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Genomic evidence of hybridization between two independent
invasions of European green crab (Carcinus maenas) in the
Northwest Atlantic

NW Jeffery1, C DiBacco2, BF Wringe1, RRE Stanley2, LC Hamilton3, PN Ravindran4 and IR Bradbury1

Invasive species have been associated with significant negative impacts in their introduced range often outcompeting native
species, yet the long-term evolutionary dynamics of biological invasions are not well understood. Hybridization, either among
waves of invasion or between native and introduced populations, could alter the ecological and evolutionary impacts of invasions
yet has rarely been studied in marine invasive species. The European green crab (Carcinus maenas) invaded eastern North
America twice from northern and southern locations in its native range. Here we examine the frequency of hybridization among
these two distinct invasions at locations from New Jersey, USA to Newfoundland, Canada using restriction-site-associated DNA
sequencing (RAD-seq), microsatellite loci and cytochrome c oxidase subunit I mitochondrial DNA (mtDNA) sequences. We used
Bayesian clustering and hybrid assignment analyses to investigate hybridization between the northern and southern populations.
Of the samples analyzed, six locations contained at least one hybrid individual, while two locations were characterized by
extensive hybridization, with 95% of individuals collected from Placentia Bay, Newfoundland being hybrids (mostly F2) and 90%
of individuals from Kejimkujik, Nova Scotia being classified as hybrids, mostly backcrosses to the northern ecotype. The
presence of both F2 hybrids and backcrossed individuals suggests that these hybrids are viable and introgression is occurring
between invasions. Our results provide insight into the demographic and evolutionary consequences of hybridization between
independent invasions, and will inform the management of green crabs in eastern North America.
Heredity (2017) 119, 154–165; doi:10.1038/hdy.2017.22; published online 19 April 2017

INTRODUCTION

Inter- and intraspecific hybridization in animals has a widely debated
role, from being considered an evolutionary ‘dead end’ due to hybrid
dysfunction and reproductive barriers, through to having a vital role in
creating genetic variability and leading to adaptation and speciation.
Hybridization can result in the loss of native genotypes, or lead to an
enhanced ability of an invasive species to thrive and expand in its new
range (Seehausen, 2013). In addition, hybridization between native
and introduced species can lead to the break-up of adaptive gene
complexes or replace adaptive alleles over time, and even lead to native
extinction through outbreeding depression (Hovick and Whitney,
2014; Todesco et al., 2016). Although hybridization between species
can be detrimental and lead to nonviable offspring, this phenomenon
may still occur in the absence of reproductive barriers (Abbott et al.,
2013; Sedghifar et al., 2016). Hybridization, either between species or
genetically divergent populations can lead to adaptive evolution
through recombination of parental genotypes, or by the direct
introduction of beneficial alleles that can increase fitness (Prentis
et al., 2008). In fact, there is growing evidence that hybridization is less
a dead end, and likely more often leads to speciation, greater
environmental tolerances and release from evolutionary constraints
(Burke and Arnold, 2001; Seehausen, 2013; Gramlich et al., 2016).

Specifically, the hybridization-invasion hypothesis proposes that
hybrids—either intraspecific or interspecific—have enhanced invasive-
ness or colonization success attributed to the novel phenotypic or
genotypic traits hybrids often possess (Hovick and Whitney, 2014;
Rius and Darling, 2014). It is therefore apparent that the ability to
detect admixed individuals rapidly and accurately has implications in
both the conservation of native species and the management of
invasive species.
Hybridization studies using genome-wide analyses rather than

traditional methods of relatively few genetic markers (for example,
microsatellites) can dramatically increase the power to detect hybri-
dization (Twyford and Ennos, 2012). Moreover, the increased
numbers of markers as well as genomic coverage is especially beneficial
when the (potentially) hybridizing populations or species are closely
related, or when the goal is the discernment of more fine-scale hybrid
class (Anderson and Thompson, 2002; Vähä and Primmer, 2006;
Kovach et al., 2015). Speciation genomics (for example, Feder et al.,
2012) is facilitating the understanding of reproductive isolation and
local adaptation across the genome using whole-genome sequencing
or reduced representation of the genome (Hohenlohe et al., 2010), and
surveys of genome-wide single-nucleotide polymorphisms (SNPs) can
be useful in studying hybridization between recently diverged lineages
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providing unprecedented power to identify hybridization (Cristescu,
2015; Viard et al., 2016). This enhanced ability to resolve levels of
hybridization in wild populations has clear implications for wildlife
management and conservation, yet examples remain rare.
The European green crab (Carcinus maenas) is an invasive species

that has rapidly expanded its range across the globe from its native
range in Europe and North Africa. In North America, this crab is
present on both the Atlantic and Pacific coasts and is continuing to
expand both southwards and northwards. On the Atlantic coast, green
crabs from a southern European source invaded New York and
Massachusetts in the early 1800s, subsequently expanding north to
~ 45° N. Colonization of higher latitudes only occurred after a second
invasion derived from a northern European source occurred in Nova
Scotia in the 1980s (Audet et al., 2003; Roman, 2006). The current
genetic structure of green crabs in the northwest Atlantic appears to
mirror that of their native Europe, and physiological evidence supports
that these crabs are locally adapted to these northern and southern
thermal regions along their invasive range (Tepolt and Somero, 2014;
Tepolt, 2014). Previous genetic studies support two genetically distinct
populations now ranging from Virginia, USA, to Newfoundland,
Canada with an approximate contact zone in southern Nova Scotia
(Blakeslee et al., 2010; Pringle et al., 2011; Darling et al., 2014; Tepolt
and Palumbi, 2015). Recently, Jeffery et al. (in press) revealed a
surprising amount of genomic differentiation between the populations
along the eastern coast of North America derived from the two
invasions (average FST between northern and southern populations
based on SNPs= 0.11), warranting the designation of two distinct
ecotypes that are spatially separated, but with a contact zone in
southern Nova Scotia. Moreover, preliminary evidence suggests an
independent hybridization event between these divergent populations
in Placentia Bay, Newfoundland, likely derived from an admixed
source population from a known admixture zone in Nova Scotia in
the early 2000s (Blakeslee et al., 2010; Darling et al., 2014; Tepolt and
Palumbi, 2015). The high degree of propagule pressure is suggested to
explain the green crab’s range expansion and ongoing intraspecific
hybridization in this region (Rius and Darling, 2014). Admixture
between the northern and southern populations of green crab in their
invasive range(s) may in time lead to evolution and adaptive radiations
to differences in environmental tolerances, making the future spread
and ecological impact of such hybrid crabs difficult to predict
(Seehausen, 2013; Rius and Darling, 2014). Viable hybrid populations
of green crab suggest that current assessments that treat green crab as a

single ecotype (Therriault et al., 2008) may be inadequate to fully
understand or predict demographic trajectories of green crab in the
northeastern Atlantic.
The overall objective of this study was to quantify the presence and

geographic extent of hybridization across populations of invasive green
crab along a latitudinal gradient in eastern North America and
to explore what role, if any, hybridization may have in the future
expansion of their invasive range. We aimed to first compare evidence
for hybridization using a large panel of SNPs obtained by RAD
sequencing, as well as 13 microsatellite loci and mitochondrial
cytochrome c oxidase subunit I (COI) sequences for 11 sampling
sites and to compare the ability of these different markers to detect
hybridization. Second, we aimed to (i) determine the specific
composition of hybrid classes at each location, and (ii) to estimate
the direction of gene flow among populations. Our results explore the
evolutionary consequences of multiple invasions, and specifically for
green crab, highlight the implications of hybridization between two
independent invasions potentially adapted to different temperature
regimes.

MATERIALS AND METHODS

DNA extraction
Green crabs were collected from 11 sites ranging from New Jersey, USA, to
Newfoundland, Canada (Table 1 and Figure 1). All the sites were sampled in
2011, except New Hampshire, which was sampled in 2013. The tissue samples
were collected and preserved in AllProtect (Qiagen, Toronto, ON, Canada) or
80% ethanol. DNA was isolated from tissue samples using phenol:chloroform
extraction or NucleoMag 96 Tissue (Macherey-Nagel, Bethlehem, PA, USA)
following the manufacturer’s protocol, including RNase A (Qiagen) treatment.
All DNA samples were quantified using the Qubit dsDNA HS Assay Kit (Life
Technologies, Burlington, ON, Canada) with the assays being read on a Qubit
v2.0 (Life Technologies) or Quant-iT PicoGreen dsDNA Assay Kit (Life
Technologies) with the assays being read on a FLUOStar OPTIMA fluorescence
plate reader (BMG Labtech, Ortenberg, Germany).

mtDNA analysis
A 502 base pair fragment of the mitochondrial cytochrome c oxidase subunit I
(COI) gene was amplified using M13F (-21)/M13R (-27) tagged version
of the primers described in Roman and Palumbi (2004) (M13F-CmaCOIF 5′-
TGTAAAACGACGGCCAGTGCTTGAGCTGGCATAGTAGG-3′ and M13R-
CmaCOIR 5′-CAGGAAACAGCTATGACGAATGAGGTGTTTAGATTTCG-3′;
Integrated DNA Technologies, Coralville, IA, USA). PCR reactions were carried
out in 50 μl volumes comprising 100 ng DNA, 1X AmpliTaq 360 Buffer (Life
Technologies), 1.5 mM MgCl2, 0.2 mM each nucleotide (dNTP), 0.5 μM each

Table 1 Sampling locations and code, along with the number of individual crabs for which we obtained COI, microsatellite and SNP data and

the years in which they were collected

Sampling location Code Year collected Latitude Longitude COI Microsatellites SNPs

St. George's Bay, NL SGB 2011 48.492 −58.658 22 79 22

Placentia Bay, NL PLB 2011 47.821 −54.029 36 83 22

Baie de Bassin, QC BDB 2011 47.463 −61.716 22 50 22

Sydney Harbour, NS SYH 2011 46.209 −60.202 22 37 22

Mabou, NS MBO 2011 46.113 −61.478 22 57 22

Brudenell River, PE BRN 2011 46.102 −62.457 22 54 22

Cole Harbour, NS CLH 2011 44.649 −63.44 23 38 22

Kejimkujik, NS KJI 2011 43.706 −65.307 27 24 21

Campobello Island, NB CBI 2011 44.889 −66.935 22 41 22

New Hampshire NWH 2013 42.959 −70.79 21 74 22

Tuckerton, NJ TKT 2011 39.006 −74.913 21 38 22

Abbreviations: COI, cytochrome c oxidase subunit I; SNP, single-nucleotide polymorphism.
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primer and 0.025 U AmpliTaq 360 (Life Technologies). Thermal cycling
conditions consisted of 94 °C for 3 min; 30 cycles of 94 °C for 30 s, 50 °C for
30 s and 72 °C for 30 s; 1 cycle of 72 °C for 10 min. To verify amplification, 5 μl
of the PCR product was electrophoresed on a 1% agarose gel, visualized using
SYBR Safe (Life Technologies) and documented using a Gel Logic 200 (Kodak,
Rochester, NY, USA). Forty microliters of the remaining PCR product was
purified using QIAquick PCR purification kit (Qiagen). The purified PCR
products were quantified as described above and sequenced in both directions
using M13F (-21) and M13R (-27) and BigDye Terminator v3.1 cycle
sequencing kit (Life Technologies) per the manufacturer’s instructions with
the following modification, 0.5 μl of the BigDye Terminator v3.1 Ready
Reaction Mix (Life Technologies) and 3.8 μl of the 5X sequencing buffer (Life
Technologies) was used per 20 μl reaction. Sequencing products were size
separated on a 36 cm array containing POP7 polymer on an AB3130xl genetic
analyzer (Life Technologies).
The sequencing results from both directions were assembled using Vector

NTI Advance v11 (Life Technologies). All sequences were free of indels and
trimmed to the same length of 481 bp. For identification, the resulting sequence
for each individual was then aligned to reference sequences, haplotypes H1–H6
and H8–H10 from Darling et al. (2008) (Genbank accession numbers
FJ159008-FJ15016) using Vector NTI Advance v11 (Life Technologies).

RAD sequencing
Restriction-site-associated DNA sequencing (RAD sequencing) libraries were
prepared as described by Etter et al. (2011b) (see also Etter et al., 2011a) with
modifications described in detail in Jeffery et al. (in press). Only DNA samples
with a visible, high molecular weight band on the agarose gel and positive for
an M13F-CmaCOIF/ M13R-CmaCOIR amplification product were used for
library preparation. Each library comprised DNA samples from 22 individuals
(1 μg DNA per individual) from the same geographical location with each
individual sample having a different in-line barcode in the P1 adaptor.
Amplification cycles for all libraries were 98 °C for 30 s; 14 cycles of 98 °C
for 30 s, 65 °C for 30 s, 72 °C for 30 s; 1 cycle of 72 °C for 5 min. All libraries
were sequenced on a HiSeq 2000 (Illumina, San Diego, CA, USA) as 100 bp

paired-end sequences with one library per lane. Sequencing was performed at
the McGill University and Génome Québec Innovation Centre, Montréal,
Canada.
RAD data for the 242 individuals collected for this study were processed in

Stacks v.1.21 (Catchen et al., 2013) where one individual was removed due to
low sequence coverage. The ustacks module was used to create stacks of 80 bp
RAD tags with a minimum depth of 5 and a maximum distance of 4 between
stacks. We used cstacks to construct a catalog of 46 067 loci based on sequence
identity. These were then filtered in the Stacks populations module to include
RAD tags only present in 475% of individuals and a minor allele frequency
greater than 5%, retaining 15 847 loci. This data set was then filtered for
departures from Hardy–Weinberg equilibrium and missing data, where
individuals missing 25% of loci or loci missing 45% of genotypes were
removed using PLINK (Purcell et al., 2007).

Microsatellite analysis
A total of 575 individuals were genotyped at 13 microsatellite loci using three
multiplex panels (see Supplementary Table S1). PCR reactions were performed
in 10 μl volumes containing 10 ng DNA, 1X Type-it Multiplex PCR Master Mix
(Qiagen, Toronto, Canada), and 0.1–1.0 μM each primer (see Supplementary
Table S1 for panel construction and primer volumes). The PCR cycles consisted
of an initial denaturation step of 95 °C for 5 min followed by 28 cycles
of 95 °C for 30 s, annealing temperature for 5 min and 72 °C for 30 s; this was
followed by one cycle of 60 °C for 30 min. The annealing temperatures for the
three panels were: CMAP01 and CMAP03 annealing temperature = 58 °C
X= 90 s; CMAP02 annealing temperature = 55 °C X= 3 min. The PCR pro-
ducts were size fractionated on an AB3130xl capillary electrophoresis system
(Life Technologies) using a 36 cm array and POP7 polymer. An internal
size standard, GeneScan 500 LIZ (Life Technologies), was included with each
sample for the size fractionation. The resulting electropherograms were
analyzed using GeneMapper version 5.0 (Life Technologies) to determine the
relative (to the size standard) allele sizes. During sample analysis, two types of
controls (intra- and inter-plate controls) were included on each 96-well plate of
DNA samples. These samples were used to identify errors made during sample

Figure 1 Bathymetry map showing the 11 sampling locations for green crab (Carcinus maenas) in eastern North America, ranging from New Jersey to
southern Newfoundland. Approximate locations of the initial northern and southern invasions are marked with asterisks (*). The 1000 m isobath line is
highlighted offshore for reference.
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processing (such as a plate being reversed, or a row of samples duplicated or
missed).

Population structure and hybrid detection
To explore the power of the Bayesian clustering programs NEWHYBRIDS
(Anderson and Thompson, 2002) and STRUCTURE (Pritchard et al., 2000) to
identify hybrids and hybrid classes, we first identified pure north and pure
south individuals on the basis of their membership coefficients (Q-values) in
preliminary STRUCTURE analyses using the full RAD and microsatellite
panels. We used the R package ParallelStructure (Besnier and Glover, 2013)
to run STRUCTURE v2.3.4 (Pritchard et al., 2000) to identify population
structuring among all sampled localities, and to estimate the best value of K, the
number of putative populations. We used the admixture model with 100 000
burn-in iterations and 500 000 Markov Chain Monte Carlo steps with default
parameters and no prior structuring information. We let K range from 1 to 11,
and replicated each run three times. We then evaluated the best estimate of K
using STRUCTURE HARVESTER (Earl and vonHoldt, 2012) and CLUMPAK
(Kopelman et al., 2015) using the delta K statistic described by Evanno et al.
(2005).
Next, we created simulated data sets of each of six genotype classes using 50

pure northern and pure southern individuals whose Q-values were 40.90 or
o0.10, respectively using the R packages hybriddetective (Wringe et al., in
review; available at https://github.com/bwringe/hybriddetective) and parallelne-
whybrid (Wringe et al., 2017). Simulated hybrids were constructed separately
using the 13 microsatellite loci and a subset of 200 diagnostic SNP loci selected
using the getTopLoc function from hybriddetective, which returns a desired
number of loci by their FST using the package hierfstat (Goudet, 2005) and then
selects the top user-specified number of unlinked loci using PLINK (Purcell
et al., 2007). These diagnostic loci were subset from the full RAD panel and
converted to NEWHYBRIDS format using the R package genepopedit (Stanley
et al., 2017). The package parallelnewhybrid then runs NEWHYBRIDS in
parallel, allowing multiple data sets and replicates to be analyzed quickly. The
simulated data created for both microsatellite and filtered SNP loci panels were
then run through STRUCTURE using the above parameters and NEW-
HYBRIDS to determine the efficacy of these programs in detecting hybrid
individuals.
We implemented NEWHYBRIDS v.1.1 (Anderson and Thompson, 2002),

which applies a Gibbs sampler and Markov Chain Monte Carlo to estimate
posterior probabilities of each individual’s membership as a pure parent, first-
or second-generation hybrid (F1 or F2), or an F1 backcross with a pure parent.
NEWHYBRIDS was run in parallel using parallelnewhybrid (Wringe et al.,
2017). We then ran our microsatellite data and 200 high FST/low linkage
diagnostic SNP panels through NEWHYBRIDS. The simulated pure popula-
tions were included in these runs with the real population data using the ‘z’ and
‘s’ designations indicating the pure northern or southern genotypes. We used
Jeffreys prior probabilities and default genotype proportions, and the Markov
chain was left to run for 300 000 sweeps following a burn-in of 50 000
iterations. We also calculated hybrid indices for individuals in suspected hybrid
populations in GENODIVE (Meirmans and Van Tienderen, 2004) using the
maximum-likelihood method of Buerkle (2005). We grouped the northern
populations and southern sites into two pure north and south groups after
removing individuals with intermediate Q-values, with a third group compris-
ing KJI (Kejimkujik, NS, Canada) and PLB (Placentia Bay, NL, Canada) tested
for admixture. In this instance, hybrid indices closer to 1.0 means individuals
have a close affinity with the northern population, while an index closer to 0
means a closer affinity with the southern population.
Finally, a COI minimum spanning haplotype network was constructed using

PopArt 1.7 (Leigh and Bryant, 2015) with each haplotype showing relative
proportions of northern or southern individuals.

Demographic inference
We explored different two-population demographic scenarios using ∂a∂i
(diffusion approximation for demographic inference; Gutenkunst et al., 2009)
to estimate the approximate divergence time between the ancestral northern
and southern populations of crabs. This software uses an approximation to the
allele frequency spectrum of the data to produce a composite log-likelihood

value for each model tested. We used a panel developed by Jeffery et al., (in
press) of 8326 putatively neutral SNPs characterized by low linkage disequili-
brium, to test five population dynamic models, including a strict isolation
model, an ancient migration model, a secondary contact model, a model with
an ancient population bottleneck followed by growth and a split, and a split
with migration model (Supplementary Figure S1). Parameters were optimized
for each model three times with different initial parameters using two different
optimization functions included in the ∂a∂i software. We then estimated the
time the two populations split (T) based on an optimal value of Θ calculated in
∂a∂i, where Θ= 4Nrefμ, with μ= 10− 9 based on the crustacean Daphnia’s
nuclear mutation rate (Xu et al., 2012), Nref is the reference ancestral effective
population size and T= 2Nref × 3 years, the minimum generation time of C.
maenas (Berrill, 1982). In addition, we tested four three-population models
with different migration rates and levels of admixture to account for the
demographic process among northern, southern and admixed populations.
To test for the presence and directionality of gene flow among sampling sites,

we used TREEMIX 1.12 (Pickrell and Pritchard, 2012) to build maximum-
likelihood trees of the full RAD SNP panel with all sampling sites. Files were
converted to allele frequencies per population using genepopedit (Stanley et al.,
2017) and a Python script included in TREEMIX. We then tested a range of 1–
10 migration events and selected the most likely number of migration events
based on the log-likelihood of the event and the plotted residuals. The trees and
migration events were plotted in R using customized functions based on the
functions included in TREEMIX. We also used a three-population approach
(Reich et al., 2009) using the THREEPOP module contained within TREEMIX.
This approach calculates an f3 statistic for all possible triplets of populations in
the form of (A:B,C), where a significantly negative f3 value indicates that A is a
hybrid of B and C. Although the three-population test provides evidence for
admixture with a negative f3 statistic, positive f3 values do not necessarily reject
admixture (Reich et al., 2009). We used random subsets of 500 SNPs as
recommended by the program authors to calculate the standard error of the f3
statistics for the SNP panel. Finally, we examined the presence and direction-
ality of migration among sites using the divMigrate() function in the R package
diveRsity (Keenan et al., 2013).

RESULTS

Genetic markers
Our final data set consisted of trimmed 481 bp sequences of the
mitochondrial COI gene for 260 individuals, 13 microsatellite loci for
575 individuals and 9137 SNP loci for 241 individuals from across 11
sampling sites on the coast of eastern North America (Table 1 and
Figure 1). For simulations and analyses in STRUCTURE and NEW-
HYBRIDS, we used a panel of 200 high FST unlinked loci created with
hybriddetective in R from our full RAD panel. These 200 SNPs were
chosen from the full panel of available SNPs to minimize both linkage
disequilibrium among SNPs and the computational time required for
each NEWHYBRIDS run (Anderson and Thompson, 2002).

Hybrid detection power
The efficacy of the 200 diagnostic SNPs from our RAD panel and 13
microsatellite loci for hybrid detection were each tested using three
independently simulated multigenerational hybrid data sets replicated
three times each and analyzed in NEWHYBRIDS. The top 200 SNPs
allowed correct assignment of an individual as a pure northern, pure
southern or hybrid individual 98–100% of the time at all posterior
probability thresholds (Supplementary Figure S2). Of the six possible
genotype classes, mean hybrid assignment success ranged from 96%
for F2 hybrids to 98–100% for pure populations at a probability
threshold of 0.99 (Supplementary Figure S3). All genotype classes
except F2s were assigned with 100% success at probability thresholds
of 0.9. The performance of the 13 microsatellites was markedly worse
than that of the SNPs, especially in terms of correctly assigning
pure northern or southern individuals (Supplementary Figure S4).
At probability thresholds of 0.99, there was 0% assignment success to a
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pure northern or southern population, whereas hybrid assignment was
82% at a threshold of 0.99. However, when divided into specific
hybrid genotype classes, assignment success declined and ranged from
~40 to 85% at probability thresholds of 0.5, but dropped to 0% at
thresholds of 0.99 for all pure and hybrid classes (Supplementary
Figure S5). Overall detection of hybrids regardless of specific hybrid
class was highly correlated between simulated microsatellite and RAD
data sets (r= 0.98, Po0.005); however, due to the reduced ability of
microsatellites to detect specific hybrid classes at high probabilities, we
based our overall hybrid detection results on the top 200 SNPs only.
We then determined the ability of STRUCTURE to detect admixed

individuals from our microsatellite and diagnostic SNP panels using
the simulated data sets. STRUCTURE analyses on the simulated
diagnostic SNP data created with hybriddetective in R showed expected
admixture proportions for each genotype class, as was the objective,
and the delta K statistic calculated in CLUMPAK and Structure
Harvester provided evidence for K= 2. Simulated microsatellite

data run through STRUCTURE also provided evidence for K= 2
(Supplementary Figure S6), though expected admixture proportions
for F1 and F2 hybrids were less apparent than when using diagnostic
SNPs.

Population structuring and hybrid assignment
Mitochondrial COI haplotype diversity was highest in KJI and PLB,
with five haplotypes each, and between two to four at each other site.
The five most abundant COI haplotypes were represented by
individuals from both northern and southern populations, suggesting
potential introgression of mitochondrial haplotypes into hybrid
individuals (Figure 2a, Supplementary Figure S7). STRUCTURE
analyses on the individuals using both RAD-seq SNPs and micro-
satellites indicated that our sampling locations were separated into
northern and southern populations based on the delta K statistic of
Evanno et al. (2005) (Figures 2b and c). Delineation between these
populations corresponds to the northern limits of the initial North

TKT
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ABL02

NWH CBI KJI CLH BRN MBO SYH BDB PLB SGB
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0.5

0.0

TKT NWH CBI KJI CLH BRN MBO SYH BDB PLB SGB
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b

c

Figure 2 Genetic and genomic differences among populations of green crab. (a) Mitochondrial COI haplotypes detected at each population. Populations with
extensive hybridization (KJI and PLB) contain haplotypes common to both the northern and southern populations. Haplotypes are named following Darling
et al. (2008). (b and c) STRUCTURE results on actual data from the microsatellites (b), and the full RAD panel (c). The best value of K, the putative
number of populations based on the delta K method of Evanno et al. (2005), is equal to two in both cases.
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American invasion and the southern limit of the more recent
secondary invasion in Nova Scotia from a northern European source.
STRUCTURE results indicated hybrid individuals with intermediate
Q-values at KJI and PLB, though these could not individually be

categorized to hybrid class within STRUCTURE itself (Figure 2 and
Supplementary Figure S6). Admixture coefficients showed a skew
towards the northern population, consistent with northward gene flow
(Supplementary Figure S8). NEWHYBRIDS analysis using the SNP

Figure 3 Hybrid class analysis of populations using microsatellites and SNPs. (a) Microsatellite results from NEWHYBRIDS, where individuals were classed as
either a pure northern or southern population individual, or a hybrid. (b) Results from NEWHYBRIDS for 200 diagnostic SNPs filtered for high FST and low
linkage. Individuals were classed as one of six possible genotypes: pure north or pure south population, F1 or F2 hybrids, or backcrosses to either of the pure
populations. Evidence of hybridization is seen primarily at KJI and PLB for both data sets. SN and SS denote simulated northern and simulated southern
individuals, which were included in each NEWHYBRIDS run.

Figure 4 The proportion of pure northern, pure southern, and hybrid individuals based on NEWHYBRIDS genotype classification at each location.
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panel indicated that both KJI and PLB consisted almost entirely of
crabs of hybrid origin between the northern and southern populations
(90% and 95%, respectively), though with different overall composi-
tions (Figures 3 and 4). KJI mostly comprised backcrossed individuals
to the pure northern population (76%) with some F2 hybrids (10%).
PLB mainly comprised F2 hybrids (60%) with 9% backcrossed
individuals to the pure southern population, and 14% of individuals
showing high probability of being backcrossed to the pure northern
population. Evidence of hybridization was also observed in five other
locations (BDB, CBI, CLH, MBO and TKT) where hybrids were found
to make up between 5 to 32% of the individuals studied (Figure 3).
Though the microsatellites could not resolve individuals to specific
hybrid classes, both SNPs and microsatellites consistently identified
the same individuals as hybrid (regardless of class) in KJI and PLB
(r= 0.85, Po0.001).
Maximum-likelihood hybrid indices from GENODIVE for KJI and

PLB using the full RAD panel ranged from 0.60 to 0.91 and from 0.27
to 0.82, respectively (Figure 5). These are consistent with results from
NEWHYBRIDS, as the higher hybrid index values for KJI suggest a
closer affinity to the northern population consistent with what would
be expected of backcrosses, while the more intermediate values at PLB
congruent with a higher proportion of F1 or F2 hybrids rather than
pure or backcrossed individuals.

Demographic inference
Of the five two-population models tested in ∂a∂i, the strict isolation
model best suited our data when it was split into two populations
with admixed individuals removed, yielding the best log-likelihood
(−5400.12) and smallest residuals (Supplementary Table S2 and
Supplementary Figure S9). Using a nuclear mutation rate of 10− 9

(Xu et al., 2012) and a population mutation rate (Θ) of 2820.19
calculated in ∂a∂i, we estimate that the ancestral northern and
southern source populations of green crab diverged approximately
470 000 years ago.
A maximum-likelihood (ln likelihood = 525.197) tree with esti-

mated migration rates yielded separate northern and southern
population clusters, with the exception that PLB clustered with the
southern populations (Figure 6). The allele frequency covariance
matrix residuals were lowest overall for nine migration events
(Supplementary Figure S10). TREEMIX indicated migration to PLB
from both northern and southern sites, and a migration event from
the southern population towards KJI, consistent with secondary
contact at this region. There were five additional migration events
included in the tree from south to north but these were not weighted
as heavily as the events leading to the admixed populations (Figure 6).
The top 10 most significant three-population tests also provided
evidence of admixture of a northern and southern site occurring in the
three northern sites KJI, PLB and MBO (Supplementary Table S3).
The f3 statistics were similar among each three-population combina-
tion, and each was significant at a z-scoreo− 20. We verified the
presence of gene flow to PLB from both northern and southern
locations using diveRsity, which indicated numerous migration events
to PLB from both the northern and southern populations, as well as
migration within sites categorized as north or south, yet no migration
events from the south to KJI (Figure 7). Admixture and migration
from both northern and southern populations into KJI is unsurprising
given it is geographically intermediate to the northern and southern
populations.

DISCUSSION

Hybridization is an interesting biological phenomenon, which has
impacts ranging from hybrid inviability to the evolution of adaptation
and increased fitness (Burke and Arnold, 2001). Here we investigated
intraspecific hybridization between two invasions of green crab that
independently invaded the east coast of North America in the 1800s
and again in the 1980s. We build on previous works identifying a
secondary contact zone among invasion waves in southern Nova
Scotia and the presence of hybridization (Blakeslee et al., 2010; Pringle
et al., 2011; Darling et al., 2014; Tepolt and Palumbi, 2015). We
revealed that six of 11 locations sampled contained evidence of
hybridization and that two locations in particular, Kejimkujik, Nova
Scotia (KJI) and Placentia Bay, Newfoundland (PLB) showed parti-
cularly high levels of introgression. These populations consisted of
90% and 95% hybrid individuals, respectively, of which PLB primarily
consists of F2 hybrids, and KJI consists of backcrossed hybrids.
The long-term consequences of introgression remain unknown, but
continued monitoring of green crab populations will be necessary to
determine any impacts on this hybridization process on their ability to
expand and colonize new environments.

Hybridization in Atlantic marine animals
Hybridization, whether intra- or interspecific, has frequently been
shown to lead to increased colonization invasion success in both plants
and animals (Hovick and Whitney, 2014; Rius and Darling, 2014).
Interspecific hybridization in the genus Carcinus (C. maenas X C.
aestuarii) has previously been implicated in facilitating the adaptive
change that allowed these hybrid crabs to invade and become
established along the Japanese coast (Darling, 2011). Although
preliminary evidence of intraspecific hybridization has been noted
within green crabs (C. maenas) along the North American invasive
range (Blakeslee et al., 2010; Darling et al., 2014), our study is the first
to directly quantify the composition and geographic extent of hybrids
relative to the pure parental populations on a genome-wide scale,
integrating SNPs, microsatellites and mitochondrial sequences.
Numerous recent studies have highlighted the ability of highly

diagnostic SNPs in revealing intraspecific hybridization between
ecotypes that have undergone long-term isolation with recent second-
ary contact. For example, Le Moan et al. (2016) revealed hybridization
between previously isolated coastal and offshore ecotypes of European
anchovy (Engraulis encrasicolus) in the Atlantic and Mediterranean
using a small panel of 300 diagnostic SNPs derived from a RAD-seq
catalog of 5638 SNPs. Bradbury et al. (2014) revealed significant
hybridization but little introgression (that is, few F2 or later-generation
hybrids detected) among co-occurring populations of genetically
distinct Atlantic cod (Gadus morhua). Finding few later-generation
hybrids led Bradbury et al. (2014) to suggest strong selection against
hybrids or genetic incompatibility of hybrid individuals prevents gene
flow among these populations. In contrast to the Atlantic cod and
anchovy, adult green crab movement is limited and the majority of
dispersal is likely achieved during the planktonic larval stages. The
range of green crab and any genetic or population components will
therefore mainly depend on prevailing currents in addition to gradual
movement up or down the coastline or human introduction as is likely
the case in Newfoundland. The northern and southern population
structuring in North America appears to reflect historical structure of
the source populations in northern and southern Europe (Roman,
2006; Darling et al., 2008; Tepolt and Palumbi, 2015). Hybridization is
then highly influenced by natural dispersal and anthropogenic sources
promoting secondary contact between these ecotypes at various points
along their range. Although our study suggests that first-generation
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Figure 5 Hybrid indices for admixed populations. (a) Frequency distribution of maximum-likelihood hybrid indices for individuals from admixed sites,
including Kejimkujik (KJI) and Placentia Bay (PLB) calculated in GENODIVE. (b) Individual hybrid indices with 95% confidence intervals for each individual
from KJI and PLB.
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hybrid green crabs are indeed viable, previous work suggests sig-
nificant divergence of these populations visible in genome-wide
differences observed between the northern and southern populations
(Jeffery et al., in press). The consequences of the observed hybridiza-
tion could be substantial if hybrid crabs are suited to invade new
habitats relative to their parental ecotypes, necessitating further
monitoring and investigation of hybrid populations.

Marker comparison for hybrid quantification
All three marker types (mitochondrial DNA, microsatellites and SNPs)
showed clear support for hybridization at KJI and PLB. COI haplotype
diversity was highest at these sites, with five haplotypes each, whereas
only two to four haplotypes were found at each of the sites considered
as pure northern or southern populations, corroborating previous

work (Blakeslee et al., 2010). Although this does not necessarily mean
that hybridization has occurred, as COI is typically a maternally
inherited haploid marker, it does provide evidence for the presence of
individual crabs from both northern and southern populations within
the admixed populations, allowing the possibility of hybridization.
Bayesian clustering analyses on both the microsatellite and SNP data
showed clear evidence of hybridization at PLB and KJI, though the
SNP panel was better able to resolve the memberships of individuals to
the northern or southern populations than the microsatellites. Hybrid
detection power varied between the simulated microsatellite and
filtered SNP data, and was considerably higher using the unlinked
high FST diagnostic SNPs. Hybrid power analyses suggest that our 13
microsatellites can never achieve 100% assignment success to hybrid
class at a posterior probability of 0.99. In fact, assignment success was
always below 90% at a probability of 0.5 and dropped to 0% at a
probability of 0.99 for all genotype classes. In STRUCTURE, micro-
satellites were able to reliably distinguish pure parental populations,
but were worse at distinguishing hybrids; this is opposite to the pattern
found using NewHybrids, where microsatellites were better able to
distinguish hybrids overall. However, when separating ‘hybrids’ into
their respective classes, NewHybrids was better able to distinguish
parental populations from F1, F2 and backcross hybrids. This
distinction between marker types may be due to the different numbers
of markers used, as we only genotyped 13 microsatellites but were able
to filter thousands of SNPs to select the most diagnostic markers.
Randi (2008) recommends the use of simulated genotype data to
ascertain hybrid membership reliability for the markers used in a given
study, and the use of 420 unlinked microsatellite loci or larger
numbers of SNP loci to accurately detect F1, F2 and first-generation
hybrid backcrossed individuals. This reinforces the utility of large
genome-wide SNP panels to infer hybrid class. Here we demonstrate
that a panel of a few hundred diagnostic SNPs can be used to resolve
hybrid class.

Population structure and hybrid assignment
Perhaps most importantly, we have revealed the wide geographic
extent of hybridization in the northwest Atlantic green crab invasive
range, and extensive hybridization at two sites of known secondary
contact. These sites could represent hybrid swarms (sensu Harrison,
1993), where secondary contact between parental populations, and a
lack of reproductive isolation, has facilitated a successful second
generation of hybrids (F2s and backcrosses) to occur. The distribution
of the hybrids is consistent with KJI as a natural secondary contact
zone between the northern and southern populations, and these
ecotypes likely correspond to the northern and southern ecotypes in
the native European range (Roman, 2006). Native populations show a
genetic continuum based on COI and microsatellite data, which
suggests high levels of gene flow, but adaptive differences at each
extreme of this latitudinal cline based on genome-wide SNPs (Roman
and Palumbi, 2004; Darling et al., 2008; Tepolt and Palumbi, 2015).
Interestingly, we found greater evidence of crabs in KJI backcrossing to
individuals from the northern population than to the southern
population. This is perhaps consistent with northern larvae being
transported to KJI by the prevailing southwestern current along the
Scotian shelf allowing for the backcross to occur (Pringle et al., 2011).
In contrast, PLB is geographically isolated from the southern popula-
tion, and so the hybridization observed is likely the result of
introduction from a previously admixed Scotian shelf population
(Blakeslee et al., 2010) or possibly multiple anthropogenic introduc-
tions from separate northern and southern populations. Our results
conform to the former hypothesis as we observed only one individual

Figure 6 Maximum-likelihood phylogram constructed in TREEMIX for the full
RAD panel of SNPs with nine supported migration events. Events with the
greatest relative weight tend to move towards hybrid populations KJI and
PLB. The drift parameter represents the degree to which genetic drift has
occurred between each population.

Figure 7 Relative strength and direction of migration among locations using
divMigrate (Sundqvist et al., 2016). The legend shows relative migration
rates, where darker arrows indicate higher levels of gene flow.
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in this location that is considered of ‘pure’ northern origin, suggesting
the introduction of already-admixed individuals to this location rather
than separate introductions of northern and southern individuals.
Placentia Bay experiences a heavy volume of commercial and

recreational ship traffic, which are the most likely causes for the
introduction of green crabs to Newfoundland, as opposed to the
prevailing currents, which travel in the opposite direction (Blakeslee
et al., 2010; Pringle et al., 2011). Correspondingly, three-population
tests (Reich et al., 2009) showed significant admixture at a number of
sampling sites, the most admixed of which were KJI and PLB. For
these sites, evidence of admixture was always between a northern and
southern site; this, however, does not necessarily mean that the
populations at these sites are actually results of admixture between
each northern site with a southern site, but rather provides evidence of
a lack of ‘treeness’ that overall suggests admixture between at least one
northern and one southern site (Pickrell and Pritchard, 2012).
Consistent with previous studies (for example, Darling et al., 2014),
the presence of second-generation (F2) hybrids and backcrosses
suggests that hybrid offspring of the northern and southern ecotypes
of green crab in eastern North America are viable.
We suggest that hybridization is occurring in these regions simply

due to secondary contact between ecotypes and a lack of reproductive
barriers, which would prevent fertilization (pre-zygotic) or the
production of viable offspring (post-zygotic). An alternative hypothesis
to natural secondary contact is the hybridization-invasion hypothesis,
whereby hybridization among lineages leads to increased genotypic
and/or phenotypic variation that allows for the ability to colonize new
environments and then persist in that environment (Hovick and
Whitney, 2014). The fact that such high proportions of hybrid
individuals are found at KJI and PLB may lend support to an inherent
hybrid advantage at these locations. For example, hybrid advantage has
been equated to broader environmental tolerances and-or increased
fecundities relative to either pure form (Rius and Darling, 2014);
however, this is speculative and hybrids may in fact have only
intermediate thermal tolerances relative to either parental lineage,
which tend to be adapted to warm or cold waters (Tepolt and Somero,
2014). The phenomenon of hybrid advantage is well documented and
is known to occur among natural populations (Gramlich et al., 2016)
and to select for desired traits in the aquaculture trade (for example,
Zheng et al., 2011). In fact, hybridization is often observed to facilitate
the invasion and establishment of non-native species due to hybrid
advantage and potential speciation (Lee, 2002; Facon et al., 2005). To
test this hypothesis, further investigations and experimental evidence
of the relationships between green crab ecotype distribution and
changes in environmental parameters along their invasive range will be
required.

Demographic inference and migration
Inferences of both the historical divergence between these lineages and
levels of contemporary gene flow can be made using our SNP data.
Based on the population mutation rate in a strict isolation demo-
graphic model, we find that the source populations of green crabs split
approximately 470K years ago, suggesting long-term isolation of these
ecotypes due to adaptive differences in environmental tolerance that
has then carried over into its invasive range. In the native range, green
crab show a distinct latitudinal cline in mitochondrial COI haplotypes
but relatively little latitudinal differentiation in microsatellites, which
suggests a genetic continuum from the southern to northern limits of
its native range (Darling et al., 2008). Although hybrids have not been
directly quantified in the native range, gene flow likely has reduced
differentiation among populations along the native cline, and adaptive

differences and distinct population structure using genome-wide SNPs
are observed at each extreme of the cline (Tepolt and Palumbi, 2015).
This intraspecific split in the native range occurred more recently than
the speciation event between C. maenas and its sister species C.
aestuarii of five to eight million years ago based on COI sequence
divergence calculated by Roman and Palumbi (2004). A similar time
scale in the divergence of intraspecific ecotypes has recently been
estimated in the European anchovy (E. encrasicolus) using genome-
wide SNPs, where recent (post-glacial) secondary contact has occurred
after long-term (c. 300 000 years) allopatric isolation (Le Moan et al.,
2016). Our estimate here of divergence time for these green crab
lineages further supports our previous conclusion of longstanding
isolation and divergence (Jeffery et al., in press).
Interestingly, our estimations of migration events between green

crab sampling sites showed substantial south to north gene flow to
PLB, but both northwards and southwards gene flow towards KJI
despite a southwest prevailing current consistent with previous work
(Pringle et al., 2011). Given the distance and oceanographic conditions
between these presumptive source populations and Placentia Bay, it is
highly unlikely the migration events to this population represent
natural dispersal and are most likely anthropogenic in origin
(Blakeslee et al., 2010). The bidirectional migration observed at KJI
is consistent with (natural) secondary contact between the established
northern and southern populations in this region (Pringle et al., 2011;
Darling et al., 2014). However, evidence also suggests the continued
southwards displacement of northern haplotypes consistent with the
prevailing currents in the region (Darling et al., 2014), indicative of a
highly dynamic demographic system.

Implications of hybridization in green crabs
As previously discussed, hybridization, whether between separate
species or among divergent populations within a species, can have a
range of potentially negative or beneficial impacts. One obvious
negative repercussion of hybridization to native ecosystems is if
hybrids potentially have increased fitness relative to the parental
populations or species, with environmental tolerances that encompass
the range of the parents that allow them to rapidly expand their range
(Burke and Arnold, 2001; Todesco et al., 2016). Within green crabs,
the hybrid offspring detected in the present study are viable due to the
presence of F2 and backcrossed hybrids despite their genomic
divergence. From a management perspective, it may be imperative
to treat green crabs as two ecotypes present in Atlantic Canada
(Jeffery et al., in press), which likely have different thermal tolerances
reflective of their native northern (Norway) and southern source
populations (Roman, 2006; Tepolt and Somero, 2014). Secondary
contact between these ecotypes appears to occur at the northern and
southern limits of the southern and northern ecotypes, respectively in
KJI and also in PLB. As 95% of the individual crabs we sampled at
PLB were classified as hybrids, it is currently unknown whether the
hybridization process has allowed this population to maintain itself in
this location, possibly due to hybrid advantage or through repeated
introduction of green crabs over time It is possible, though speculative,
that hybrid individuals will have greater environmental tolerance
relative to either parental ecotype, which may lead to their replace-
ment over time (Gramlich et al., 2016; Todesco et al., 2016). Both
hybrid advantage, and, the alternative, where hybrids simply show
intermediate environmental tolerances to their parental linages, will
require an examination of specific tolerances of temperature and
growth rates as well as a re-evaluation of current mitigation strategies,
which currently only consider green crab as a single ecotype in Canada
(Therriault et al., 2008).
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SUMMARY

Here we identify the geographic extent to which hybridization between
northern and southern green crab ecotypes occurs in eastern North
America. We estimate that the European source populations of these
ecotypes diverged ~ 470K years ago and have come into secondary
contact in their invasive range in southern Nova Scotia. Both natural
dispersal and anthropogenic transport appear to be driving hybridiza-
tion, which is resulting in introgression and viable hybrid offspring
between the lineages. The long-term effects of this hybridization are
currently unknown, but may lead to greater thermal adaptation
throughout their invasive range leading to continued range expansion,
and even speciation or replacement of the parental ecotypes. Con-
tinued monitoring of green crab expansion will be necessary to
determine when and where this species will ultimately be limited by
the environment in eastern North America and what role hybridiza-
tion among invasions will have.
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