017). We retained only contigs 

>  1, and re- annotated these contigs using ENTAP  version 

0.9.1 (Hart et al., 2020), comparing all six reading frames against the 

       





(bacteria, green plants, fungi, etc.), as well as all probable mitochon-

drial and ribosomal contigs, were identified and removed from the 

project after alignment to minimize nontarget mapping. This resulted 

in a clean reference transcriptome of 25,552 nuclear contigs.

C. maenas cardiac tran-

scriptome using BOWTIE2 version 2.4.1 with default settings (Langmead 

& Salzberg, 2013).  version 2.22.0 was used to sort reads, PICARD

  







location where the species was initially introduced (first detected 

in 1989)
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identify and mark duplicate read sequences, and index the result-

ing bam files (http://broad insti tute.github.io/picard). The Genome 

GATK) version 4.1.7.0 was used to identify and geno-





GATK

We identified high-  quality, well- supported SNPs for downstream 

analyses using a custom python script that retained only individual 



excluded SNPs missing high- quality genotypes at four or more indi-

viduals for any site- by- year samples of 12 individuals, SNPs with het-



the alternate allele was observed only once across all individuals (to 

minimize bias by potential sequencing errors). In total, 9376 SNPs 

had high- quality genotypes for eight or more individuals per group 

   

had high- quality genotypes at >80% of these SNPs.

  |



We explored the relationship of the 9376 high-  quality SNPs to 

identify potential inversion polymorphisms and other dispro-

portionately large groups of SNPs in linkage disequilibirum (LD). 

Pairwise R2  was calculated across all SNPs using the - - geno- r2 and 

- - interchrom- geno- r2 options in VCFTOOLS  version 0.1.16 (Danecek 

et al., 2011). We then used the R package  version 0.64 to LDNA

identify networks of SNPs in large, compact clusters, setting mini-

mum edges to 45 (expected for 10 closely linked SNPs) and  to 15 

(Kemppainen et al., 2015).

We identified one large outlier LD cluster, which contained 168 

SNPs from 56 different contigs. To further investigate this cluster, 

we explored the relationship between member SNPs using principal 

SMARTPCA, implemented in EIGENSOFT ver-

sion 7.2.1 (Price et al., 2006). We used the 116 individuals that had 

<20% missing genotypes across the 168 SNPs in this cluster. This 

        

we calculated F
IS

 within each of these groups to determine relative 

heterozygosity (Kemppainen et al., 2015). These analyses strongly 

suggested an inversion polymorphism (see Section 3 below), so for 

clarity we refer to this group of 168 SNPs as an “inferred inversion” 

throughout the rest of the paper. To compare the impact this puta-



on the same 116 individuals using the full SNP set both with and 

without the 168 SNPs in the inferred inversion (  9376 and 9208 N =

SNPs, respectively).

  |

The 9376 high- quality SNPs were separately screened to  identify 

all sets of markers in LD and generate a set of independent SNPs 

for population genomics. Pairwise R2 values (calculated above) were 

used to identify groups of two or more SNPs in LD at R2

the R package IGRAPH 

then all but one SNP in each group was removed, leaving a set of 

6848 independent SNPs. The  one SNP retained from each group 

had the highest number of high- quality genotypes, with lower cov-

erage SNPs within an LD group preferentially removed. We use the 

term “independent” to indicate that these SNPs have been screened 

to remove those in strong LD, but note that these SNPs may be in LD 

at lower levels so are not all truly independent. Similarly, this set of 

6848 independent SNPs retained 54 of the 168 SNPs in the inferred 

inversion which were in lower levels of LD with each other (R2 = .29 

to .79).

Basic descriptive statistics were calculated for each site- by- year 

         



ADZE GENEPOP version 1.0 (Szpiech et al., 2008). The R package  version 

1.1.7 was used to calculate observed and expected heterozygosity 

(HO and HE), and to calculate the inbreeding coefficient (FIS) and test 

for heterozygote excess or deficiency using Hardy– Weinberg tests 

(Rousset, 2008). The number of polymorphic SNPs in each sample 

was determined using ARLEQUIN version 3.5.2.2 (linux core implemen-

tation; Excoffier & Lischer, 2010).

To identify a subset of putatively neutral SNPs with which to 

examine population structure unconfounded by selection, we used 

BAYPASS version 2.2 in the core model (Gautier, 2015), with each site- 

by- year sample treated as its own group. We assessed potential 

outliers using a simulated pseudo- observed data set of 6848 SNPs 

with the parameters of the real data to set a 10% false discovery 

rate (FDR) threshold for SNP XtX. This conservative threshold was 

chosen to avoid retaining SNPs under weak selection, thus yielding 

a set of SNPs more likely to be truly neutral. This frequency- based 

approach removed all but one of the SNPs later identified as a candi-

date for environmental association (see below).

Genetic structure for both the independent (N -= 6848) and pu

tatively neutral  (N . =  6311) SNP sets was assessed with SMARTPCA

Pairwise FST was calculated between all site- by- year groups accord-



STAMPP version 1.6.1 with both the independent and putatively neu-

tral SNP sets (Pembleton et al., 2013). Significance was assessed 

using 10,000 permutations, and resulting p- values were adjusted 

for multiple tests using a Benjamini–  Hochberg FDR correction 

(Benjamini & Hochberg, 1995).

We included only one of the 2015- 2016 temporal samples from 

each site for an analysis of relative migration using the putatively 

neutral SNP set (Table 1). Symmetry and relative magnitude of mi-



in the R package  version 1.9.90, with the Nm method and DIVERSITY

1000 bootstraps (Sundqvist et al., 2016). This approach, which cal-

culates relative directional migration, was chosen because it is more 

robust if populations do not perfectly satisfy some of the assump-

tions underlying approaches to quantify an effective migration rate 

(e.g., island model, mutation– drift equilibrium).
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Lagoon, from all other sites (see Section 3 below). Because of this 

genetic distinctiveness, isolation- by- distance (IBD)  analysis ex-

cluded pairwise comparisons with Seadrift Lagoon, focusing only 

on the remaining five “open” sites. Pairwise F
ST

 values were used 

to plot IBD between sites, using along- shore distance calculated 



<50 km (https://gadm.org). When 

comparisons spanned San Francisco Bay and the Strait of Juan de 

Fuca, distances were calculated across the mouths of these fea-

tures. IBD was plotted using five different SNP sets, to explore dif-

ferent potential drivers of latitudinal structure along the coast: (i) 

6848 independent SNPs, (ii) 6794 independent SNPs excluding the 

54 independent SNPs in the inferred inversion, (iii) 6311 putatively 

neutral SNPs, (iv) 144 outlier SNPs identified among the five open 

 

in the inferred inversion. The significance of these relationships was 

assessed using linear regression in R.

 | 

We identified SNPs potentially under environmental selection using 

BAYPASS

the five open sites, excluding Seadrift Lagoon, to identify markers 

potentially driving the observed signal of IBD and latitudinal struc-

turing along the coast. For this testing we used a single sample, col-

lected in 2015– 2016, from each site: 6662 SNPs of the full 6848 

SNP set were polymorphic in these five samples and were used 

for tests of selection. Tested covariates included site latitude (as 

       -



    



psd/ (Reynolds et al., 2007). Daily temperatures were averaged over 

the 2 years prior to sampling, and were determined for the nearest 

0.25° grid location to each study site for January (winter) and July 

(summer).

In BAYPASS, we first ran a core model analysis to identify frequency 

outlier SNPs, then used the auxiliary covariate model to test for as-

sociations between allele frequencies and latitude and winter and 

 

an Ising prior of 0 since the physical order of contigs is unknown. We 



for selection with respect to a given covariate.

         

VEGAN version 2.5– 6 (Oksanen et al., 2019), with missing genotypes 

imputed to be the most commonly observed. Few individual geno-



for 97.1% of SNPs, and no single sampling site was missing more than 

four individual genotypes at any SNP. We used latitude and sum-

= individual genotypes 

~Y + July SST); winter temperature was excluded as it was strongly 
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correlated with latitude (R2  = .79; p =.03). We considered any SNP 

>3 SD

selection (Forester et al., 2018).

SNPs were considered strong candidates for selection if they 

were identified by both BAYPASS

with SST in this data set, due both to the strongly linear north– south 

arrangement of sites along the coast and to the relative coarseness 

of the satellite- derived temperature data. Because of this confound-

ing, we treated all SNPs identified as candidates for association with 

either latitude or  temperature  interchangeably. To visualize these  

relationships, candidate SNPs were tested for linear correlation be-

tween minor allele frequency and latitude or temperature.

 | 



structure, to provide an initial idea of SNPs that were particularly 

likely to affect organismal function. Open reading frames (ORFs) 

and corresponding coding sequences for all contigs were predicted 

using ORFPREDICTOR         

could not be annotated, sequence data alone were used to predict 

ORFs. Predicted sequences were then used to class the impact of 

a given SNP on the resulting protein sequence (untranslated, syn-

onymous, or nonsynonymous) using a custom python script. Of the 

9376 high- quality SNPs, we predicted that 4339 were in the un-



an ORF could not be predicted. Of the putatively coding SNPs, 3843 

were predicted to be synonymous and 1192 to be nonsynonymous. 

We examined SNP substitution patterns for all 9376 candidate SNPs 

prior to LD screening. While putatively linked SNPs were removed 

from the data set prior to selection analysis, they could potentially 

be driving any relationships we detected in SNPs with which they 

are in strong LD.

Data manipulation and plotting were done using the DATA TABLE.  

and GGPLOT2

2016; Wickham, 2016).

 | 

 | 

Linkage disequilibrium network analysis identified one single outlier 

LD cluster nested in one compound outlier LD cluster (Figure 2a,b). 

The compound outlier LD cluster, which we refer to as an “inferred 

inversion,” contained 168 SNPs at an LD of R2

168 SNPs split individuals into three discrete groups along the first 

principal component, explaining 73.08% of variance  (p =  .001;  

Figure 2c). While individuals from most sites appeared in all three 

groups, the left- most group contained predominantly British 



predominantly Elkhorn Slough and San Francisco Bay. This pattern 

of three distinct groups explaining the majority of structure, with 

no discrete partitioning of sites, is diagnostic of a region of the ge-

nome where recombination is reduced (Kemppainen et al., 2015). 

In that case, each group represents a karyotype: homozygotes on 



  F
IS  within each of these groups supports this conclu-

sion, with values near zero in the putative homozygotes (indicating 

Hardy– Weinberg equilibrium) and strongly negative in the putative 

heterozygotes (indicating an excess of  heterozygous individuals; 

Figure 2d). Overall FIS is lower in the middle than in the left or right 

groups (p <  .0001 for both comparisons), while the left and right 

groups are not significantly different from each other (  p = .1).

Genetic structure over all SNPs showed a significant divide be-

tween Seadrift Lagoon and the other five sites, both with and with-

out the 168 SNPs in the inferred inversion (  .0001; Figure 2e,f). p <

With the full set of 9376 SNPs, individuals in both Seadrift Lagoon 

and the remaining five open sites were further subdivided into three 

clusters according to their inferred inversion genotype (p < .0001; 

Figure 2c,e). When the 168 SNPs in the inferred inversion were re-

moved, this three- part structure disappeared and the second princi-

pal component was no longer significant (p  .09; Figure 2f).=

  |

Of the full 9376 high- quality SNP set, 3962 SNPs comprised 

1434 groups in LD with R2

each group to create a set of 6848 “independent” SNPs. This screen-

ing differs from the earlier LDna analysis, which sought to identify 

large clusters of LD; by contrast, this approach intends simply to re-

move bias to population structure measurements from including any 

sets of SNPs in strong LD. The majority of these groups (N =  839) 

comprised small numbers of SNPs in the same contig. The largest of 

these groups by far included 77 SNPs from the inferred inversion; no 

other groups contained >13 SNPs. We note that this analysis did not 

identify all 168 SNPs in the inferred inversion as being in the same 

group, since some of those SNPs are in LD with others at R2 <  .8; 

consequently, the set of 6848 independent SNPs includes 54 SNPs 

in the inferred inversion.



of 6848 high- quality, independent SNPs. BAYPASS  identified 537 of 

         

site- by- year samples; these SNPs were removed to construct a panel 

of 6311 putatively neutral SNPs for selected downstream analyses.

-

nificantly lower in Seadrift Lagoon than in all other sites in all years 

(p           

0.00438 to 0.00771; seven pairwise comparisons were significant, 

all comparing Seadrift Lagoon in 2011 or 2016 with non- Seadrift 

Lagoon sites (p < .05 for all comparisons). Lower allelic richness in 

Seadrift Lagoon reflects a lower number of polymorphic SNPs there 

-

erozygote excess.
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 | 

F
ST

 was significant between most sample pairs when using the 6848 

independent SNP set (pairwise F
ST

 excluding temporal comparisons: 

0.00058– 0.027; Table S1). By contrast, when using the 6311 puta-

tively neutral SNPs nearly all significant comparisons were between 

Seadrift Lagoon samples and all other sites (pairwise FST  including 

Seadrift: 0.0081– 0.016; pairwise FST

0.0044; Table S2). There was no evidence for differentiation within 

any temporal comparison across years with the putatively neutral 

SNP set (pairwise FST

these patterns, with the first component separating Seadrift Lagoon 

from all other sites with both the independent and neutral SNP sets 

(6848 independent SNPs: loading = 2.75%, p <.0001; 6311 neutral 

SNPs: loading =  2.07%, p -<  .0001; Figure 3a,b). The second com

ponent was significant only  with the  independent  SNP set  (load-

ing  = 1.53%, p < .0001), and spread non- Seadrift Lagoon sites along 

a rough north– south axis (Figure 3a). With the neutral SNP set, this 

pattern collapsed (  .05), with  near- complete overlap among all p >

non- Seadrift Lagoon samples (Figure 3b). While Seadrift Lagoon had 

significantly lower allelic richness than all other sites, there were no 

significant differences among the remaining open sites (Figure 3c).

To test a realistic migration scenario, we estimated relative mi-

gration using only one recent sample from each site. Estimates of 

relative migration between sites (using 6311 neutral SNPs only) 

demonstrated similar and symmetrical migration among all sites ex-



distinctiveness, we found evidence for reduced migration both into 

and out of this site relative to the rest of our study sites (Figure 3d). 

The approach we used sets the maximum observed migration to 1 

and scales the rest of the migration estimates accordingly. Between 

all five open sites, we observed values of 88%– 100% of maximum 

observed migration, while estimated migration between Seadrift 

Lagoon and all other sites ranged from 68% to 78% of the maximum. 

  

network analysis showing nested single and compound outlier LD clusters. In b, the inferred inversion (compound cluster in a) is indicated 

FIS


individuals were excluded because they were missing high- quality genotypes at >20% of SNPs in the inferred inversion

(c)

(f)(e)
(d)
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We note, however, that it is impossible to fully differentiate between 

ongoing low- level migration and recent divergence (with no ongoing 

migration) given the recent history of green crabs in the northeast 

Pacific.



recapitulated the north– south pattern observed for these sites in 

   

The 6848 independent SNP set showed a significant pattern of IBD 

(R 2 = = .38; p  .0002), which collapsed completely with the 6311 neu-

tral SNP set (R2  =p = .4) or when removing only the 54 SNPs in 

the inferred inversion (R2  = .00; p = .3; Figure 4a). However, we note 

that overall differentiation for all of these SNP sets was very low, 

with a maximum pairwise FST of 0.0066. IBD was much stronger in 

the 144 outlier SNPs (frequency outliers across the five open sites), 

  




site have been jittered horizontally for clarity. Vertical bars indicate standard error. Starred samples have significantly lower allelic richness 

than non- starred samples. (d) Relative migration between sites, calculated with the Nm method, across the 6662 independent SNPs in the 

five open sites. The highest observed rate is set to 1, and all other rates are scaled to that maximum; estimated migration both into and out 

of Seadrift was lower than migration between all other sites

(a) (b)

(c) (d)

  
driven by SNPs in the inferred inversion. (a) For all 6848 independent SNPs (red); 6794 independent SNPs excluding the inferred inversion 

(gray); and 6311 putatively neutral independent SNPs (black). (b) For all 144 frequency outlier SNPs across the open populations (aqua); and 

all 54 SNPs from the inferred inversion in the independent SNP set (blue). The relationships in a are shown in b with smaller points; note the 

difference in Y- axis magnitude between the two panels
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and stronger still in the 54 “independent” SNPs in the inferred in-

version. The 144 frequency outliers had significant IBD with a max-

imum pairwise FST of 0.16 (R2  = .38; p = .002), while the SNPs in the 

inferred inversion showed a strong IBD pattern (R2   = .77; p < .0001) 

with a maximum pairwise F
ST

 of 0.24 between the most distant two 

sites (Figure 4b).

  |

-

ple from the five open sites, using the 6662 SNPs of the 6848 inde-



BAYPASS  core model, 144 unlinked SNPs were frequency outliers at 

BAYPASS covariate test iden-

tified 26 SNPs related to latitude, 26 SNPs associated with January 

SST and six SNPs associated with July SST (Figure S1). Seventeen 

of these SNPs were associated with two or more traits, for a total 

of 40 unique environmentally associated SNPs. Some associations 

were quite strong, with seven SNPs associated with latitude and/or 



with July SST (Figure S1).

         

axis, while July SST fell between the first and second axes (Figure 

S2). In this test, association with latitude also represents association 

with January SST, which was not included as the two measures were 

F p = 1.10,  = .001), 

 F p = 1.12,  =

F p =  1.09,   =  .003). Variance inflation factors were less than 2 for 

both axes, indicating no potential confounding from multicollinearity 

in the environmental variables. In total, 23 SNPs were identified as 



associated with latitude while eight were most strongly associated 

with July SST (Figure S2).

We took as our most likely candidate markers for selection those 

associated with latitude or temperature in both the BAYPASS

analyses. In total, 13 SNPs overlapped between the 40 identified 

with BAYPASS-

cluded because of rarity (maximum per- population minor allele fre-



in the  inferred  inversion; these were retained in  the independent  

SNP set because they were not in strong enough LD with each other 

to have been removed (threshold for strong LD: R2 -

alization purposes, we generated “extended genotypes” for the in-

ferred inversion by classing individuals based on group membership 

-

longing to the left- most group were classed as homozygotes for the 

minor allele, those in the middle group as heterozygotes and those 

in the right- most group as homozygotes for the major allele. For the 

open sites (minus Seadrift Lagoon), both the inferred inversion and 

     

correlated with latitude (Figure 5). Interestingly, for the inferred 

        

-

dicted to belong to a more northern and/or colder site (Figure 5a). 



open sites for the one candidate SNP outside this inferred inversion 

(Figure 5b).

The 10 candidate SNPs in the inferred inversion were in strong 

LD with a number of SNPs removed from the unlinked data set, for 

a total of 97 SNPs in 39 different contigs (Table S3). Because we 

ran selection analyses on a set of SNPs that had been pruned to 

remove those in strong LD, any of these 97 SNPs (or other linked 

variation we did not retain after SNP quality control) could be driv-

ing the observed pattern of selection. Of the 97 candidate SNPs in 

the inferred inversion, 18.6% (18/97) were predicted to change the 

amino acid sequence of the resulting protein compared to 12.7% 

(1192/9374) in the full 9376 SNP set (before linkage filtering). The 

18 predicted nonsynonymous SNPs in the inferred inversion were 

in contigs annotated as: hypoxia inducible factor 1 alpha (two 

     

X4, ubiquinol- cytochrome- c reductase complex assembly factor 1, 

  



species was initially introduced (first detected in 1989). In both cases, Seadrift Lagoon (gray point) is shown for comparison but was not used 

in the regression lines or equations. (a) The inferred inversion; samples were classed into overall “inversion genotypes” based on their group 

membership in Figure 2c. (b) Outlier SNP in the protein SGT homolog transcript
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-

notated contigs (five SNPs). The one candidate SNPs not in the in-

ferred inversion was predicted to be a synonymous substitution in 

protein SGT1 homologue (Table S3).

 | 

The expansion of  along the northeast Pacific coast is a C. maenas

canonical example of the genetic paradox of invasions. The popu-

lation has been demonstrably successful, rapidly expanding along 

>1500 km of coastline despite deriving from a single genetically 

depauperate source. Here, we have shown that variation in a spe-

cific region of the genome— an inferred chromosomal inversion 

previously associated with cold tolerance in the species— appears 

to be under strong latitudinal selection in this system. Population 

genomics shows that this putative selection is occurring against a 

backdrop  of  high  oceanographic connectivity. Our sampling  com-

prises five discrete bays connected by high larval gene flow, and a 

single oceanographically isolated population that has diverged ge-

netically in <20 generations, demonstrating the importance of larval 

connectivity in mediating population dynamics in range expansion. 

-

sity have remained stable across at least one generation, suggesting 

large population sizes and consistent recruitment pools over time. 

We propose that this high connectivity, a hallmark of the species, 

may have promoted the initial evolution of this inferred inversion 

as a balanced polymorphism in Europe and may be critical to its 

persistence and spread in introduced populations. In turn, the vari-

ation protected by this inversion may play a key role in the success 

of . C maenas across wide environmental gradients in its introduced 

range despite significant reductions in overall genetic diversity.

 | 

The importance of chromosomal architecture, particularly chromo-

somal inversions, has been increasingly recognized in selection with 

gene flow in natural systems (Tigano & Friesen, 2016). Inversion 

polymorphisms can be extensive, and can maintain extended geno-

types at hundreds to thousands of genes by suppressing recombi-

nation in heterozygotes (Kirkpatrick, 2010). While inversion is not 

the only mechanism by which recombination can be reduced, it is 

generally believed to be most effective in maintaining large blocks of 



recombination suppression, in turn, permits suites of gene variants 

to evolve and be inherited together, capturing complex multigene 

interactions in a single “supergene” (Thompson & Jiggins, 2014).

Inversions have been directly associated with important differ-

ences in ecotype across small spatial scales in interbreeding popu-

lations, suggesting that this type of chromosomal architecture can 

promote highly localized selection (Huang et al., 2020; Westram 



cod, important differences in life history have been linked to just one 

or two inversions (Kirubakaran et al., 2016; Twyford & Friedman, 

2015). Pioneering work on  identified a number of inverDrosophila -

sions showing clinal associations with latitude and temperature; 

such relationships have been shown to develop rapidly in introduced 

populations (Balanyà et al., 2006), and to predictably cycle in fre-

quency with changing seasonal temperatures within a population 

(Kapun et al., 2016). Together, this growing body of work suggests 

that inversions can act as targets of spatial balancing selection in 

systems where the scale of gene flow exceeds the scale of environ-

mental heterogeneity, providing an effective mechanism by which 

such species can respond to their environments on very fast time 

scales (Sanford & Kelly, 2011; Tigano & Friesen, 2016).

We have previously proposed that a chromosomal inversion or 

another genomic region of reduced recombination is probably under 

selection to temperature in C. maenas  (Tepolt & Palumbi, 2020). 

      

study were independently found to be part of the putative inversion 

in that prior global study, indicating that the same probable inver-

sion is associated with cold tolerance globally and with latitudinal di-

vergence along the northeast Pacific. In the earlier study, candidate 

SNPs were variable in the European native range and showed similar 

evidence of strong LD and reduced recombination there (Tepolt & 

Palumbi, 2020). This demonstrates that rapid selection in the north-

east Pacific is acting primarily on standing variation that arose in the 

original source population, ruling out post- invasion dynamics as a 

driver for this LD (Slatkin, 2008).

 | 

In the northeast Pacific,  has lost significant overall geC. maenas -

-

tive range in Europe (Tepolt & Palumbi, 2015). However, diversity is 

largely consistent across its northeast Pacific range, with no losses 

at the range edges relative to the San Francisco source (Figure 3c). 

While diversity loss in expanding range edges has been widely 

noted and is a common expectation (Eckert et al., 2008; Vucetich 

et al., 1997), it may be mediated by large population sizes and high 

gene flow (Excoffier et al., 2009). Green crabs spread rapidly but 

episodically up the coast from the initial point of introduction in 

San Francisco Bay, with the largest expansion in conjunction with 

the strong 1997– 1998 ENSO event (Behrens Yamada et al., 2005). 

Further research has shown that strong crab cohorts have corre-

sponded with warmer waters and enhanced northward nearshore 

 

larval dispersal trajectories probably vary considerably both within 

and between years depending on hydrography, with larvae po-

tentially travelling both north and south (Brasseale et al., 2019). 

Together with this prior work, our data suggest that periodic trans-

port events are sufficient to maintain consistent genetic diversity 
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and structure across time and space in these open bays despite the 

variable nature of recruitment in the system.



of the recent and rapid  expansion in the northeast Pacific, C. maenas

with one exception (Figure 3). This exception is Seadrift Lagoon, 

which is small, isolated from the adjacent Bolinas Lagoon, and now 

oceanographically separated from the larger coastal circulation 

(Ritter, 1970). Green crabs were first reported in Seadrift Lagoon 

in 1993 (Tepolt et al., 2009), and by 2011, our first year of sampling, 

they had lost significant genetic diversity relative to the rest of our 

study sites (Tepolt & Palumbi, 2015; Figure 3c). Our current sam-

pling does not include Bolinas Lagoon, the larger lagoon to which 

Seadrift Lagoon was historically connected but to which it is now 

linked only by culverts with managed water flow. However, a prior 

study of the temporal dynamics of C. maenas  using microsatellites 

found no evidence for diversity loss in Bolinas Lagoon relative to 

any other sites, including San Francisco Bay and Bodega Bay (Tepolt 

et al., 2009). Data from experimental removal work in Seadrift 

Lagoon suggest that population dynamics in the lagoon are highly 

localized (Grosholz et al., 2021). Given the observed openness of the 

other bays, we would expect structure and diversity to homogenize 

quickly if Seadrift Lagoon were receiving substantial larval inputs 

from surrounding, higher diversity populations.

Genetic structure and diversity appear to be stable over time at 

least for the 5– 6 years covered by our sampling, with no significant 

changes in FST or allelic richness across years within a site. The lifes-

pan of  is no more than 4– 6 years (Behrens Yamada et al., C. maenas

2005), and we did not sample the largest and oldest individuals, so 

the 2011 and 2016 samples represent nonoverlapping generations. 

Structure and diversity were stable in both sites we sampled across 

generations, including one of the well- mixed open sites (Barkley 

Sound), and the putatively isolated Seadrift Lagoon.

  |

-

netic structure among most sites along the northeast Pacific, we 

observed a north– south gradient in the system driven by an inferred 

inversion polymorphism (Figures 3a and 4). While it is very diffi-

cult to disentangle selection from allele surfing at range expansion 

(Excoffier et al., 2009; Lotterhos & Whitlock, 2014), and we cannot 

say conclusively that allele surfing does not play a role in this pattern 

of IBD, several lines of evidence suggest that we are detecting a gen-

uine signal of selection. Green crabs along the northeastern Pacific 

coast comprise large populations with high dispersal and gene flow, 

traits that limit the potential for successful allele surfing (Excoffier 

et al., 2009; Goodsman et al., 2014). These traits are reflected in 

similar levels of genetic diversity across all of the populations in the 

more highly connected “open” bays (Figure 3c). In addition, while 

C. maenas  has spread primarily northward from its site of first in-

troduction, the sole area of southern spread with an established 

   

of “southern” alleles. This is contrary to the expectations of allele 

surfing, in which a species expanding along multiple range edges is 

expected to demonstrate different “favoured” alleles in each direc-

tion by chance (Demastes et al., 2019).

Finally, many of the same SNPs found in the inferred inversion 

driving latitudinal divergence were previously identified as belong-

ing to a putative supergene strongly associated with thermal physi-

ology in a data set spanning six native-  and invasive- range C. maenas 

populations (Tepolt & Palumbi, 2020). While winter SST and latitude 

cannot be disentangled in our current data set, this previous study 

provided  stronger evidence  for  temperature  in driving  selection. 

Together with the minimal neutral structure across the open sites, 

we suggest that the inferred inversion in our study is very probably 

maintained as a balanced polymorphism under strong selection to 

temperature.

Recent research using fine- scale sampling covering multiple 

years, life stages and sampling sites has shown that targets of se-

lection can vary across all of these scales in high- dispersal systems, 

contributing to patterns that may appear chaotic with less thorough 

sampling (Thia et al., 2021). While chaotic genetic patchiness is often 

a hallmark of such systems (Eldon et al., 2016), we did not observe 

that in our sampling (Figures 3a,b and 5). This may be due in part to 

the domination of the selective signal in our system by a single large 

genomic region with what is probably a high selection coefficient, 

in concert with our sampling of adults. If selection at this region is 

acting primarily on the dispersive larval stage, our sampling will re-

flect the aftermath of this selection rather than the initial pool of 

recruits (Sanford & Kelly, 2011). Similar patterns of balanced poly-

morphism have been shown in two classic examples of selection 

on large- effect alleles in early life stages in barnacles and mussels 

(Koehn et al., 1980; Schmidt & Rand, 2001).

 

not follow the predicted relationship based on the open sites and was 

instead characteristic of higher latitudes (Figure 5a). While specula-



this site are responding to the environment on an extremely local 

scale as opposed to those in other bays, whose larvae may travel 

hundreds of kilometres through coastal currents (Behrens Yamada 

et al., 2005; Brasseale et al., 2019). Seadrift Lagoon is shallow and 

small, and may experience more extreme (and especially lower) tem-

peratures than nearby open bays. Finer- scale temperature data from 

within Seadrift Lagoon, rather than larger- scale satellite- derived SST 

data, would help to test this hypothesis.

While prior work uncovered a robust link between this inferred 

inversion and physiological cold tolerance, its ability to identify rapid 

selection after invasion was limited by a complex invasion history 

and differences in genetic background across the six studied popu-

lations on three coastlines. Here, we demonstrate that this inferred 

inversion recapitulates predicted allele frequency correlation with 

temperature in an otherwise homogenous, highly bottlenecked in-

troduced population over a period of 10– 20 generations. This study 

provides evidence for very rapid adaptive change in an introduced 

species with extremely limited genetic diversity, and proposes this 
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adaptation was facilitated by variation at a single inversion polymor-

phism that evolved and is probably maintained as a balanced poly-

morphism in the native range.

 | 

We have long known that diversity is important to population resil-

ience in the face of changing conditions (Reed & Frankham, 2003). 

The genetic paradox of invasions is that we do occasionally find in-

credibly successful, nonclonal populations that have passed through 

severe bottlenecks, dramatically decreasing their genetic diversity 

relative to their sources (Kohn et al., 2006). Perhaps we can partially 

resolve this paradox by considering that diversity at specific parts of 

the genome (rather than genome- wide diversity) may play a critical 

role in resilience (Estoup et al., 2016). Simulations have shown that 

expanding populations can adapt via a few variants of large effect 

even in the face of low overall diversity (Gilbert & Whitlock, 2017). 

High dispersal, which characterizes many marine systems, may 

promote the evolution of a few alleles of large effect via genomic 

mechanisms such as inversion polymorphisms (Tigano & Friesen, 

2016). While balanced polymorphisms at large- effect alleles may 

permit these populations to respond extremely quickly to their local 

environments, they may also be a huge benefit to the survival and 

success of introduced populations.

Introduced marine species often exhibit an extensive dispersal 

ability, resulting from close association with human- built marine in-



1993; Wilson et al., 2009). For the latter, high dispersal and gene 

flow may have a twofold effect wherein the same traits that allow 

a species to reach and spread in a new range may also promote the 

evolution  of  genomic  mechanisms  (i.e.,  balanced  polymorphisms)  

that facilitate rapid adaptation to a range of environmental condi-

tions (Tigano & Friesen, 2016). This is similar to the idea that periodic 

disturbance promotes the evolution of traits that enhance invasive-

ness and increase the likelihood of success in novel environments 

(Ketola et al., 2013; Lee & Gelembiuk, 2008). We propose that an 

analogous process may be at work in highly dispersive marine in-

vaders. Such species may be able to evolve and maintain balanced 

polymorphisms across broad environmental gradients in their native 

ranges, giving them the substrate for rapid adaptive change as they 

expand in new environments.
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