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INTRODUCTION

Genetic studies have yielded many insights into
marine intraspecific biodiversity, with important
findings including the detection of significant genetic
population structuring (Shaw et al. 1999, Knutsen et
al. 2011, McKeown et al. 2015) and adaptation (Hem-
mer-Hansen et al. 2007a, Poulsen et al. 2011, Therk-
ildsen et al. 2013a) in systems where high gene flow

would be expected to prevent such differentiation
(Palumbi 1994, Waples 1998). Population genetic
structure and adaptation, as components of intraspe-
cific biocomplexity, are thought to be significant fac-
tors underpinning species/population sustainability
and evolutionary potential (Iles & Sinclair 1982,
Ryman et al. 1995, Ruzzante et al. 2006, Therkildsen
et al. 2013b). The ongoing depletion of marine popu-
lations through fishing, and demographic changes

© Inter-Research 2017 · www.int-res.com*Corresponding author: njm2@aber.ac.uk

Microsatellite genotyping of brown crab Cancer
pagurus reveals fine scale selection and ‘non-chaotic’

genetic patchiness within a high gene flow system

Niall J. McKeown1,*, Lorenz Hauser2, Paul W. Shaw1

1Institute of Biological, Environmental and Rural Sciences (IBERS), Aberystwyth University, Aberystwyth SY23 3DA, UK
2School of Aquatic and Fishery Sciences, University of Washington, Seattle, Washington 98195-5020, USA
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genetic structuring revealed a background of high gene flow throughout the region, with a super-
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The CGP was geographically patterned, being prevalent among English Channel samples but
absent among North Sea samples, suggesting specific biological (e.g. reproductive ecology) and
environmental (seascape) drivers. Such recruitment variability may compromise stock resilience
and must be considered within spatial management strategies. Another prominent feature was
pronounced differentiation at a single locus for males sampled within a single fjord (Gulmarsfjord)
from all other samples, exhibiting the effects of divergent selection. Gulmarsfjord females were
genetically similar to all other ‘non-fjord’ samples, and exhibited a comparative level of differen-
tiation at the outlier locus from the Gulmarsfjord males. Due to known dispersal differences
between the sexes, the pattern within Gulmarsfjord can be explained by the intermingling of
allochthonous females with resident, locally adapted males and demonstrates the occurrence of
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intraspecific eco-evolutionary diversification can occur despite high levels of dispersal/gene flow.
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associated with predicted future climate change, are
adding to the impetus to resolve (1) spatial/temporal
patterns of neutral and adaptive genetic structure
(Reiss et al. 2009), (2) historical and contemporary
drivers of structuring (Hemmer-Hansen et al. 2007b),
and (3) the significance of such diversity on ecologi-
cal and evolutionary time scales (Stepien et al. 2009).

While there has been considerable research on
fishes with mobile larval and non-larval stages,
genetic studies of crustaceans have typically focused
on taxa with sedentary adults (Jorde et al. 2015). In
this context, the brown crab Cancer pagurus (L.),
which occurs continuously in shallow shelf waters of
the NE Atlantic from the Lofoten Islands (Norway) to
Morocco (Bennett 1995) and supports one of the most
important commercial European fisheries, represents
an interesting candidate for investigation as both lar-
val and adult stages have the potential for substantial
dispersal. Adults are described as benthic and
mobile, but there are pronounced dispersal differ-
ences between the sexes: males are largely resident,
making short random movements within small terri-
tories, while females migrate significantly longer dis-
tances, and more frequently, than males (Edwards
1979, Bennett & Brown 1983, Latrouite & Le Foll
1989, Ungfors et al. 2007). In the English Channel,
female migrations of up to 200 nautical miles (nmi)
have been reported with some crabs achieving a
mean speed of 1.07 to 1.62 nmi d−1 (Pawson 1995).
The pelagic larval stage lasts for approximately 3 mo
(Eaton et al. 2003, Weiss et al. 2009, Hunter et al.
2013), and while little is known about the ecology of
juveniles, they are rarely caught in offshore waters,
suggesting that adult crabs only move to deeper
water as they grow and reach maturity.

Tagging studies have revealed that adult female
migrations occur consistently against prevailing cur-
rents (Ungfors et al. 2007, Hunter et al. 2013). As the
larvae are poor swimmers and likely passively drift
while entrained in currents, it has been suggested
that contranatent female migrations are spawning
behaviours aimed at facilitating return to areas of
maternal origin. Even in the absence of additional
extrinsic factors, the seemingly counteractive disper-
sal of females and larvae is expected to limit ‘lifetime
dispersal’ and may thus influence spatial patterns of
recruitment and structuring of reproductive popula-
tions. Tagging, fishery landings data and sex-specific
growth rates variously suggest some demographic
independence between the areas of brown crab
abundance in the Celtic Sea, English Channel, North
Sea and Bay of Biscay (Pawson 1995). Within the
North Sea, the seasonal jet-like circulation associ-

ated with the Flamborough front is predicted to pre-
vent exchange of larvae between areas north and
south of the front during spawning time (Eaton et al.
2003). In the English Channel, larval surveys have
reported distinct western and eastern centres of lar-
val abundance separated by a central area of low or
no larval occurrence, and hydrodynamic modelling
has indicated insufficient larval transport rates to
connect these spawning areas (D. Eaton unpubl.
data).

To date, population genetic structure of brown crab
has been studied only in Scandinavian waters, where
Ungfors et al. (2009) reported no significant genetic
differentiation among samples spanning 1300 km of
waterway distance within the Norwegian Sea,
Skagerrak and Kattegat. However, genetic structur-
ing may vary throughout a species’ range, and failure
to identify local populations may lead to local over-
fishing and ultimately, severe declines. While fe -
males are highly fecund (0.5 to 2.9 million eggs per
brood; Edwards 1979, Ungfors 2007), paternity
analysis suggests single paternity of broods (McKe-
own & Shaw 2008b). Such a reproductive ecology,
alongside the selective harvesting of females (Ben-
nett 1995), which are currently regarded as overex-
ploited, may enhance the susceptibility of brown
crab to genetic erosion (McKeown & Shaw 2008b).

The objective of the present study was to test the
general hypothesis of genetic panmixia in brown
crab throughout a considerable portion of the spe-
cies’ range, with a specific focus on the English
Channel and North Sea. Some genetic studies of
crusta ceans have reported macro-geographical
homo geneity with structuring apparent only at
regional scales (e.g. Domingues et al. 2010), while
other studies have reported fine-scale spatial and/or
temporal genetic structuring (Selkoe et al. 2010). To
encapsulate such potential complexity, broad- and
fine-scale spatial−temporal patterns were assessed.
Furthermore, comparative analyses of males and
females were performed to identify differences that
may be associated with sex-specific ontogenetic
movements. The sampling strategy also encom-
passed distinct seascape features (e.g. samples col-
lected within semi-enclosed water bodies such as
bays and fjords) to examine the effect of local hydro-
dynamic environments. This sampling design per-
mitted interpretation of the mechanistic underpin-
nings and eco-evolutionary significance of complex
patterns of genetic diversity which included evi-
dence of broad-scale genetic connectivity, fine-scale
adaptive divergence of a fjord sample, and regional
variation in genetic patchiness.
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MATERIALS AND METHODS

Sample collection and molecular analyses 

Spatial/temporal sampling of adults throughout the
NE Atlantic was performed using both research
(Centre for Environment, Fisheries and Aquaculture
Science; CEFAS) and commercial vessels (Fig. 1; see
also Table 1 for sample information). For each sam-
ple, crabs were captured using multiple baited pots
within a localised area (maximum distance among
pots ~200 m) over a single day, with tissue biopsies
preserved in ethanol. Although adult crabs cannot be
reliably aged, samples were considered to consist of
multiple age cohorts. For samples collected on-board
CEFAS vessels, the majority of individuals were
identified as male or female, which permitted down-
stream separation in statistical analysis.

Total DNA was extracted using a standard CTAB-
chloroform/isoamylalcohol method (Winnepenn inckx
et al. 1993). All individuals were typed at 8 micro -
satel lite loci (Cpag15, Cpag1b9, Cpag2a5-2, Cpag3a2,
Cpag3d7, Cpag4, Capg5d8, Cpag6c4b) following
McKeown & Shaw (2008a).

Statistical analysis 

Genetic variation within samples was charac-
terised using number of alleles (NA), allelic richness
(AR; El Mousadik & Petit 1996), observed heterozy-
gosity (Ho), and expected heterozygosity (He) (Nei
1978), all calculated using GENALEX 6.2 (Peakall &
Smouse 2006). Genotype frequency conformance to
Hardy-Weinberg equilibrium (HWE) expectations,
and genotypic linkage equilibrium between pairs of
loci were tested using exact tests (10 000 batches,
5000 iterations) in GENEPOP 3.3 (Raymond & Rous-
set 1995). Deviations from HWE were measured
using FIS, calculated according to Weir & Cockerham
(1984) and tested for significance by 10 000 permuta-
tions in FSTAT 2.9.3. (Goudet 1995). Mean pairwise
relatedness within samples was calculated using the
relatedness estimator, rqg, of Queller & Goodnight
(1989) in GENALEX with associated 95% confidence
intervals determined by 1000 bootstraps. Permuta-
tion of genotypes among all samples (999 times) was
used to calculate the upper and lower 95% confi-
dence intervals for the expected range of rqg under a
panmictic model.

Genetic differentiation was quantified
by global and pairwise FST values, with
associated significance evaluated by
10 000 permutations (Goudet et al. 1996),
using FSTAT. Hierarchical analysis of
molecular variance (AMOVA; Excoffier et
al. 1992) was performed in ARLEQUIN to
partition genetic variance among groups
of samples (FCT) and among samples
within groups (FSC) with significance lev-
els of FCT and FSC tested using 1000 per-
mutations. To help visualise FST results,
principal coordinates analysis (PCoA)
was performed on pairwise matrices.
Mantel tests, as implemented in the
IBDWS software (Jensen et al. 2005) were
used to test for correlation between pair-
wise linearised FST (FST/[1 − FST]) (Rousset
1997) and shortest sea distances between
sample sites (i.e. isolation by distance;
IBD). IBD tests were based on 10 000
 randomisations and performed on com -
binations of untransformed and log-
 transformed genetic and geographical
distances for various pooled and parti-
tioned arrangements of temporal, male
and female samples. Differentiation be -
tween samples was tested with global
and pairwise exact G-tests in GENEPOP
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Fig. 1. Brown crab Cancer pagurus sample sites (see Table 1 for site de-
tails). Red dots: sites with temporal replicates; underlined numbers: sites 

within semi-enclosed bays and fjords



Mar Ecol Prog Ser 566: 91–103, 2017

(10 000 batches, 5000 iterations). The simulation
method implemented in POWSIM (Ryman & Palm
2006) was used to estimate the sample-size depend-
ent Type I and Type II error probabilities of the exact
G-tests. Genetic structuring was also investigated
using the Bayesian clustering method in STRUC-
TURE (Pritchard et al. 2000), both with and without
prior population information and with multiple
parameter sets (i.e. with and without admixture, and
with and without correlated allele frequencies). Ran-
domisation procedures in FSTAT were used to detect
significant differences in heterozygosity, AR, FIS, FST

and relatedness among user-defined groups of sam-
ples following 10 000 permutations.

The assumption of selective neutrality of the micro-
satellite loci was assessed using the FDIST outlier
identification test (Beaumont & Nichols 1996) imple-
mented in LOSITAN (Antao et al. 2008) performed
(1) globally (i.e. across groups of samples) and (2) be -
tween pairs of samples. Simulations were run for
10 000 replications, and 95% confidence intervals
were estimated using the options for neutral and
forced mean FST. No differences were detected be -
tween analyses assuming infinite allele model (IAM)
and stepwise mutation models, so only IAM results
are presented.

RESULTS

Intrasample genetic variability and data power

A total of 2777 individuals were assayed (mean
sample size: 81.7), with an average of 17.4 alleles de -
tected per locus (range: 5 to 34). Loci Cpag4 and
Cpag5d8 had considerably more alleles (n = 34 in
both cases) than the other loci, with the next highest
allele number reported for Cpag1b9 (19 alleles).
Each locus was polymorphic in all samples with very
similar levels of variation across all samples. No sig-
nificant linkage disequilibrium between loci was
detected, either across all samples (data pooled) or in
any single sample. Single locus tests for conformity to
HWE expectations for each of the initial 34 samples
(Table 1) revealed the largest number of significant
deviations (at critical p value = 0.05) for Cpag4 and
Cpag3A2 which exhibited 19 and 12 significant test
results, respectively. No other locus exhibited more
than 5 deviations out of 34 tests (at critical p = 0.05).
Multi-locus tests of HWE and associated FIS values
were non-significant in most samples (Table 1). All
single- and multi-locus deviations from HWE were
due to heterozygote deficits. Application of MICRO-

CHECKER (van Oosterhout et al. 2006) algorithms to
adjust for potential null alleles in cases of single locus
heterozygote deficits resulted in no change to the
magnitude and pattern of genetic differentiation
revealed in subsequent tests, so results for unedited
data are reported. Mean intra-sample relatedness
conformed to predictions of a panmictic model for all
but 2 samples (Table 1).

POWSIM analysis indicated both considerable sta-
tistical power for G-tests to detect population struc-
ture and low Type I error rates for various sample size
permutations relative to this study (Table 2).

Detection of divergent selection effects

Significant differentiation was detected between
males and females collected in the Gulmarsfjord (FST

= 0.027, p < 0.0001; exact G-test p < 0.0001). This dif-
ferentiation was driven by a single locus (Cpag6c4b),
which yielded a pairwise FST of 0.160 (p = 0.0001; ex-
act G-test p < 0.0001). Differentiation between the
sexes was not significant upon exclusion of this locus
(FST = 0.0048, p = 0.20; exact G-test p = 0.06). Geno-
type proportions at Cpag6c4b conformed to HWE
among both Gulmarsfjord males (p = 0.5) and females
(p = 0.8), with both groups exhibiting nearly identical
levels of variability at this locus as well as at other
loci. The locus-specific differentiation between the
sexes was affected by a clear shift in respective allele
frequency distributions (Fig. 2). The simulation-based
test for signals of selection within male and female
samples identified Cpag6c4b as a positive outlier (see
Fig. S1 in the Supplement at www. int-res. com/
articles/suppl/  m566 p091_ supp. pdf; simulated neutral
FST smaller than observed FST for Cpag6C4b, p =
0.9979), likely to be influenced by divergent  selection.

Comparison of the Gulmarsfjord samples with all
other samples revealed (1) the distinctiveness of the
Gulmarsfjord males, and (2) the relative similarity of
the Gulmarsfjord females to all other samples
(Table 3). The pronounced differentiation of the Gul-
marsfjord males from all other samples was also
driven by locus Cpag6c4b (mean ± SD pairwise FST

for Cpag6c4b: 0.169 ± 0.013); mean pairwise FST

excluding Cpag6c4b: 0.003 ± 0.003). Outlier identifi-
cation tests identified Cpag6c4b as a positive outlier
in all pairwise and global tests that included the
 Gulmarsfjord males (Fig. S2 in the Supplement).
Cpag6c4b allele frequency distributions among
 Gulmarsfjord females were similar to other samples
(Fig. 2), and pairwise comparisons including this
sample yielded a mean pairwise FST for Cpag6c4b of
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0.008 ± 0.013, which was similar to values based on
the other 7 loci (mean pairwise FST excluding
Cpag6c4b: 0.002 ± 0.004). All outlier tests (pairwise
and global) excluding the Gulmarsfjord males
reported no significant outliers (Fig. S3 in the Sup-
plement). Collectively, these results indicate that,
among the analysed samples, potential divergent se -
lec tion effects at locus Cpag6c4b were only detect -
able in comparisons involving Gulmarsfjord males.

Neutral genetic structuring

Spatial/temporal homogeneity among 
North Sea samples

Among the North Sea samples, excluding the Gul-
marsfjord males, all intra-sample pairwise tests of
differentiation between sexes were non-significant.
Additionally, for those sites with temporally repli-
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Region/                       Sample     Sample     Date          Sample composition           Mean  Mean      Ho       He         FIS            rqg

sample site                  code            no.      collected  Male   Female  Gender   Total     NA      AR

                                                                                                               unknown           locus−1

West of Ireland                                                                                                                                                                                          
Northwest Ireland   NWIre              1         Jul-07                                    30          30       8.00     7.867   0.601   0.6571   0.086b  −0.013
Galway Bay             GalBay             2         Jul-07                                    46          46       8.63     7.567   0.589   0.6456   0.089b    0.029

Irish/Celtic Sea                                                                                                                                                                                     
Southeast Ireland    SEIre                3         Jul-07                                    31          31       8.38     8.176   0.624   0.646     0.034      0.011
Aberystwyth            Aber                 4        Aug-00        8         61a                         69     10.00     8.221   0.622   0.630     0.014      0.058c

Newquay                 Newq               5        Jun-06      43a       51a                         94     10.88     8.196   0.658   0.645   −0.02        0.010
St. Ives Bay              SI Bay               6        Sep-07                                   55          77     11.13     8.242   0.676   0.649   −0.042      0.008
Pendeen                   Pen                   7        Jun-06      51a       51a                       102     10.75     7.790   0.598   0.652     0.083b    0.004

English Channel                                                                                                                                                                                    
Newlyn Bay             NewBay           8        Sep-00        1         83a                         84     11.13     8.357   0.689   0.673   −0.024    −0.019
Newlyn Bay             NewBay           8        Oct-07                                   81          81     10.50     7.983   0.638   0.664     0.041b    0.001
Brittany Bay             Brit Bay            9        Sep-00                                   58          58       9.00     7.696   0.651   0.660     0.014      0.009
Brittany Bay             Brit Bay            9         Jul-06                  102a                       102     11.38     8.366   0.621   0.646     0.042b    0.026
Brittany-Offshore    Brit offshore   10        Oct-06       56a       58a                       114     11.50     8.221   0.626   0.660     0.053b  −0.003
Jersey                       Jer                  11        Sep-00      40a       32a                         72     10.13     7.918   0.662   0.653   −0.014      0.020
Jersey                       Jer                  11        Sep-07                                   84          84     10.88     8.230   0.653   0.642   −0.018      0.037c

Guernsey                 Guer               12        Sep-07                                   80          80     10.50     8.164   0.659   0.659     0             0.000
PortScatho               Portscat          13        Jun-06                                 136        136     11.63     7.915   0.675   0.640   −0.055      0.028
Plymouth                  Ply                  14        Oct-00         9         52a             2          63     10.25     8.129   0.645   0.633   −0.018      0.040
Start Point                StartP             15         Jul-06       62a       71a                       133     11.75     8.084   0.643   0.649     0.009      0.007
Lyme Bay                 Lyme              16         Jul-07                                    52          52       9.88     8.504   0.656   0.645   −0.016      0.027
Swanage                  Swan              17        Jun-06      44a       11                          55       9.50     7.97     0.645   0.672     0.041    −0.016
Brighton                   Brighton         18        Sep-07                                   65          65       9.63     7.78     0.625   0.648     0.035      0.022
Hastings                   Hast                19       Aug-00        5         67a                         72     10.25     8.23     0.601   0.665     0.097b  −0.015
Hastings                   Hast                19        Oct-06       54a     108a                       162     12.25     8.32     0.628   0.645     0.026      0.019

North Sea                                                                                                                                                                                               
Harwich                   Har                 20        Jun-00      47a       15              1          63       9.88     8.20     0.688   0.665   −0.033    −0.014
Harwich                   Har                 20       May-05    101a       58a                       159     13.13     8.47     0.644   0.656     0.019      0.001
Norfolk                     Norf                21        Jun-00      39a       39a             2          80     11.13     8.23     0.641   0.652     0.017      0.014
Bridlington               Brid                22       Aug-01      44a       40a                         84     10.75     8.22     0.629   0.652     0.036      0.010
Bridlington               Brid                22        Jun-06      50a       56a                       106     11.63     8.15     0.628   0.652     0.036      0.010
Northumberland     North              23        Jun-00      48a       46a                         94     11.25     8.39     0.659   0.653   −0.011      0.004
Northumberland     North              23        Sep-05      56a         9                          65     10.50     8.34     0.612   0.647     0.054b    0.014
Orkney-Hoy            Ork-Hoy        24        Jun-02      43a       40a           15          98     11.25     8.26     0.649   0.643   −0.008      0.020
Orkney-Sanday       Ork-Sand       25        Jun-02                                   38          38       9.25     8.58     0.686   0.682   −0.006    −0.041
Shetland                   Shet                26        Jun-07                                                 48       9.63     8.09     0.672   0.665   −0.010    −0.017
Gulmarsfjord           Gulm              27        Jun-02      41aa      39a                         80     10.00     7.82     0.627   0.651     0.037      0.014

aSamples included in sex-segregated analysis; bExhibited significant deviations from Hardy-Weinberg equilibrium (HWE)
expectations; cExhibited values significantly different from expectations of a panmictic model

Table 1. Brown crab Cancer pagurus sample information, including geographical region (used in AMOVA), date of collection and
sample composition (i.e. numbers of males/females where identified at time of sampling). Multi-locus genetic variability measures:
NA: allele number; AR: allele richness; Ho: observed heterozygosity; He: expected heterozygosity; FIS: standardised genetic variance 

within samples; rqg: within-sample relatedness
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cated samples, all intra-site comparisons were non-
significant regardless of the arrangement of samples
(i.e. whether tests were performed on samples
pooled or segregated according to sex or time). All
pairwise tests between sites yielded non-significant
results, regardless of intra-site pooling or partitioning
strategies. Upon pooling samples according to site,
all pairwise tests were non-significant (Table 3), as
was global FST (FST = 0.001, p = 0.057). The corre-
sponding multi-locus global G-test was significant
(p = 0.02); however, this was due to a significant
value at only one locus (Cpag3d7; p = 0.025), omis-
sion of which resulted in a non-significant global G
(p = 0.066).

Genetic structuring within English Channel and
Celtic/Irish Sea samples

Among the English Channel samples, no signifi-
cant pairwise differentiation was detected between
sexes in any samples. Significant temporal differen-
tiation was reported between the Hastings 2000 and
2006 samples (Table 3), with this temporal differen-
tiation also evident in pairwise comparisons be -
tween the relevant sex-segregated samples (Hast-
2000 fe males vs. Hast-2006 males: FST = 0.0055, p =
0.045, exact G, p = 0.038; Hast-2000 females vs.
Hast-2006 females: FST = 0.007, p = 0.031, exact G,
p < 0.01). Significant differentiation between tempo-
ral replicates was reported for both within-bay sam-
ples from this region (Newlyn and Brittany), as well
as for Jersey. Pairwise differentiation between tem-
poral replicate samples within sites in many cases
exceeded that between sites and contributed to an
overall pattern of low but significant global structur-
ing within the English Channel (global FST = 0.004,
p = 0.001; global G, p < 0.0001), which did not show
any consistent geographical or temporal pattern
(see Table 3). Similar numerically small, yet signifi-
cant, genetic structuring was also reported among
Celtic/Irish Sea samples (global FST = 0.004, p =
0.001; global G, p < 0.0001), driven by the differen-
tiation of, and among, the more southern samples in
the region (Table 3).

Inter-regional genetic structure

The 2 samples from the west of Ire-
land (NWIre and GalBay) were not
significantly differentiated from each
other but exhibited a high proportion
of significant pairwise test results
against samples from other regions
(Table 3). This differentiation was
apparent in the PCoA (Fig. 3), which
also highlighted the differentiation of
the Saint Ives Bay sample (Celtic Sea)
with 27 out of 31 significant pairwise
tests (Table 3). Examining pairwise
test results revealed that differentia-
tion between samples was consis-
tently small but in many cases signifi-
cant, and did not follow a coherent
spatial or temporal pattern but was
rather similar to the spatial/temporal
patchiness reported in the English
Channel and Celtic/Irish Seas. This
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Fig. 2. Brown crab Cancer pagurus allele frequencies at microsatellite locus
Cpag6c4b for Gulmarsfjord males, Gulmarsfjord females, and all other ‘non-

fjord’ samples pooled

                           n = 30                  n = 84                n = 120

n = 30             0.049/0.409                                              
n = 84             0.065/0.699         0.047/0.981                  
n = 120           0.055/0.784         0.048/0.997           0.062/1

Table 2. Estimated statistical power for detecting various
true levels of brown crab Cancer pagurus population differ-
entiation (FST) by means of Fisher’s exact G-tests in pairwise
comparisons involving various permutations of sample sizes
relative to this study (n = 30: minimum sample size used in
pairwise tests; n = 84: average sample size; n = 120: repre-
sentative of larger sample sizes employed). Power is ex-
pressed as the proportion of simulations reporting statistical
significance at the 0.05 level. Bold values denote values ob-
tained for simulated FST = 0 (Type I error), non-bold denotes 

values obtained for simulated FST = 0.0025
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                           NWIre    Gal     SEIre   Aber   Newq  SI Bay    Pen     New    New     Brit      Brit     Brit      Jer-      Jer- Guer
                                          Bay                                                                   Bay-     Bay-     Bay-     Bay-     off-      2000    2007
                                                                                                                   2000    2007    2000     2006   shore                    

GalBay                  0.003                                                                                                                                                         
SEIre                     0.003    0.019                                                                                                                                            
Aber                      0.007    0.018   0.006                                                                                                                                
Newq                    0.004    0.013   0.005 −0.005                                                                                                                    
SI Bay                   0.004    0.022   0.015   0.005    0.005                                                                                                        
Pen                        0.013    0.024   0.010   0.005    0.004   0.004                                                                                           
NewBay-2000      0.010    0.015   0.011   0.007    0.004   0.011   0.002                                                                               
NewBay-2007      0.011    0.017   0.021   0.013    0.007   0.012   0.007   0.006                                                                   
Brit Bay-2000       0.019    0.022   0.017   0.008    0.007   0.018   0.008   0.009   0.013                                                      
Brit Bay-2006       0.003    0.014   0.002   0.001 −0.001   0.003   0.002   0.005   0.008   0.013                                          
Brit offshore         0.008    0.013   0.011   0.004    0.001   0.005   0.002   0.001   0.002   0.002    0.003                             
Jer-2000                0.013    0.025   0.007   0           0.002   0.008   0.001   0.001   0.008   0.004    0.002   0.001                 
Jer-2007                0.008    0.009   0.012   0.007    0.002   0.008   0.004   0.006   0.005   0.009    0.003   0.002   0.008     
Guer                      0.008    0.011   0.012   0.003    0.001   0.006   0.001 −0.001   0.005   0.009    0.001   0.001   0.002   0.003
Portscat                 0.006    0.012   0.012   0.001 −0.002   0.004   0.003   0.002   0.003   0.011  −0.001   0.001   0.001   0.003 −0.001
Ply                         0.023    0.019   0.013   0.007    0.006   0.019   0.007   0.001   0.008   0.008    0.007   0.004   0.004   0.006 0.002
StartP                    0.012    0.018   0.009   0.002    0.001   0.006   0          0.002   0.008   0.002    0.004 −0.001   0.001   0.002 0.001
Lyme                     0.007    0.020   0.011 −0.001    0.003   0.004   0.007   0.007   0.014   0.014    0.002   0.005   0.003   0.014 0.003
Swan                     0.007    0.008   0.008   0.015    0.007   0.011   0.002   0.006   0.007   0.009    0.006   0.002   0.009   0.002 0.004
Brighton                0.009    0.010   0.013   0.003    0.003   0.012   0.005   0.001   0.003   0.010    0.004   0.002   0.003   0.004 −0.001
Hast-2000             0.017    0.017   0.016   0.011    0.008   0.022   0.011   0.003   0.012   0.003    0.013   0.005   0.007   0.007 0.004
Hast-2006             0.006    0.013   0.012   0.002    0          0.003   0          0.003   0.006   0.008    0          0.001   0.003   0.002 0
Har-pooled           0.006    0.011   0.008   0.002    0          0.007   0.002   0.001   0.007   0.007    0.002   0.001   0.002   0.004 −0.001
Norf                       0.018    0.017   0.011   0.009    0.008   0.022   0.008   0.002   0.016   0.005    0.014   0.006   0.003   0.011 0.003
Brid-pooled          0.011    0.009   0.014   0.004    0.005   0.014   0.009   0.003   0.012   0.007    0.007   0.003   0.005   0.008 0.002
North-pooled       0.011    0.017   0.009   0.003    0.002   0.014   0.002   0.001   0.011   0.004    0.005   0.001   0.001   0.005 0.001
Ork-Hoy               0.012    0.015   0.008   0.003    0.004   0.012   0.003   0.002   0.012   0.005    0.003   0.003   0.001   0.005 0.001
Ork-Sand              0.001    0.006   0.009   0.005    0          0.006   0.002 −0.002 −0.001   0.013    0        −0.001   0.004   0.003 −0.002
Shet                       0.007    0.013   0.008   0.004 −0.007   0.007   0.002 −0.001   0.003   0.003    0.003 −0.003   0.002   0.003 −0.002
Gulm-females      0.003    0.004   0.005   0.004    0.002   0.012   0.005 −0.001   0.008   0.010    0.002   0.004   0.007   0.002 −0.001
Gulm-males          0.028    0.035   0.037   0.028    0.026   0.036   0.030   0.027   0.036   0.029    0.030   0.025   0.032   0.027 0.024

Table 3. Pairwise FST values between all brown crab Cancer pagurus samples, with intraregional comparisons outlined,
shaded and labelled. See Table 1 for sample codes. PFST and exact G-tests yielded similar patterns of significance, so only PFST

are reported (italics: p < 0.05; underlined: p < 0.01; bold: p < 0.001)

                            Port-     Ply    StartP Lyme   Swan Brigh- Hast- Hast-   Har-   Norf   Brid-   North- Ork-   Ork-   Shet   Gulm-
                              scat                                                     ton    2000   2006   pooled           pooled pooled   Hoy    Sand             females

Portscat                                                                                                                                                               
Ply                       0.004                                                                                                                             
StartP                  0.002   0.004                                                                                                                 
Lyme                   0.001   0.011   0.007                                                                                                     
Swan                   0.008   0.012   0.004   0.016                                                                                         
Brighton           −0.003   0          0.004   0.007   0.010                                                                             
Hast-2000           0.009   0.002   0.003   0.015   0.009   0.003                                                                 
Hast-2006         −0.005   0.005   0.001   0.003   0.005   0.003   0.009                                                     
Har-pooled         0.001   0.004   0.001   0.003   0.004   0.002   0.007   0                                                
Norf                     0.008   0          0.005   0.009   0.011   0.006   0.004   0.008   0.004                             
Brid-pooled         0.003   0.005   0.003   0.005   0.009   0.003   0.004   0.005   0.001   0.003                 
North-pooled     0.003   0.003   0          0.005   0.005   0.003   0.005   0.001 −0.001   0.003   0            
Ork-Hoy             0.003   0.001   0.001   0.006   0.005   0.003   0.005   0.002   0          0.001   0.001 −0.002
Ork-Sand         −0.002   0.005   0.002   0.004   0.001 −0.002   0.005 −0.001 −0.001   0.004   0.002   0.001 0.003
Shet                     0          0.001 −0.001   0.005   0.004 −0.002 −0.002   0.002 −0.001   0.004   0          0 0.002 −0.001
Gulm-females     0.001   0.001   0.002   0.009   0.004 −0.004   0          0.002   0          0.005   0.001   0.002 0.001 −0.005 −0.003
Gulm-males       0.028   0.035   0.025   0.032   0.032   0.025   0.029   0.026   0.027   0.030   0.026   0.026 0.026 0.027 0.024 0.027

Table 3 (continued)

West of Ireland

Irish/Celtic Sea

English Channel

English Channel (cont.)

North Sea
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patchiness was not apparent in the STRUCTURE
analysis, which reported unanimous support for a
model of K = 1 in all analyses excluding the Gulmars-
fjord males. Concordant with the lack of spatial or
temporal patterning revealed by pairwise tests, no
significant IBD was detected (all test results p > 0.1)
and AMOVA reported greater variation among sam-
ples within regions than between regions (Table 4).
AMOVA revealed similar patterns among parti-
tioned males and females, and randomisation tests
indicated no significant differences between the
sexes for a number of indices (Table 5).

DISCUSSION

The present study represents the most geographi-
cally extensive investigation of brown crab popula-
tion genetic structure to date. The research em -
ployed fine- and regional-scale spatial and temporal

sampling, along with combined gene flow and kin-
ship-based analyses and marker neutrality tests to
elucidate the mechanistic underpinnings and eco-
evolutionary significance of patterns of genetic diver-
sity (following recommendations by Waples 1998,
Nielsen et al. 2009, Iacchei et al. 2013). A striking
feature of the results was the differentiation of the
Gulmarsfjord males from all other samples, including
females collected at the same site. This differentia-
tion was driven by a single locus (Cpag6c4b), which
was found to have a significantly higher FST than
expected under neutrality in all pairwise compar-
isons involving this sample, suggesting divergent
selection effects. Excluding the Gulmarsfjord males,
all loci (including Cpag6c4b) conformed to neutral
expectations and revealed numerically small but sta-
tistically significant differentiation among samples
across the NE Atlantic. This global genetic structur-
ing did not fit to an IBD model or an obvious hierar-
chical geographic pattern. Pairwise tests of differen-
tiation (FST and exact G) revealed that the majority of
comparisons were non-significant, including com-
parisons between geographically distant sites, but
that a substantial number of comparisons exhibited
significant differentiation that conformed to a model
of chaotic genetic patchiness (CGP) in the sense that
temporal and/or fine-scale differentiation often ex -
ceeded that at larger spatial scales (Johnson & Black
1984, Hedgecock 1994, Selkoe et al. 2006, Banks et
al. 2007). Particular samples (discussed below) were
associated with a high proportion of significant pair-
wise tests, indicating geographically local or sample-
specific effects. Overall, patterns of neutral genetic
variation in brown crab indicate local and unstruc-
tured genetic differentiation occurring against a
back ground of high gene flow throughout the stud-
ied region.

The positive outlier status of locus Cpag6c4b in all
comparisons involving the Gulmarsfjord males sug-
gests that this locus, or a linked genomic region, is
subject to divergent selection effects. This result
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Fig. 3. Principal coordinates analysis of multi-locus pair-
wise FST for brown crab Cancer pagurus. See Table 1 for 

sample codes

Temporal samples      FCT       p-value       FSC       p-value
within sites

All individuals                                                               
Unpooled                 0.001     <0.001      0.003      <0.001
Pooled                      0.001     <0.001      0.002     <0.001

Males only                                                                      
Unpooled                 0.002     0.010       0.002      0.040
Pooled                      0.002     <0.001      0.002      0.019

Females only                                                                  
Unpooled                 0.001     0.059       0.003     <0.001
Pooled                      0.001     0.018     0.0018    0.012

Table 4. Analysis of molecular variance (AMOVA) in brown
crab Cancer pagurus across the 3 main sampling regions
(Celtic/Irish Sea, English Channel, North Sea), using either
all data or sex-segregated data (see Table 1), and temporal
samples within sites pooled or unpooled. FCT: genetic vari-
ance among regions; FSC: genetic variance among samples 

within regions

                     Female                Male               Two-tailed p

AR                   7.709                 7.755                     0.674
Ho                   0.643                 0.632                     0.330
FIS                   0.012                 0.032                     0.186
FST                  0.003                 0.003                     0.638
rqg                   0.007                 0.005                     0.611

Table 5. Comparative analysis of genetic diversity indices
for brown crab Cancer pagurus females and males, and 

corresponding p-values from 2-tailed tests
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adds to a number of studies reporting selection ef -
fects apparent at microsatellite loci that were at some
stage assumed to be neutral (Larsson et al. 2007,
Skarstein et al. 2007, Westgaard & Fevolden 2007,
Nielsen et al. 2009, Gaggiotti et al. 2009, White et al.
2010). Excluding locus Cpag6c4b, the Gulmarsfjord
male sample was not significantly differentiated from
the Gulmarsfjord female sample, or from most other
samples. There are a number of potential expla -
nations for such a pattern of locus-specific genetic
differentiation. For example, the pattern could be
generated without reproductive isolation through
selection on individuals during early life stages fol-
lowed by random mating each generation (i.e. differ-
ential genotype selection within a panmictic gene
pool). At the other end of the spectrum, the pattern
may reflect temporally stable reproductive isolation
that is not detectable at neutral loci that lack the sta-
tistical power and/or are not at migration-drift equi-
librium (Nielsen et al. 2009). Morphological, bio-
chemical and genetic studies have demonstrated
population differences among fjords, and between
fjords and coastal areas, for a number of taxa (e.g.
Jørstad & Nævdal 1989, Suneetha & Naevdal 2001,
Oresland & Andre 2008, Teacher et al. 2013). While
the allele frequency differences between brown crab
sexes within the Gulmarsfjord may indicate gender-
specific selection, mechanical mixing of individuals
from differently adapted populations could also ex -
plain the differences. Evidence of female reproduc-
tive migration and lack of return migrations (Ungfors
et al. 2007) suggests that the sampled Gulmarsfjord
females may be allochthonous, while the male
 sample is composed of local (at least post-settlement)
individuals. The differentiation between the sexes
may therefore reflect allele frequency differences,
and by extension adaptive differences, in their
respective parental populations and not necessarily
differential selection between sexes per se. In this
sense, the pattern could be considered similar to the
mechanical mixing of differently adapted migratory
northeast Arctic cod (NEAC) and sedentary Norwe-
gian coastal cod (NCC) populations within fjords
(Sarvas & Fevolden 2005, Fevolden et al. 2012). The
Gulmarsfjord crab data are consistent with other
studies indicating that features of fjords may drive
local adaptation (Dick et al. 2014), with both salinity
and depth highlighted as candidate features by
Fevolden et al. (2012), and identified as drivers of
selection in other systems (salinity, Nielsen et al.
2009; depth, White et al. 2010). Future analysis of lar-
val recruits would provide a means to investigate the
relative roles of pre- and/or post-settlement selection

and dispersal in shaping the observed pattern, while
identification of underlying functional genetic differ-
ences and detection of other samples with similar
adaptive fingerprints may help elucidate the envi-
ronmental drivers.

The seemingly paradoxical pattern of CGP within
broad-scale genetic homogeneity reported here has
also been documented in a variety of marine species
(limpets, Johnson & Black 1984; fish, Planes & Len -
fant 2002, Selkoe et al. 2006; barnacles, Veliz et al.
2006). Cautious interpretation of such patterns is rec-
ommended, as when differentiation is low, multiple
sources of artificial variance such as unrepresenta-
tive sampling (e.g. family/kin sampling, Hansen et al.
1997, Waples 1998, Waples & Gaggiotti 2006) and
statistical noise (Waples 1998, Hedrick 1999, 2005)
can be important and lead to false conclusions. Kin
aggregation is generally assumed to be a transient
phenomenon limited to newly settled recruits with
little detectable signal in adult populations (Flowers
et al. 2002, Planes et al. 2002, Selkoe et al. 2006, but
see Iacchei et al. 2013), and as the analysed samples
consisted of mixed cohorts of adults, kin aggregation
would be an unlikely source of error. Furthermore,
mean kinship values provided no strong evidence of
large proportions of closely related individuals
within samples. POWSIM analysis also indicated that
the sample sizes conferred low probability of Type I
errors. Therefore, while the genetic differentiation
only amounts to slight differences in allele frequen-
cies that may not have substantial evolutionary ef -
fects (Waples 1998), they nonetheless signal changes
in the composition that may be a useful tool for better
understanding recruitment dynamics and connectiv-
ity in this species (Selkoe et al. 2006, Knutsen et al.
2011).

Fine-scale genetic patchiness against a back-
ground of high gene flow has been variously attrib-
uted to 3 phenomena that may act in concert: large
variances in individual reproductive success (sweep-
stakes recruitment), limited mixing of larvae from
genetically different sources (larval cohesion) and
local selection (Larson & Julian 1999). Sweepstakes
recruitment has been reported for a number of highly
fecund (Type III) marine taxa, such as brown crab,
and may generate temporal or spatial genetic differ-
entiation despite gene flow when recruitment is vari-
able. Even in the absence of genetically isolated
source populations, as might be the case here, larval
cohesion (Selkoe et al. 2006) may enhance (Waples
2002) and be effectively indistinguishable from
sweep stake effects (Turner et al. 2007). The diver-
gent selection effect suggested for Gulmarsfjord
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males highlights the potential for fine-scale selection
in brown crab. However, outlier tests excluding this
sample showed no evidence of selection effects for
any other locus or sample combination. Furthermore,
the temporal differentiation at a number of sites sup-
ports more prominent roles for processes like sweep-
stakes recruitment or larval cohesion as components
of recruitment variability, rather than consistent
selection effects. For example, the genetic patterns
reported for the Hastings samples (the most eastern
site sampled in the English Channel) are readily
compatible with the proposed relationship between
recruitment variability and genetic patchiness. This
area was identified a priori as a potential hotspot of
recruitment variability (D. Eaton unpubl. study on
larval abundance and modelling). As the signatures
of such processes are predicted to be diminished by
post-larval dispersal (Planes & Lenfant 2002), the
genetic patchiness observed here must be consid-
ered a conservative reflection of the extent of recruit-
ment heterogeneity.

The CGP in brown crab was unusual in exhibiting
a geographic pattern. In contrast to substantial num-
bers of significant differences among samples within
the Irish/Celtic Seas and the English Channel, when
the Gulmarsfjord males were excluded there were no
significant differences among North Sea samples
(see Table 3), which together with the spatial/tempo-
ral genetic homogeneity among Scandinavian sam-
ples described by Ungfors et al. (2009) indicates an
absence, or lower level, of genetic patchiness in the
North Sea compared to other regions studied. While
such structuring likely reflects complex interactions
between life history and environmental variables,
the geographic pattern permits identification of spe-
cific factors that may be involved. North Sea brown
crabs are significantly smaller than English Channel
crabs (Pawson 1995), and as brown crab fecundity is
linked to female size (Edwards 1979, Ungfors 2007),
lower fecundity of North Sea crabs may reduce the
potential extent of reproductive skews compared to
those in the English Channel. For example, Palero et
al. (2011) suggested that the selected harvesting of
large females reduced variance in reproductive suc-
cess in Panulirus elephas. McKeown & Shaw (2008b)
posited the genetic monogamy of female brown crab
as another life history feature that may increase vari-
ance in reproductive success among individuals, but
they only analysed samples from the English Chan-
nel (which exhibited CGP). Multiple paternity has
been reported in a number of closely related species
(e.g. Jensen & Bentzen 2012) and may occur in brown
crab from other areas, wherein it could serve to re -

duce variance in reproductive success among males.
Seascape factors may directly influence, or interact
with the genetic signatures of variance in reproduc-
tive success (Banks et al. 2007). The English Channel
exhibits a higher degree of fine-scale oceanographic
complexity and coastal heterogeneity in comparison
to the North Sea (no CGP), both of which are factors
that have been linked to localised sweepstakes
recruitment in sea urchins (Banks et al. 2007). Like-
wise, the high proportion of significant pairwise tests
reported for samples collected within semi-enclosed
bays (Newlyn, Brittany, Galway, St. Ives) suggests an
association between genetic differentiation and
habitat structure as an additional component of fine-
scale seascape structuring (Selkoe et al. 2010). Com-
parative studies among taxa with common and con-
trasting life history strategies will be necessary to
elucidate the specific drivers of genetic variation (e.g.
Selkoe et al. 2010); however, the brown crab data
highlight the fact that genetic structuring may be
driven by factors other than dispersal.

Pairwise tests reported a general pattern wherein
the west of Ireland samples were differentiated from
all samples except those collected in the northern
North Sea. This may reflect geographically coherent
connectivity. Sotelo et al. (2008) reported spider crab
from the west of Ireland to be genetically distinct
from more southern samples. However, in general,
the genetic patterns for brown crab cannot readily be
interpreted in the context of population connectiv-
ity/isolation. While the described factors driving CPG
may lead to an underestimation of migration rate (m),
changes in dispersal behaviour between different life
stages may result in broad-scale genetic homogene-
ity masking of spatial gene flow restrictions (e.g.
Berry et al. 2012). Partitioned analysis of sexes pro-
vided no evidence of greater structuring among male
crabs that might be indicative of temporally stable
spatial patterns of larval self-recruitment. Further-
more, the difficulties involved with deriving quanti-
tative estimates of gene flow and dispersal from sub-
tle genetic structure among large populations
(Whitlock & McCauley 1999, Palsbøll et al. 2007,
Hellberg 2009), and the discrepancy between levels
of gene flow needed to limit genetic differentiation
and dispersal needed to replenish stocks (Hauser &
Carvalho 2008) are fundamental issues. Therefore,
while the low level of genetic structure throughout
the studied region is compatible with high gene flow,
it cannot be ruled out that there is significant isola-
tion of stocks on timescales of interest to manage-
ment. Resolution of such spatial stock structure may
be beyond the level of neutral genetic markers and

100



McKeown et al.: Brown crab biocomplexity

benefit from complementary analysis of markers
under selection (Canino et al. 2005).

This study has implications for sustainable man-
agement of the brown crab fishery. The detection of
adaptive diversification should enhance appreciation
of local adaptation as a component of species bio -
diversity, and highlights a potential danger of indis-
criminate harvesting of differentially adapted units
on local scales. Stochastic recruitment variability
suggested to underpin genetic patchiness may de -
crease resilience of local stocks to fishing and in -
crease unpredictability in recovery (Kuparinen et al.
2014), and will necessitate a tailoring of the spatial
scale of management (spatial bet hedging) according
to biological and physical drivers of such recruitment
variability. This study provides a baseline for future
genetic studies of brown crab, which are needed in
order to understand recent events such as expan-
sions in census population size within the English
channel (Molfese et al. 2014), and further demon-
strates how intraspecific biodiversity and population
viability is influenced by complex species−environ-
ment interactions other than dispersal.

Acknowledgements. This research was funded by DEFRA.
We are indebted to all the fishers and CEFAS personnel who
helped in collecting samples, particularly Derek Eaton and
Julian Addison (both CEFAS).

LITERATURE CITED

Antao T, Lopes A, Lopes RJ, Beja-Pereira A, Luikart G
(2008) LOSITAN:  a workbench to detect molecular adap-
tation based on a Fst-outlier method. BMC Bioinformatics
9: 323

Banks SC, Piggott MP, Williamson JE, Bove U, Holbrook NJ,
Beheregaray LB (2007) Oceanic variability and coastal
topography shape genetic structure in a long-dispersing
sea urchin. Ecology 88: 3055−3064

Beaumont MA, Nichols RA (1996) Evaluating loci for use in
the genetic analysis of population structure. Proc R Soc B
263: 1619−1626

Bennett DB (1995) Factors in the life history of the edible
crab (Cancer pagurus L.) that influence modelling and
management. ICES Mar Sci Symp 199: 89−98

Bennett DB, Brown CG (1983) Crab (Cancer pagurus)
migration in the English Channel. J Mar Biol Assoc UK
63: 371−398

Berry O, England P, Marriott RJ, Burridge CP, Newman SJ
(2012) Understanding age-specific dispersal in fishes
through hydrodynamic modelling, genetic simulations
and microsatellite DNA analysis. Mol Ecol 21: 2145−2159

Canino MF, O’Reilly PT, Hauser L, Bentzen P (2005) Genetic
differentiation in walleye pollock (Theragra chalco -
gramma) in response to selection at the pantophysin
(PanI) locus. Can J Fish Aquat Sci 62: 2519−2529

Dick S, Shurin JB, Taylor EB (2014) Replicate divergence
between and within sounds in a marine fish:  the copper
rockfish (Sebastes caurinus). Mol Ecol 23: 575−590

Domingues CP, Creer S, Taylor MI, Queiroga H, Carvalho
GR (2010) Genetic structure of Carcinus maenas within
its native range:  larval dispersal and oceanographic vari-
ability. Mar Ecol Prog Ser 410: 111−123

Eaton DR, Brown J, Addison JT, Milligan SP, Fernand LJ
(2003) Edible crab (Cancer pagurus) larvae surveys off
the east coast of England:  implications for stock struc-
ture. Fish Res 65: 191−199

Edwards E (1979) The edible crab and its fishery in British
waters. Fishing News Books, Surrey

El Mousadik A, Petit RJ (1996) High level of genetic differ-
entiation for allelic richness among populations of the
argan tree [Argania spinosa (L.) Skeels] endemic to
Morocco. Theor Appl Genet 92: 832−839

Excoffier L, Smouse PE, Quattro JM (1992) Analysis of
molecular variance inferred from metric distances
among DNA haplotypes:  application to human mito-
chondrial DNA restriction data. Genetics 131: 479−491

Fevolden SE, Westgaard JI, Pedersen T, Praebel K (2012)
Settling-depth vs. genotype and size vs. genotype corre-
lations at the Pan I locus in 0-group Atlantic cod Gadus
morhua. Mar Ecol Prog Ser 468: 267−278

Flowers JM, Schroeter SC, Burton RS (2002) The recruit-
ment sweepstakes has many winners:  genetic evidence
from the sea urchin Strongylocentrotus purpuratus. Evo-
lution 56: 1445−1453

Gaggiotti OE, Bekkevold D, Jørgensen HBH, Foll M, Car-
valho GR, Andre C, Ruzzante DE (2009) Disentangling
the effects of evolutionary, demographic, and environ-
mental factors influencing the genetic structure of natu-
ral populations:  Atlantic herring as a case study. Evolu-
tion 63: 2939−2951

Goudet J (1995) FSTAT (version 1.2):  a computer program to
calculate F-statistics. J Hered 86: 485−486

Goudet J, Raymond M, deMeeus T, Rousset F (1996) Testing
differentiation in diploid populations. Genetics 144: 
1933−1940

Hansen MM, Nielsen EE, Mensberg KLD (1997) The prob-
lem of sampling families rather than populations:  relat-
edness among individuals in samples of juvenile brown
trout Salmo trutta L. Mol Ecol 6: 469−474

Hauser L, Carvalho GR (2008) Paradigm shifts in marine
fisheries genetics:  ugly hypotheses slain by beautiful
facts. Fish Fish 9: 333−362

Hedgecock D (1994) Does variance in reproductive success
limit effective population sizes of marine organisms? In: 
Beaumont AR (ed) Genetics and evolution of aquatic
organisms. Chapman & Hall, London, p 122−134

Hedrick PW (1999) Perspective:  highly variable loci and
their interpretation in evolution and conservation. Evolu-
tion 53: 313−318

Hedrick PW (2005) A standardized genetic differentiation
measure. Evolution 59: 1633−1638

Hellberg ME (2009) Gene flow and isolation among popula-
tions of marine animals. Annu Rev Ecol Evol Syst 40: 
291−310

Hemmer-Hansen J, Nielsen EE, Frydenberg J, Loeschcke V
(2007a) Adaptive divergence in a high gene flow envi-
ronment:  Hsc70 variation in the European flounder
(Platichthys flesus L.). Heredity 99: 592−600

Hemmer-Hansen J, Nielsen EE, Gronkjaer P, Loeschcke V
(2007b) Evolutionary mechanisms shaping the genetic
population structure of marine fishes; lessons from the
European flounder (Platichthys flesus L.). Mol Ecol 16: 
3104−3118

101

https://doi.org/10.1186/1471-2105-9-323
https://doi.org/10.1890/07-0091.1
https://doi.org/10.1098/rspb.1996.0237
https://doi.org/10.1017/S0025315400070740
https://doi.org/10.1111/j.1365-294X.2012.05520.x
https://doi.org/10.1139/f05-155
https://doi.org/10.1111/mec.12630
https://doi.org/10.3354/meps08610
https://doi.org/10.1016/j.fishres.2003.09.036
https://doi.org/10.1007/BF00221895
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1644282&dopt=Abstract
https://doi.org/10.3354/meps09990
https://doi.org/10.1111/j.0014-3820.2002.tb01456.x
https://doi.org/10.1111/j.1558-5646.2009.00779.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8978076&dopt=Abstract
https://doi.org/10.1046/j.1365-294X.1997.t01-1-00202.x
https://doi.org/10.1111/j.1467-2979.2008.00299.x
https://doi.org/10.2307/2640768
https://doi.org/10.1111/j.0014-3820.2005.tb01814.x
https://doi.org/10.1146/annurev.ecolsys.110308.120223
https://doi.org/10.1038/sj.hdy.6801055
https://doi.org/10.1111/j.1365-294X.2007.03367.x


Mar Ecol Prog Ser 566: 91–103, 2017

Hunter E, Eaton D, Stewart C, Lawler A, Smith MT (2013)
Edible crabs ‘go west’:  migrations and incubation cycle
of Cancer pagurus revealed by electronic tags. PLOS
ONE 8: e63991

Iacchei M, Ben-Horin T, Selkoe KA, Bird CE, Garcia-
Rodriguez FJ, Toonen RJ (2013) Combined analyses of
kinship and FST suggest potential drivers of chaotic
genetic patchiness in high gene-flow populations. Mol
Ecol 22: 3476−3494

Iles TD, Sinclair M (1982) Atlantic herring stock discreteness
and abundance. Science 215: 627−633

Jensen PC, Bentzen P (2012) A molecular dissection of the
mating system of the Dungeness crab, Metacarcinus
magister (Brachyura:  Cancridae). J Crustac Biol 32: 
443−456

Jensen JL, Bohonak AJ, Kelley ST (2005) Isolation by dis-
tance, web service. BMC Genet 6: 13

Johnson MS, Black R (1984) Pattern beneath the chaos:  the
effect of recruitment on genetic patchiness in an inter-
tidal limpet. Evolution 38: 1371−1383

Jorde PE, Sovik G, Westgaard JI, Albretsen J and others
(2015) Genetically distinct populations of northern
shrimp, Pandalus borealis, in the North Atlantic:  adapta-
tion to different temperatures as an isolation factor. Mol
Ecol 24: 1742−1757

Jørstad KE, Nævdal G (1989) Genetic variation and popula-
tion structure of cod, Gadus morhua L, in some fjords in
northern Norway. J Fish Biol 35: 245−252

Knutsen H, Olsen EM, Jorde PE, Espeland SH, Andre C,
Stenseth NC (2011) Are low but statistically significant
levels of genetic differentiation in marine fishes ‘biologi-
cally meaningful’? A case study of coastal Atlantic cod.
Mol Ecol 20: 768−783

Kuparinen A, Keith DM, Hutchings JA (2014) Increased en -
vironmentally driven recruitment variability decreases
resilience to fishing and increases uncertainty of recov-
ery. ICES J Mar Sci 71: 1507−1514

Larson RJ, Julian RM (1999) Spatial and temporal genetic
patchiness in marine populations and their implications
for fisheries management. CCOFI Rep 40: 94−99

Larsson LC, Laikre L, Palm S, Andre C, Carvalho GR,
Ryman N (2007) Concordance of allozyme and micro-
satellite differentiation in a marine fish, but evidence of
selection at a microsatellite locus. Mol Ecol 16: 1135−1147

Latrouite D, Le Foll D (1989) Migrations of the edible crab
Cancer pagurus and the spider crab Maja squinado.
Oceanis 15: 133−142

McKeown NJ, Shaw PW (2008a) Polymorphic nuclear
microsatellite loci for studies of brown crab, Cancer
pagurus L. Mol Ecol Resour 8: 653−655

McKeown NJ, Shaw PW (2008b) Single paternity within
broods of the brown crab Cancer pagurus:  a highly
fecund species with long-term sperm storage. Mar Ecol
Prog Ser 368: 209−215

McKeown NJ, Arkhipkin AI, Shaw PW (2015) Integrating
genetic and otolith microchemistry data to understand
population structure in the Patagonian hoki (Macruronus
magellanicus). Fish Res 164: 1−7

Molfese C, Beare D, Hall-Spencer JM (2014) Overfishing
and the replacement of demersal finfish by shellfish:  an
example from the English Channel. PLOS ONE 9: 
e101506

Nei M (1978) Estimating of average heterozygosity and
genetic distance from a small number of individuals.
Genetics 89: 583−590

Nielsen EE, Wright PJ, Hemmer-Hansen J, Poulsen NA,
Gibb LM, Meldrup D (2009) Microgeographical popula-
tion structure of cod Gadus morhua in the North Sea and
west of Scotland:  the role of sampling loci and individu-
als. Mar Ecol Prog Ser 376: 213−225

Oresland V, Andre C (2008) Larval group differentiation in
Atlantic cod (Gadus morhua) inside and outside the Gull-
mar Fjord. Fish Res 90: 9−16

Palero F, Abello P, Macpherson E, Beaumont M, Pascual M
(2011) Effect of oceanographic barriers and overfishing
on the population genetic structure of the European
spiny lobster (Palinurus elephas). Biol J Linn Soc 104: 
407−418

Palsbøll PJ, Bérubé M, Allendorf FW (2007) Identification of
management units using population genetic data. Trends
Ecol Evol 22: 11−16

Palumbi SR (1994) Genetic divergence, reproductive isola-
tion, and marine speciation. Annu Rev Ecol Syst 25: 
547−572

Pawson MG (1995) Biogeographical identification of English
Channel fish and shellfish stocks. Fisheries research
technical report no. 99. Ministry of Agriculture, Fisheries
and Food, Directorate of Fisheries Research, Lowestoft

Peakall R, Smouse PE (2006) GENALEX 6:  genetic analysis
in Excel. Population genetic software for teaching and
research. Mol Ecol Notes 6: 288−295

Planes S, Lenfant P (2002) Temporal change in the genetic
structure between and within cohorts of a marine fish,
Diplodus sargus, induced by a large variance in individ-
ual reproductive success. Mol Ecol 11: 1515−1524

Planes S, Lecaillon G, Lenfant P, Meekan M (2002) Genetic
and demographic variation in new recruits of Naso uni-
cornis. J Fish Biol 61: 1033−1049

Poulsen NA, Hemmer-Hansen J, Loeschcke V, Carvalho GR,
Nielsen EE (2011) Microgeographical population struc-
ture and adaptation in Atlantic cod Gadus morhua:  spa-
tio-temporal insights from gene-associated DNA mark-
ers. Mar Ecol Prog Ser 436: 231−243

Pritchard JK, Stephens M, Donnelly P (2000) Inference of
population structure using multilocus genotype data.
Genetics 155: 945−959

Queller DC, Goodnight KF (1989) Estimating relatedness
using genetic markers. Evolution 43: 258−275

Raymond M, Rousset F (1995) GENEPOP (version 1.2):  pop-
ulation genetics software for exact tests and ecumeni-
cism. J Hered 86: 248−249

Reiss H, Hoarau G, Dickey-Collas M, Wolff WJ (2009)
Genetic population structure of marine fish:  mismatch
between biological and fisheries management units. Fish
Fish 10: 361−395

Rousset F (1997) Genetic differentiation and estimation of
gene flow from F-statistics under isolation by distance.
Genetics 145: 1219−1228

Ruzzante DE, Mariani S, Bekkevold D, André C and others
(2006) Biocomplexity in a highly migratory pelagic
 marine fish, Atlantic herring. Proc R Soc B 273: 
1459−1464

Ryman N, Palm S (2006) POWSIM:  a computer program for
assessing statistical power when testing for genetic dif-
ferentiation. Mol Ecol Notes 6: 600−602

Ryman N, Utter F, Laikre L (1995) Protection of intraspecific
biodiversity of exploited fishes. Rev Fish Biol Fish 5: 
417−446

Sarvas TH, Fevolden SE (2005) The scnDNA locus Pan I
reveals concurrent presence of different populations of

102

https://doi.org/10.1371/journal.pone.0063991
https://doi.org/10.1111/mec.12341
https://doi.org/10.1126/science.215.4533.627
https://doi.org/10.1163/193724012X626458
https://doi.org/10.1186/1471-2156-6-13
https://doi.org/10.2307/2408642
https://doi.org/10.1111/mec.13158
https://doi.org/10.1111/j.1095-8649.1989.tb03067.x
https://doi.org/10.1111/j.1365-294X.2010.04979.x
https://doi.org/10.1093/icesjms/fsu021
https://doi.org/10.1111/j.1365-294X.2006.03217.x
https://doi.org/10.1111/j.1471-8286.2007.02033.x
https://doi.org/10.3354/meps07634
https://doi.org/10.1016/j.fishres.2014.10.004
https://doi.org/10.1371/journal.pone.0101506
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17248844&dopt=Abstract
https://doi.org/10.3354/meps07798
https://doi.org/10.1016/j.fishres.2007.09.008
https://doi.org/10.1111/j.1095-8312.2011.01728.x
https://doi.org/10.1016/j.tree.2006.09.003
https://doi.org/10.1146/annurev.es.25.110194.002555
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1046/j.1365-294X.2002.01521.x
https://doi.org/10.1111/j.1095-8649.2002.tb01861.x
https://doi.org/10.3354/meps09246
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10835412&dopt=Abstract
https://doi.org/10.2307/2409206
https://doi.org/10.1111/j.1467-2979.2008.00324.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9093870&dopt=Abstract
https://doi.org/10.1098/rspb.2005.3463
https://doi.org/10.1111/j.1471-8286.2006.01378.x
https://doi.org/10.1007/BF01103814
https://doi.org/10.1016/j.fishres.2005.07.013


McKeown et al.: Brown crab biocomplexity 103

Atlantic cod (Gadus morhua L.) within a single fjord. Fish
Res 76: 307−316

Selkoe KA, Gaines SD, Caselle JE, Warner RR (2006) Cur-
rent shifts and kin aggregation explain genetic patchi-
ness in fish recruits. Ecology 87: 3082−3094

Selkoe KA, Watson JR, White C, Ben Horin T and others
(2010) Taking the chaos out of genetic patchiness:  sea-
scape genetics reveals ecological and oceanographic
drivers of genetic patterns in three temperate reef spe-
cies. Mol Ecol 19: 3708−3726

Shaw PW, Pierce GJ, Boyle PR (1999) Subtle population
structuring within a highly vagile marine invertebrate,
the veined squid Loligo forbesi, demonstrated with
micro satellite DNA markers. Mol Ecol 8: 407−417

Skarstein TH, Westgaard JI, Fevolden SE (2007) Comparing
microsatellite variation in north-east Atlantic cod (Gadus
morhua L.) to genetic structuring as revealed by the pan-
tophysin (Pan I) locus. J Fish Biol 70: 271−290

Sotelo G, Moran P, Fernandez L, Posada D (2008) Genetic
variation of the spiny spider crab Maja brachydactyla in
the northeastern Atlantic. Mar Ecol Prog Ser 362: 
211−223

Stepien CA, Murphy DJ, Lohner RN, Sepulveda-Villet OJ,
Haponski AE (2009) Signatures of vicariance, postglacial
dispersal and spawning philopatry:  population genetics
of the walleye Sander vitreus. Mol Ecol 18: 3411−3428

Suneetha KB, Naevdal G (2001) Genetic and morphological
stock structure of the pearlside, Maurolicus muelleri
(Pisces, Sternoptychidae), among Norwegian fjords and
offshore area. Sarsia 86: 191−201

Teacher AGF, Andre C, Jonsson PR, Merila J (2013) Oceano-
graphic connectivity and environmental correlates of
genetic structuring in Atlantic herring in the Baltic Sea.
Evol Appl 6: 549−567

Therkildsen NO, Hemmer-Hansen J, Als TD, Swain DP and
others (2013a) Microevolution in time and space:  SNP
analysis of historical DNA reveals dynamic signatures of
selection in Atlantic cod. Mol Ecol 22: 2424−2440

Therkildsen NO, Hemmer-Hansen J, Hedeholm RB, Wisz
MS and others (2013b) Spatiotemporal SNP analysis
reveals pronounced biocomplexity at the northern range
margin of Atlantic cod Gadus morhua. Evol Appl 6: 
690−705

Turner TF, Dowling TE, Marsh PC, Kesner BR, Kelsen AT
(2007) Effective size, census size, and genetic monitoring
of the endangered razorback sucker, Xyrauchen tex-
anus. Conserv Genet 8: 417−425

Ungfors A (2007) Sexual maturity of the edible crab (Cancer

pagurus) in the Skagerrak and the Kattegat, based on
reproductive and morphometric characters. ICES J Mar
Sci 64: 318−327

Ungfors A, Hallback H, Nilsson PG (2007) Movement of
adult edible crab (Cancer pagurus L.) at the Swedish
west coast by mark-recapture and acoustic tracking. Fish
Res 84: 345−357

Ungfors A, McKeown NJ, Shaw PW, Andre C (2009) Lack of
spatial genetic variation in the edible crab (Cancer pagu-
rus) in the Kattegat-Skagerrak area. ICES J Mar Sci 66: 
462−469

van Oosterhout C, Weetman D, Hutchinson WF (2006) Esti-
mation and adjustment of microsatellite null alleles in
nonequilibrium populations. Mol Ecol Notes 6: 255−256

Veliz D, Duchesne P, Bourget E, Bernatchez L (2006)
Genetic evidence for kin aggregation in the intertidal
acorn barnacle (Semibalanus balanoides). Mol Ecol 15: 
4193−4202

Waples RS (1998) Separating the wheat from the chaff:  pat-
terns of genetic differentiation in high gene flow species.
J Hered 89: 438−450

Waples RS (2002) Evaluating the effect of stage-specific sur-
vivorship on the Ne/N ratio. Mol Ecol 11: 1029−1037

Waples RS, Gaggiotti O (2006) What is a population? An
empirical evaluation of some genetic methods for identi-
fying the number of gene pools and their degree of con-
nectivity. Mol Ecol 15: 1419−1439

Weir BS, Cockerham CC (1984) Estimating F-statistics for
the analysis of population structure. Evolution 38: 
1358−1370

Weiss M, Thatje S, Heilmayer O, Anger K, Brey T, Keller M
(2009) Influence of temperature on the larval develop-
ment of the edible crab, Cancer pagurus. J Mar Biol
Assoc UK 89: 753−759

Westgaard JI, Fevolden SE (2007) Atlantic cod (Gadus
morhua L.) in inner and outer coastal zones of northern
Norway display divergent genetic signature at non-neu-
tral loci. Fish Res 85: 306−315

White TA, Stamford J, Hoelzel AR (2010) Local selection and
population structure in a deep-sea fish, the roundnose
grenadier (Coryphaenoides rupestris). Mol Ecol 19: 
216−226

Whitlock MC, McCauley DE (1999) Indirect measures of
gene flow and migration:  FST ≠ 1/(4Nm+1). Heredity 82: 
117−125

Winnepenninckx B, Backeljau T, Dewachter R (1993)
Extraction of high molecular weight DNA from molluscs.
Trends Genet 9: 407

Editorial responsibility: Per Palsbøll, 
Groningen, The Netherlands

Submitted: August 22, 2016; Accepted: January 2, 2017
Proofs received from author(s): February 17, 2017

https://doi.org/10.1890/0012-9658(2006)87%5b3082%3ACSAKAE%5d2.0.CO%3B2
https://doi.org/10.1111/j.1365-294X.2010.04658.x
https://doi.org/10.1046/j.1365-294X.1999.00588.x
https://doi.org/10.1111/j.1095-8649.2007.01456.x
https://doi.org/10.3354/meps07433
https://doi.org/10.1111/j.1365-294X.2009.04291.x
https://doi.org/10.1080/00364827.2001.10420475
https://doi.org/10.1111/eva.12042
https://doi.org/10.1111/mec.12260
https://doi.org/10.1111/eva.12055
https://doi.org/10.1007/s10592-006-9181-2
https://doi.org/10.1093/icesjms/fsl039
https://doi.org/10.1016/j.fishres.2006.11.031
https://doi.org/10.1093/icesjms/fsn223
https://doi.org/10.1111/j.1471-8286.2005.01082.x
https://doi.org/10.1111/j.1365-294X.2006.03078.x
https://doi.org/10.1093/jhered/89.5.438
https://doi.org/10.1046/j.1365-294X.2002.01504.x
https://doi.org/10.1111/j.1365-294X.2006.02890.x
https://doi.org/10.2307/2408641
https://doi.org/10.1017/S0025315409003269
https://doi.org/10.1016/j.fishres.2007.04.001
https://doi.org/10.1111/j.1365-294X.2009.04446.x
https://doi.org/10.1038/sj.hdy.6884960
https://doi.org/10.1016/0168-9525(93)90102-N



