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Abstract Marine invertebrates with high larval dispersal
capacity typically exhibit low degrees of population
differentiation, which reflects both contemporary and
historical processes. We sampled 346 individuals from
seven populations of the lined shore crab, Pachygrapsus
crassipes Randall, along the northeastern Pacific Coast
and Korea during summer 2003. DNA sequence analysis
of 613 bp of the mitochondrial COI gene showed that
overall gene diversity (h) was high (0.92±0.01), whereas
overall nucleotide diversity (p) was low (0.009±0.005).
A total of 154 mtDNA haplotypes were identified;
however, 114 were present in only one individual.
Analysis of molecular variance revealed significant ge-
netic structuring at Point Conception, CA, USA, that is
likely due to the oceanographic circulation patterns,
which result in asymmetrical migration of haplotypes.
However, genetic variation among eastern Pacific pop-
ulations was generally low, probably because of high
contemporary gene flow and recent common ancestry of
haplotypes. Mismatch analysis and nested clade analysis
suggested that the population history of this region is
characterized by two contiguous northwards range
expansions, which are congruent with Late Pleistocene
glacial cycles. Highly significant genetic differentiation
was detected between eastern Pacific populations and
Korea, indicating transpacific gene flow is restricted.
Time of divergence between the two transpacific lineages
was estimated between 0.8 and 1.2 Myrs ago. The small,
recently founded population of P. crassipes at Bamfield,

BC, Canada, did not appear to have undergone a
founder effect.

Introduction

Gene flow in marine systems is generally predicted to be
correlated with larval dispersal potential (Scheltema
1975; Hedgecock 1986), which in turn may strongly
influence the geographical range and genetic structuring
of populations (Hedgecock 1986). Larval dispersal
capacity of benthic invertebrates often corresponds with
the mode of development, in that increased time spent in
plankton is linked with less differentiation among pop-
ulations (Scheltema 1971; Avise 1994). Evidence for this
relationship has been found in comparative studies of
species that vary in dispersal potential (Kyle and Boul-
ding 2000).

High dispersal potential may not always translate
into high levels of gene flow (Knowlton and Keller
1986). Most estimates of marine larval dispersal are
indirect (Levin et al. 1993); therefore, little information
is available regarding the true extent of species’ plank-
tonic displacement. In many cases, dispersal capability
does not match levels of gene flow inferred from indirect
molecular methods (Pogson et al. 2001). Marine inver-
tebrates may not realize their larval dispersal capacity
and attendant levels of gene flow due to local retention
mechanisms, such as temperature gradients (Newman
1979; Wares et al. 2001), oceanographic circulation
patterns (Ketchum 1954; Hedgecock 1986; McConau-
gha 1992), and larval behaviour (Burton and Feldman
1982; Raimondi and Keough 1990). Restricted gene flow
may ultimately lead to increased differentiation among
populations by promoting the effects of other micro-
evolutionary forces (Slatkin 1985). An increasing num-
ber of studies have shown unexpectedly high levels of
population structure over regional scales in marine
invertebrates with high dispersal potential (Kyle and
Boulding 2000).
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Contemporary gene flow predominately reflects the
genetic structure of a species only if populations have
existed for a sufficient length of evolutionary time to
reach equilibrium between genetic drift and gene flow
(Palumbi 1994). If departures from equilibrium exist,
interpretation of population structure should include
inferences regarding population history (Bohonak 1999).
Historical demographic events (e.g. founder effects,
vicariance events, range expansions) may no longer be
observed directly in natural populations, yet often leave
a distinct signature of genetic differentiation that can be
detected in contemporary population structure. Recent
studies suggest that marine species have highly charac-
teristic demographic histories that are likely to produce
non-equilibrium population structures (Avise 1994;
Benzie 1999).

The cytochrome c oxidase I gene (COI) of the mito-
chondrial genome has been extensively used in popula-
tion genetics studies of a wide variety of marine
invertebrates (Edmands et al. 1996; Uthicke and Benzie
2003). A universal primer pair (Folmer et al. 1994) has
been successfully used for the amplification of the COI
gene in decapods (i.e. Tam et al. 1996; Fratini and
Vannini 2002). This primer pair is robust, enabling
recovery of its 5¢-end from representatives of most, if not
all, invertebrate species (Folmer et al. 1994; Hebert et al.
2003). In addition, the COI gene appears to possess a
greater phylogenetic signal than any other mitochon-
drial gene (Hebert et al. 2003). These properties make
the mitochondrial COI gene an ideal molecular marker
to identify genetic variation in natural populations and
reconstruct gene genealogies.

Pachygrapsus crassipes, the model organism

No shore crab encompasses a broader geographic range
than the lined shore crab Pachygrapsus crassipes Ran-
dall, which is a medium-sized grapsid crab, found in the
high intertidal zone of both bays and exposed coastal
habitats of the North Pacific (Hiatt 1948; Hui 1992). It is
widely distributed along rocky shores of the eastern
Pacific Coast, from Charleston, Oregon, USA, to central
Baja California, Mexico (Sousa 1993). P. crassipes also
inhabits the western Pacific Coasts of Japan and Korea,
where it was first reported in 1890 (Hiatt 1948; Morris
et al. 1980). Recent evidence suggests that P. crassipes is
expanding its distribution northwards along the eastern
Pacific Coast and has been found as far north as Bam-
field, Vancouver Island, British Columbia, Canada,
since 1997 (E.G. Boulding, unpublished data). Expan-
sions of P. crassipes’ distribution are likely the result of
periodically higher sea surface temperatures caused by
the increased frequency and intensity of El Nı̃no events
and amplified by the effects of global warming.

Despite great larval dispersal potential (Hiatt 1948;
Schlotterbeck 1976; Shanks 1983), effective gene flow
within the eastern Pacific range of P. crassipes may be
limited by physical impediments, principally those pro-

moted by the biogeographic boundary at Point Con-
ception. It is a headland along the coast of California
(34.5�N), which marks the range limit of many plank-
tonic species (Newman 1979; Jablonski et al. 1985). This
suggests the presence of barriers to continuous larval
dispersal at Point Conception and that species spanning
the boundary may show genetic discontinuity.

Genetic structuring of P. crassipes will primarily re-
flect historical demographic events if populations have
not existed long enough to attain equilibrium. The
Pleistocene glaciations (1.8 to 10,000 Myrs before pres-
ent) may have left residual effects on the contemporary
population structure of P. crassipes along the eastern
Pacific shores. Since they occurred relatively recently in
evolutionary history, many populations are likely not to
have reached equilibrium. Glacial advances have caused
dramatic shifts in the geographic distribution of marine
species due to range fragmentation (Hellberg 1998;
Marko 1998), particularly southward contractions.
Many species along the California Coast have recolon-
ized the northern part of their range since the last gla-
ciation (Marko 1998; Hellberg et al. 2001). The effects of
such range fluctuations on population genetic structure
are well documented in marine systems (Hewitt 1996;
Avise 2000; Hellberg et al. 2001).

Transpacific populations of P. crassipes may be iso-
lated from one another due to the expansive stretch of
open ocean water that exists between them. Because
there are no proximate islands to serve as stepping
stones in migration, larvae are likely to perish before
currents can transport them across such an extensive
barrier. In addition, the mutational contribution to ge-
netic differences between the two regions may be con-
siderable. It is unknown how long populations have
existed on both sides of the Pacific; however, it has been
suggested P. crassipes was introduced to the western
Pacific within the last 100 years (Hiatt 1948; Morris
et al. 1980).

Materials and methods

Study sites, specimen collection, and tissue preparation

Samples of P. crassipes were collected from the intertidal
zone of six localities spanning a distance of over
2,500 km along the west coast of North America.
Sampling of four sites within embayments and two lo-
cated in wave-exposed rocky outcroppings was con-
ducted during May and June 2003. The geographic
locations of these sites are presented in Fig. 1. An
additional wave-exposed coastal locality, near Sam-
ch’ok, South Korea (KO; 50�37.281¢N; 129�21.583¢W),
was sampled in August 2003.

Juvenile and adult crabs were collected by hand
during low tides at all sites. Crabs were caught live under
rocks, in rock crevices, and in tidal pools. Immediately
after collection, one walking leg was obtained from each
individual by applying slight pressure on it, using pliers.
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Crabs abscised the targeted appendage; this is a defence
mechanism, allowing them to escape predation (Warner
1977). With one exception, BC, a minimum of 20 legs
(one per crab) was collected from each site (Table 1).
The BC sample size was limited to 12 individuals due to
the scarcity of the species in that sampling location in
2003. Legs were stored individually in 90% ethanol at
ambient temperature in 2 ml centrifuge tubes.

DNA sequencing and editing

Genomic DNA was extracted from approximately
0.25 mg of ethanol-preserved leg muscle tissue using
the DNAeasy tissue kit� (Qiagen, ON, Canada). All
procedures followed the animal tissues protocol, except
the final elution that was done using ultra pure water�
(Invitrogen, Canada). A 710 bp fragment of the
mitochondrial COI gene was amplified by PCR (Saiki
et al. 1988) using the universal COI primers published
by Folmer et al. (1994): COI (forward): 5¢-
GGTCAACAAATCATAAAGATATTGG-3¢ and COI
(reverse): 5¢-TAAACTTCAGGGTGACCAAAAAAT
CA-3¢. PCR amplification was performed on 50 ll
reactions containing a final concentration of 0.1–0.2 lg
DNA template, PCR buffer (1 mM Tris–HCl, pH 8.3;
5 mM KCl; 0.0125 mM MgCl2; 0.1% Triton X),
0.02 mM of each dNTP, 1.75 mM MgCl2, 0.3 U Taq
polymerase, and 0.5 mM each light and heavy strands.
The thermal regime was as follows: 5 min at 95�C, 36
cycles of 30 s at 95�C, 40 s at 48�C, 45 s at 72�C, and
5 min at 72�C in the Robocycler Gradient 96�
(Stratagene, Canada). Each PCR product was mixed
with loading dye (0.025% bromophenol blue and 0.4%
w/v of sucrose in water) and electrophoresed in a 2%
agarose gel stained with ethidium bromide. Electro-
phoresis was done at 76 V for 45 min at 20�C. Gels
were visualized under UV light. Reactions yielding
sharp bands were excised from the gels and prepared
for sequencing using the Sephaglass BandPrep Kit�
(Amersham Pharmacia Biotech, USA) according to the
manufacturer’s directions. Gel-purified mtDNA frag-
ments were subjected to direct sequencing using the
COI heavy strand primer and the BigDye Terminator
3.1 Cycle Sequencing Ready Reaction Kit� (Applied
Biosystems, CA, USA) according to the manufac-
turer’s instructions. Reactions were run on ABI Prism
377 automated sequencer� (Applied Biosystems) and
analysed with ABI Prism DNA Sequencing Analysis
Software version 3.4. The resultant sequences were
edited using the Chromas version 1.45 computer
program. Alignment of sequences was accomplished
using the Clustal W, version 3.1.1 software package
(Thompson et al. 1994) with the following default
parameters: gap penalty=15.00 and gap exten-
sion=6.00. Subsequent verification of the alignment
and adjustments were done by eye. A total of 613 bp
of COI sequence was used for all succeeding data
analysis because this amount could be read unambig-
uously for all individual crabs.

Data analysis

Indices of genetic variation within populations

Number of mtDNA haplotypes, gene diversity (h), and
nucleotide diversity (p) were calculated for each popu-
lation, using the Arlequin version 2.0 software package

Fig. 1 Sampling localities of Pachygrapsus crassipes along
the West Coast of North America. BC Bamfield, British
Columbia (48�50.435¢N; �125�08.776¢W); SO Charleston,
Oregon (43�20.628¢N; �124�19.470¢W); NC Trinidad, California
(40�51.938¢N; �124�08.910¢W); CC San Luis Obispo, Califor-
nia (35�10.579¢N; �120�45.120¢W); SC Ventura, California
(34�15.967¢N; �119�16.322¢W); BJ El Rosario, Baja California,
Mexico (50�37.281¢N; 129�21.583¢W)
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(Schneider et al. 2000). Molecular distances of p were
calculated according to the method of Jukes and Cantor
(1969).

Departures from neutral expectations were assessed
for each population using the method of Ewens–Watt-
erson (Ewens 1972; Watterson 1978), as implemented in
Arlequin. Statistical significance of the Ewens–Watter-
son neutrality test was analysed by randomization of the
data using 10,000 permutations of the data under the
null hypothesis that variation in the segment of the
mtDNA COI gene amplified is selectively neutral.

Genetic variation among populations

An AMOVA analysis (Excoffier et al. 1992) was per-
formed in Arlequin on two different regional groupings
of populations to generate U statistics based on a priori
expectations of spatial population differentiation: (1)
regions defined as north of Point Conception (BC, SO,
NC, and CC, Fig. 1) and south of Point Conception (SC
and BJ, Fig. 1) and (2) regions defined as East Pacific
(BC, SO, NC, CC, SC, and BJ, Fig. 1) and Korea (KO).
The genetic distance matrix used to generate the U sta-
tistics was calculated from the DNA sequences of the
haplotypes using the method of Jukes and Cantor
(1969). These analyses were subsequently repeated to
generate conventional F statistics, which was done by
omitting the genetic distances among haplotypes and
considering only the frequencies of haplotypes.

Estimates of Nf, the effective female population size,
mij, the female migration rate from population i to j, and
mji, from population j to i, were calculated using the
estimates of h and M from the coalescent algorithm in
the program Migrate 2.0.6 and the equations h = 2Nfl
and M = 2Nfm (Beerli and Felsenstein 2001). The l
values were calculated using approximated sequence
divergence rates of the COI gene, which range between
2.2 and 3.1% per Myrs for marine crustaceans
(Knowlton and Weight 1998; Schubart et al. 1998).
Migrate runs began with initial values of h and M based
on conventional Fst estimates and used 10 short chains
with 5,000 sampled genealogies and 3 long chains with
50,000 sampled genealogies each. Five runs were per-
formed to estimate the consistency of the results. The BC
population was omitted from this analysis due to its
small sample size.

Intraspecific phylogenetic reconstructions

Neighbour-joining (NJ) trees were constructed from a
matrix of pairwise genetic distances between haplo-
types calculated using the Kimura 2-parameter method
(Kimura 1980; Jin and Nei 1990) following the sim-
plified principle of minimum evolution algorithm of
Saitu and Nei (1987). This method of analysis was
done by implementing several programs within the
Phylip version 3.5c software package (Felsenstein
1993). Topological confidence levels were evaluated
with 1,000 bootstrap replicates of the haplotype se-
quences to provide estimates of robustness at each
node. Only bootstrap values above 70% were reported
as they indicate a distinct clade. The consensus NJ tree
was visualized using the TreeView version 1.6.6 com-
puter program (Page 2001). The outgroup used in all
phylogenetic constructions was a homologous sequence
of P. transversus from southern Baja California,
Mexico.

Nested clade analysis

Parsimonious relationships among haplotypes with
probabilities above 95% were calculated in the TCS
version 1.13 (Clement et al. 2000). The haplotype net-
work generated by TCS was manually converted into a
nested design in which haplotypes were grouped into
hierarchical associations (i.e. clades) following the pro-
cedures of Templeton et al. (1987) and Templeton and
Sing (1993). Ambiguous connections in the haplotype
network (e.g. symmetrically stranded clades, loops) were
resolved using approaches from the coalescent theory
following the criteria outlined in Templeton and Sing
(1993) and Crandall and Templeton (1993).

Once the haplotype network had been converted into
a nested hierarchy, the GeoDis version 2.0 software
package (Posada et al. 2000) was used for statistical
analysis. Both the mean distance of all individuals from
the geographical centre of a given clade (Dc) and the
mean distance of all individuals within a clade from the
geographical centre of clades from the same or next
highest nesting level (Dn) were determined. The distri-
butions of these distance measures were tested for sig-
nificance by 10,000 random permutations of clades

Table 1 Sample sizes, number
of mitochondrial haplotypes,
and measures of within-
population genetic diversity
(± SD) for Pachygrapsus
crassipes in each geographic
locality sampled (location codes
as in Fig. 1)

aGenetic distances were calcu-
lated by the method of Jukes
and Cantor (1969)

Geographic
location

Sample
size (N)

No. of
haplotypes

Diversity index

Haplotype
diversity (h)

Nucleotide
diversity (p)a

BC 12 11 0.985±0.040 0.0038±0.0025
SO 73 42 0.865±0.040 0.0037±0.0023
NC 51 29 0.887±0.041 0.0031±0.0020
CC 20 12 0.811±0.092 0.0035±0.0023
SC 55 38 0.936±0.028 0.0040±0.0025
BJ 85 49 0.927±0.023 0.0039±0.0024
KO 50 18 0.806±0.052 0.0050±0.0030
Overall 346 154 0.923±0.012 0.0090±0.0048
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against sampling localities under the null hypothesis of
no association between haplotypes and geographic
location (Posada et al. 2000). Permutation tests were
conducted separately for each level of the nested hap-
lotype network. Clades determined to have significant
geographic structure were compared to the differing
expectations of various models of population history
(Templeton 1998). A biological key provided by Tem-
pleton (2004) was used to guide inference of these
models (e.g. range expansion, past fragmentation). KO
was excluded from the nested clade analysis (NCA) since
biological inferences of the western Pacific would require
the sampling of more than one population.

Mismatch analysis

Mismatch distributions (Harpending et al. 1993) were
constructed using Arlequin. The shapes of the mismatch
distributions were used to deduce whether a population
has undergone sudden population expansion (Slatkin
and Hudson 1991; Rogers and Harpending 1992; Rogers
1995). Smooth unimodal distributions are formed by the
accumulation of mutations with minimal lineage loss
and indicate recent population expansion, whereas
‘‘ragged’’ multimodal distributions are typically formed
by mutations in demographic equilibrium with sto-
chastic lineage loss and indicate the population has been
constant in size.

Goodness of fit between the observed distributions
and expected distributions under a sudden-expansion
model was tested for each population using the method
of Schneider and Excoffier (1999). Additionally, the
raggedness index of Harpending (1994) was calculated
for each distribution. Significance was assessed on the
parameters with permutation tests (1,000 bootstrap
replicates) under the null hypothesis that sudden popu-
lation expansion cannot be rejected using the algorithm
of Hudson (1990), as modified by Schneider and Ex-
coffier (1999).

For any mismatch analysis in which sudden popula-
tion expansion was detected, age of expansion was
subsequently measured according to the following
equation from Harpending et al. (1993):

t =
s
2û
;

where the generation time of P. crassipes is approxi-
mately 1 year (Morris et al. 1980).

Results

Mitochondrial DNA variation

The mtDNA COI gene was analysed for 346 P. crassipes
individuals sampled from six eastern Pacific populations
and one western Pacific population located in Korea
(Table 1). Ninety-five polymorphic nucleotide positions

were detected, 63 of which were phylogenetically infor-
mative. All differences between haplotypes were substi-
tutions (transition to transversion ratio of 7:1).

A total of 154 mtDNA haplotypes were identified;
however, 114 were represented by only one individual
(singletons) (haplotypes 1–26 and 29–156 correspond to
GenBank accession numbers AY951986–AY952011 and
AY952012–AY952110, respectively). Singletons were
detected in all sampling sites and much larger sample
sizes would be required to determine if these haplotypes
are geographically restricted or whether they occur at
low frequencies in other populations. There were 26
haplotypes that occurred in more than one sampling
locality, with no single haplotypes observed in all seven
localities. The most common and widespread haplotype
consisted of 91 individuals (26.3% of total sample) and
was detected in all six eastern Pacific localities. The
second most frequently observed variant had 21 indi-
viduals found exclusively in KO, whereas the second
most widespread variant had 13 individuals from five
eastern Pacific sites. The remaining 151 haplotypes were
each present in fewer than five localities and were con-
sidered rare, occurring at frequencies from 0.0029 to
0.0202. No haplotypes were shared between eastern
Pacific localities and Korea. Estimates of pairwise se-
quence divergence among eastern Pacific haplotypes
ranged from 0.2 to 1.5%. The eastern Pacific and Kor-
ean sampling localities were separated by 1.5–3.6% se-
quence divergence between haplotypes.

Genetic variation within and among populations

The number of haplotypes within a sampling locality
was significantly correlated with sample size (rs=1.00,
P<0.05). Overall gene diversity (h) was high
(0.92±0.01), whereas overall nucleotide diversity (p)
was low (0.009±0.005). Both measures of genetic
diversity were computed individually for each of the
seven sampling sites (Table 1). Measures of h were high
within all individual sampling localities (all sites;
h>0.80), whereas values of p were low within all indi-
vidual localities (all sites; p<0.0050). Both the haplo-
type and nucleotide diversity indices were not
significantly correlated with latitude (h: rs=0.60,
P>0.05; p: rs=0.70, P>0.05).

Two regional patterns of within-population genetic
variation were detected for the established populations:
(a) indices of h and p tended to be higher in sites south of
Point Conception (SC and BJ) than in sites north of
Point Conception (SO, NC, and CC); and (b) h estimates
were higher in each of the eastern Pacific localities (SO,
NC, CC, SC, and BJ) than in Korea (KO). Estimates of
p, however, were higher in the Korean site than in the
eastern Pacific sites.

The three-level hierarchical AMOVA analyses com-
paring regions defined as north and south of Point
Conception (Table 2) revealed small, yet highly signifi-
cant variance in genetic structure between the regions
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(UCT=0.0034, P<0.001). No significant genetic varia-
tion among sampling sites was detected within the re-
gions (USC=�0.0006, P=0.1991). The three-level
hierarchical AMOVA analyses in which regions were
defined as eastern Pacific and Korea (Table 2) revealed
highly significant variance in genetic structure among
regions (UCT=0.8425, P<0.001). Parallel analyses using
F statistics were qualitatively identical; however, F
measures were lower due to large divergences among
several haplotypes.

The Migrate analysis indicated that substantial
migration of individuals occurs among eastern Pacific
populations (Table 3). However, the estimated rates of
migration across the northern Pacific Ocean that sepa-
rates the North American and Korean regions were
negligible as expected (Table 3). An asymmetrical pat-
tern of pairwise migration was revealed along the eastern
Pacific Coast: north to south movements of females were
considerably more numerous than vice versa. Estimates
of effective female population size were large for each
site, ranging between 1.67·105 and 1.02·106 individuals
(Table 3). Further, effective female population size was
not significantly correlated with latitude (rs=0.1,
P>0.05).

Intraspecific phylogenetic analysis

The only notable feature of the inferred evolutionary
associations from the NJ trees was the presence of two
clades: (1) all haplotypes from the eastern Pacific and
(2) all haplotypes from Korea. Phylogenetic distinction
between the two clades was robustly supported with a
bootstrap value >98%. All internal branches within
these clades had bootstrap values less than 70%,
which is not considered phylogenetically informative.
The two clades were genetically distant (average se-
quence divergence of 2.5%), whereas the mean pro-
portion of pairwise differences within clades I and II
was minimal (0.004 and 0.005, respectively). The
overall topology of the eastern Pacific network was
star-like; a central haplotype that was most frequent in

abundance was linked to a majority of the rare
haplotypes, which differed from this common central
haplotype by one to a few mutational steps. The
Korean network was less star-like in appearance, and
inter-haplotypic differences were greater than for the
eastern Pacific network.

Nested clade analysis

Mitochondrial haplotypes separated by a maximum of
nine nucleotide differences had probabilities >0.95 of
being connected in a parsimonious fashion. Haplotype
network estimation using parsimony within this limit
yielded one distinct network. Parsimony is an alternative
method of reconstructing phylogeny and yielded a final
network that was very similar to the NJ analysis. The
95% plausible set in the network contained several
ambiguous connections, which could be resolved with
high certainty using the frequency and topology criteria
from the coalescence theory.

A final network was obtained by incorporating the
decisions regarding ambiguous connections and a set of
nested clades was constructed. The 136 eastern Pacific
haplotypes were grouped into 62 first-level clades, 20
second-level clades, 9 third-level clades, 3 fourth-level
clades, and 1 fifth-level clade (the total network; Fig. 2).
Several significant associations between haplotypes and
geography were detected (P<0.05). Most of the signifi-
cant results are at the lower clade levels (1-7, 1-11, 1-12,
1-13, 1-15, 1-26, 1-32, 1-43, 1-39, 1-41, 1-53, 2-5, 2-18, 2-
19, 3-2, 3-4) and yielded inconclusive outcomes when the
inference key of Templeton (2004) was applied. These
results can likely be attributed to low resolution due to
relatively small sample sizes of those clades. Patterns
within other clades were more distinct and based on a
large number of haplotypes. Two separate biological
events were inferred by NCA, corresponding to four
clades: (1) clades 1-1 and 4-1 exhibited discrete patterns
of contiguous range expansion; and (2) clades 2-1 and 2-
17 showed a distinct signature of restricted gene flow
with isolation by distance.

Table 2 Hierarchical analysis of molecular variance (AMOVA) of Pachygrapsus crassipes for three levels of geographic structure (U)

Variance component Observed partition U statistics P df

Variance Total (%)

North and South Point Conception
Among regions 0.00449 0.40 UCT=0.00340 <0.00001 1
Among populations within regions �0.00063 �0.06 USC=�0.00055 0.19907 4
Within populations 1.13201 99.66 UST=0.00395 0.15807 292
East Pacific and Korea
Among regions 6.37873 84.26 UCT=0.84253 <0.00001 1
Among populations within regions �0.00075 �0.01 USC=�0.00063 0.39815 5
Within populations 1.19204 15.75 UST=0.84263 <0.00001 339

Variance components are based on a priori groupings of sampling localities. Genetic distances were calculated by the method of Jukes and
Cantor (1969). The north Point Conception region is comprised of BC, SO, NC, and CC. The south Point Conception region is comprised
of SC and BJ. All location codes as in Fig. 1. The East Pacific region is comprised of BC, SO, NC, CC, SC, and BJ. The Korean region is
comprised of KO only
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Mismatch analysis

Three separate assemblages of mismatch distributions
were constructed: (1) all eastern Pacific sites grouped
together (Fig. 1); (2) KO; and (3) the two eastern Pacific
clades in which contiguous range expansion was
inferred by NCA (clades 1-1 and 4-1). Mismatch dis-
tributions of (1) and (3) from the eastern Pacific were
smooth and unimodal (Fig. 3). Consequently, the
shapes of these distributions suggest that sudden
population expansion had occurred. The mismatch
distribution of (2) from Korea appeared somewhat
bimodal and ragged (Fig. 3), suggesting that sudden
population expansion had not occurred. However, the
Harpending raggedness index of all mismatch distribu-
tions examined conformed to the simulated model of
sudden expansion [all distributions; P(RAGobs)>0.45].
All observed mismatch distributions fit well with the
Poisson distributions expected for an expanding popu-
lation [all distributions; P(SSDobs)>0.34]. Therefore,
the hypothesis of sudden population expansion could
not be rejected in every case analysed.

Discussion

Genetic structuring and phylogeography within the
eastern Pacific

The pattern of genetic variation in the eastern Pacific
clade is characterized by high haplotype diversities and
close genetic similarities among haplotypes. Two plau-
sible explanations exist that are not mutually exclusive:
(1) substantial numbers of haplotypes arise in popula-
tions and are subsequently lost after accumulating one
to a few nucleotide differences or (2) recent range
expansion of the eastern Pacific clade.

First, the presence of so many haplotypes may be due
to increased mutation rates, large female effective pop-
ulation sizes, or a combination of these factors. It is

possible but unlikely that evolution in the amplified
segment of the mitochondrial COI gene might be sig-
nificantly higher for P. crassipes than for most other
marine invertebrates previously studied. This would
create a comparatively larger proportion of unique
mtDNA variants per generation in a finite sample size.
More plausibly, the presence of so many rare haplotypes
within sampling localities suggests that female effective
population sizes are extremely large (Lewontin 1974).
Since no apparent haplotype saturation level is attained
with increasing sample size, it is reasonable to speculate
that many unidentified haplotypes still exist in the
populations sampled. These genetic data are corrobo-
rated by field evidence (Hiatt 1948; Morris et al. 1980;
B.J. Cassone, personal observation) and our estimates of
effective female population size using Migrate, which
indicate that P. crassipes is abundant along the eastern
Pacific coast. Large female effective population sizes
diminish the stochastic fluctuations in haplotype fre-
quencies due to genetic drift, even in studies employing
mtDNA markers (Ohta 1992). The low nucleotide
diversities may be attributed to relatively short existence
of haplotypes; thus, newly created haplotypes go extinct
after obtaining only a few additional base pair differ-
ences.

Secondly, the high haplotype diversities and close
genetic similarities among haplotypes can be interpreted
as evidence of recent population expansion (Rogers
1995; Graves 1998). Analysis of the eastern Pacific clade
mismatch distribution (MDA) reinforces this scenario.
This pattern is expected for recently expanding popula-
tions, each composed of several subpopulations with
multiple haplotypes. Recent diversification within each
population limits the amount of variation among hapl-
otypes, since sufficient evolutionary time has not elapsed
for haplotypes to acquire significant nucleotide differ-
ences.

The hierarchical AMOVA analyses revealed low
levels of genetic structuring among eastern Pacific pop-
ulations. Similarly, the phylogenetic analyses detected

Table 3 Estimates using Migrate 2.0.6 of effective female migration rates (m = M/h where M = Nfm) between eastern Pacific and
Korean populations, as well as the effective female population sizes (Nf = h/2l) (location codes as in Fig. 1)

Population Migration rate

SO NC CC SC BJ KO

i (horizontal)
j (vertical)
SO 21.236 30.027 76.861 59.431 0.400
NC 160.198 111.585 107.715 29.869 1.066
CC 381.359 466.787 68.509 211.710 0.000
SC 194.178 197.936 63.733 41.783 1.101
BJ 48.490 91.234 74.569 199.394 0.000
KO 0.000 0.311 0.000 0.311 0.000
Nf · 105 2.1–2.9 1.5–1.2 7.3–10 5.0–7.1 1.7–2.4 2.0–2.8

Immigration from population i into j, mij, is given below the diagonal and immigration from population j into i, mji, above the diagonal.
The approximated effective population sizes for each locality are shown in the bottom row. The l values were calculated using estimated
sequence divergence rates of the COI gene, which range from 2.2 to 3.1% per Myrs for marine crustaceans; Knowlton and Weight (1998),
Schubart et al. (1998)
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no distinct geographical patterns of haplotypes. These
results indicate that individuals from the six sampling
localities do not represent distinct subpopulations. Our
estimated pairwise migration rates indicate substantial
gene flow is occurring, with all values well in excess of
what is theoretically sufficient to overcome differentia-
tion by genetic drift alone (Slatkin 1985). Many marine
invertebrates with high larval dispersal potential exhibit
similar patterns of low genetic variation among popu-
lations over extensive and continuous spatial scales (re-
view in Avise 1994). In addition, near genetic
homogeneity has been reported in other marine crab
species found along the west coast of North America
(Beckwitt 1985; Merkouris et al. 1998).

High contemporary gene flow can be considered the
primary process in homogenizing eastern Pacific popu-
lations of P. crassipes provided migration, mutation,
and drift have reached equilibrium (Slatkin and Voelm
1991). If equilibrium has not yet been attained, the ge-

netic similarity among populations likely reflects demo-
graphic history rather than ongoing gene flow. The low
indices of nucleotide diversity found in all eastern Pacific
populations encompassed in this study may suggest that
they are representative and largely undifferentiated
samples of a recent common ancestral lineage. The re-
cent historical demographic event that best exemplifies
this scenario in the literature is a northern range
expansion from a single southern source area following
the last ice age.

Several lines of evidence suggest that the low levels of
genetic structuring among populations of P. crassipes
might be predominately governed by a recent north-
wards range recolonization event. Reconstructions of
Late Pleistocene marine provinces indicate that the
temperate fauna inhabiting the west coast of North
America were considerably contracted south (Addicott
1966). This suggests that the geographical distribution
sampled in this study may not have been continually

Fig. 2 Statistical parsimony haplotype network with partial nesting
design for the eastern Pacific populations. Haplotypes belonging to
the same clade level are boxed up to clade level three. Clade
designations are labelled within each box. Empty circles indicate
haplotype states that are necessary intermediates but were not
present in the sample. Each line, regardless of its length, represents

a single nucleotide difference between two clades. Haplotypes
nested in clades 3-1, 3-6, and 3-7 are joined together to form clade
4-1; haplotypes nested in clades 3-2, 3-4, and 3-9 are joined together
to form clade 4-2; and haplotypes nested in clades 3-3, 3-5, 3-7, and
3-8 are joined together to form clade 4-3
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populated by P. crassipes during Late Pleistocene glacial
cycles. Furthermore, it is reasonable to conjecture that
all the sampling localities were recolonized subsequent
to the last glacial retreat. Since this event would have
occurred relatively recent in terms of evolutionary his-
tory, sufficient time may not have elapsed for the sam-
pling localities to become significantly differentiated
from one another. Sampling of P. crassipes’ southern
Baja California distribution might reveal localized areas
that have higher nucleotide diversity indices than those
found in the sampling localities, congruent with the
expectations for a southern refugium.

Sudden population expansion inferred from mis-
match analysis of the eastern Pacific clade is often
associated with range expansion events (Slatkin and
Hudson 1991; Lavery et al. 1996). This indicates that

mtDNA haplotype frequencies have not yet returned to
equilibrium. Population expansion from restricted areas
into newly available habitats is consistent with Pleisto-
cene dispersal from a southern refugium into northern
areas as glaciers receded (Brant and Orti 2003). The ‘star
phylogeny’, connecting many rare haplotypes to the
common, centrally situated haplotype, is further support
of this scenario (Avise 2000).

The NCA identified two contiguous range expansion
events that have occurred in the eastern Pacific lineage
(haplotypes in clades 1-1 and 4-1). Mismatch analyses of
the individual clades support both NCA inferences of
range expansion. Moreover, restricted gene flow with
isolation by distance was detected in clades 2-1 and 2-17.
Both these clades nest clade 1-1 and/or are nested within
clade 4-1, leading to inferences of range expansion, thus

Fig. 3 Frequency distributions of the number of pairwise nucleo-
tide differences (mismatch) between Pachygrapsus crassipes mito-
chondrial haplotypes. The eastern Pacific clade consists of all six
eastern Pacific (Fig. 1), whereas the Korean clade consists of the
KO locality only. a Mismatch distribution of the eastern Pacific

clade (s=2.280; h0=0.000; h1=2.872). b Mismatch distribution of
the Korean clade (s=4.802; h0=0.000; h1=5.560). c Mismatch
distribution of clade 1-1 (s=1.156; h0=0.000; h1=0.570). d
Mismatch distribution of clade 4-1 (s=1.602; h0=0.007; h1=2.952)
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implying that isolation by distance characterized P.
crassipes’ population structure in between expansion
events. Inferences of restricted gene flow with isolation
by distance are generally considered to be congruent
with cycles of southern retreat followed by northern
advances during glacial cycles (Brant and Orti 2003).

To estimate the evolutionary times of the range
expansion events from mismatch distributions, values of
mtDNA sequence divergence are converted to popula-
tion expansion times by the application of a molecular
clock (Graves 1998). Calibrations of the COI third co-
don positions have typically used divergence times be-
tween eastern Pacific and Atlantic species separated by
the closure of the Isthmus of Panama. Sequence diver-
gence rates of the COI gene are estimated to range from
2.2 to 3.1% per Myrs for marine crustaceans (Knowlton
and Weight 1998; Schubart et al. 1998). From these
clock calibrations, range expansion of clade 1-1 is
approximated to have occurred between 15,000 and
21,000 years ago, whereas clade 4-1 underwent expan-
sion between 21,000 and 30,000 years ago. Age of
expansion is likely closer to the later dates since mis-
match distributions usually lead to the time of expansion
that is biased towards the lower values (Schneider and
Excoffier 1999). Both time estimates appear to be con-
gruent with range expansion during the Late Pleistocene
glacial maxima. Furthermore, time of range expansion
inferred in clade 1-1 is roughly consistent with glacial
retreat during the last ice age.

Northwards recolonization patterns can be inferred
at the haplotype level by examining phylogenetic trees.
The parsimonious haplotype network indicates that the
most common and widespread haplotype is the ancestral
eastern Pacific variant (represented as the most central
haplotype). Similarly, the other haplotypes present in
relatively high frequency and widespread among popu-
lations are generally interior to the more rare haplo-
types. This pattern suggests that the most common and
widespread haplotypes were the first to recolonize the
sampling range subsequent to glacial regression. They
likely became dominant haplotypes in recently expanded
areas due to higher initial frequencies, elevated levels of
gene flow, or a combination of these factors. The
remaining haplotypes recolonized glacially receded areas
afterwards or arose through mutation; thus, sufficient
time has not elapsed to attain significant numbers in
populations.

Genetic break at Point Conception

Although the results of this study revealed only low
levels of genetic structuring in the eastern Pacific overall,
the hierarchical AMOVA analyses did reveal a small, yet
highly significant break in the geographical structure of
P. crassipes among regional groupings of populations
north and south of Point Conception. This genetic break
could be attributed to: (1) northwards range expansions;

(2) higher female effective population sizes; and/or (3)
oceanographic circulation patterns.

First, the biogeographic break may result from the
two inferred northwards range recolonization events.
Since only a subset of mtDNA variants takes part in
northwards expansions, this process should lead to
lower haplotype diversities in northern populations
(Hewitt 1996; Wares et al. 2001). In addition, lower
nucleotide diversities in northern populations indicate a
shorter geographical history of haplotypes in those
areas, implying a more recent expansion into northern
regions (Hewitt 1996). Several temperate marine species
found in habitats restricted to the coast of western
North America show this pattern of reduced genetic
diversity at higher latitudes (Hellberg et al. 2001). The
break at Point Conception may simply reflect an
increasingly more recent recolonization of P. crassipes’
northern sampling localities following glacial retreats.
This explanation is unlikely, however, since the indices
of nucleotide and haplotype diversities are not signifi-
cantly correlated with latitude.

Second, the genetic break at Point Conception may
be due to higher effective population sizes south of this
biogeographic boundary. Ewens (1972) has shown that
if a finite number of samples are taken from populations,
those populations with a larger effective size will exhibit
a greater number of haplotypes for a particular sample
size than those with a smaller female effective population
size. This explanation is unlikely, however, since the
number of haplotypes in sampling localities is highly
correlated with sample size. If it were a viable scenario,
localities south of this boundary would be expected to
have a higher proportion of haplotypes relative to
sample size, thereby causing a weaker correlation. Cor-
respondingly, estimates of effective female population
sizes were comparable between regions, with no corre-
lation to latitude.

Lastly, genetic discontinuity of P. crassipes at Point
Conception may reflect the two oceanographic circula-
tion patterns: (1) the primarily southward seawater flow
via the California Current and (2) the retention of sea-
water from the Southern California Eddy in the South-
ern California Blight. Both processes should lead to
higher genetic diversity south of Point Conception, as
mutations arising in the south would be less likely to be
transported northward than vice versa (Edmands et al.
1996; Gaylord and Gaines 2000). We found that indices
of haplotype and nucleotide diversities are higher in
populations to the south of Point Conception than in
populations to the north, supporting this scenario.
Estimated migration rates across Point Conception
indicated that north to south movements of females were
more frequent than in the opposite direction, further
implying asymmetrical migration of haplotypes. There-
fore, the extensive ongoing gene flow deduced in this
study appears to exhibit non-random, predominately
north to south movements of haplotypes, at least spo-
radically.
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Genetic structuring and phylogeography among
transpacific populations

The hierarchical AMOVA analyses revealed highly sig-
nificant levels of genetic structuring between eastern
Pacific and Korean populations of P. crassipes. The
topology of the phylogenetic trees indicates that the
evolutionary histories of the two clades have been
independent for a sufficient length of time to reach a
state of monophyly. The maximum sequence divergence
of 3.6% found among transpacific haplotypes is a sur-
prisingly high level of differentiation for an intraspecific
comparison. Less than 2% sequence divergence is gen-
erally evident among conspecific invertebrate popula-
tions (Langor and Sperling 1997).

Due to the high level of interpopulational sequence
divergence, classification of the two clades as different
species should be considered. Hebert et al. (2003) rec-
ommended that a 3% threshold be used for species
diagnosis employing the COI gene. Average COI se-
quence divergence between the eastern Pacific and
Korean haplotypes of P. crassipes is 2.5%, less than the
proposed threshold value. Whereas this estimate is
considerably higher than the mean sequence divergences
within each region, it is much lower than that found
between P. crassipes and its sister species, P. transversus
(�14%). The maximum sequence divergence of 1.5%
between haplotypes within the eastern Pacific is equiv-
alent to the minimum sequence divergence among
transpacific haplotypes. In general, genetic variation
should be much higher between separate species than
within a species. These boundaries of species resolution
based on sequence divergences are arbitrary and yield
inconclusive outcomes in this study. To resolve whether
the two clades should be classified as distinct subspecies
requires additional, more effective tests. For instance, a
study to determine if individuals from the two clades are
capable of interbreeding may provide a more precise
delineation of this species.

Sequence divergences between haplotypes are con-
siderably higher within KO than those within the eastern
Pacific clade. This may suggest that the half-lives of
haplotypes are longer in Korea. Longer half-lives could
be attributed to smaller stochastic fluctuations in allele
frequencies due to genetic drift. It might also reflect a
longer geographical history of haplotypes in the western
Pacific. As a result, western Pacific haplotypes could
have accumulated more nucleotide differences than
eastern Pacific haplotypes, assuming comparable muta-
tion rates. Mismatch analyses indicate that the eastern
Pacific clade underwent sudden population expansion
more recently than KO, corroborating this speculation.
Sampling of additional western Pacific populations is
required to reasonably infer any contemporary or his-
torical processes that may have led to molecular dis-
parities between the transpacific regions.

The high degree of genetic differentiation between the
eastern and Korean clades is evidence that those regions
have been isolated from one another for a considerable

length of time. Estimated transpacific migration rates
were negligible relative to the rates among eastern Pa-
cific populations. Furthermore, the level of nucleotide
divergence among transpacific populations may reflect
the time since divergence. If populations have been
genetically sequestered from one another since the time
of divergence and given the empirically estimated rates
of mtDNA evolution (Brown et al. 1982; Martin et al.
1992), one would expect to find: (1) geographically re-
stricted mtDNA haplotypes (endemism) and (2) high
intraspecific sequence divergences between eastern Pa-
cific and Korean haplotypes. Both predictions are real-
ized, providing support that transpacific gene flow has
been restricted since the clades last shared a common
ancestor.

Time of divergence between the eastern Pacific and
Korean lineages was approximated from clock calibra-
tions of the mean sequence divergence between haplo-
types to have occurred between 0.8 and 1.2 Myrs ago.
Genetic data presented in this study is in stark contrast
to earlier faunal accounts, which indicate that P. crass-
ipes has only existed on both sides of the Pacific since
1890 (Hiatt 1948; Morris et al. 1980). However, limited
investigations employing the 16S rDNA gene suggest
that North American and Japanese P. crassipes have
been separated for more than 500,000 years, consistent
with the results of this study (C.D. Schubart, personal
communication).

Prior field evidence suggests that P. crassipes is
indigenous to the west coast of North America and
subsequently invaded East Asia (Hiatt 1948; Morris
et al. 1980). This study does not provide the genetic data
required to verify the origin of the common ancestor last
shared by both clades. If P. crassipes is native to the
eastern Pacific, the most commonly proposed hypothesis
for its introduction into the western Pacific is through
transport by ships carrying zoeae larvae in ballast water
(Hiatt 1948; Morris et al. 1980). Given that the esti-
mated age of separation in this study significantly pre-
dates marine ship transport, this hypothesis is
implausible. Moreover, if marine traffic was a viable
mechanism for substantial genetic exchange, it is ex-
pected that present-day transpacific gene flow would not
be restricted, as suggested in this study.

One possible hypothesis for the transpacific intro-
duction of P. crassipes is the existence of suspect terrains
of oceanic and continental origin. During the Late
Pleistocene glacial period, extensive sea level fluctuations
occurred in which the sea level was periodically 120–
140 m lower than it is today (Rohling et al. 1998). An
abrupt Pleistocene sea level drop may have revealed such
terrains in specific areas of the Pacific Ocean. Conse-
quently, these terrains could have served as island
stepping stones that assisted westward larval dispersal
across the Pacific. The presence of terrains during the
middle and early Mesozoic (245–125 Myrs before pres-
ent) is a proposed means of historical larval dispersal for
marine species inhabiting the central tropical Pacific
(Newton 1988; Grigg and Hey 1992). An additional
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hypothesis involves the use of natural rafts as vehicles
for larval transport.

Vancouver Island population

Despite its small census population size (B.J. Cassone,
personal observation), the BC site had higher haplotype
diversity than that found within all other sites; suggesting
it did not suffer a founder effect. The population appears
to be rapidly declining in size from its peak abundance in
2000 (E.G. Boulding, unpublished data), and it is pres-
ently unclear whether the P. crassipes at Vancouver Is-
land will be significantly affected by an ensuing
bottleneck in future generations. This will be dependant
on the capability of larvae produced at Vancouver Island
to complete development and settle into the local popu-
lation, as well as the effectiveness of the modest tem-
perature gradient (�4�C) in separating the Vancouver
Island population from the established, more southern
populations. The barrier is present in non-El Nı̃no years
and likely prevents considerable influxes of new haplo-
types into the population. Future sampling is required to
determine whether P. crassipeswill become established as
a permanent resident at Vancouver Island.

Conclusions

This study demonstrates the benefit of using multiple
analyses to elucidate a species’ evolutionary history from
genetic data. High haplotype diversities coupled with
low nucleotide diversities in the eastern Pacific suggest
substantial numbers of haplotypes arise in populations
and are lost after accumulating only a few nucleotide
differences and/or recent expansion of the clade. The
genetic break at Point Conception appears to be an
extension of the higher genetic diversity south of this
boundary. This discontinuity is likely due to ocean cir-
culation patterns, leading to the asymmetrical migration
of haplotypes. The population history of P. crassipes
along the West Coast of North America is characterized
by two contiguous range expansions, which appear to be
congruent with recolonizations of northern areas of its
range during the Late Pleistocene glacial cycles.

Highly significant genetic differentiation between the
eastern Pacific and Korean clades is likely the result of
restricted transpacific gene flow. COI sequence diver-
gences do not appear to be high enough to suggest that
the clades be classified as separate species; however,
more effective testing is required.
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