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Abstract

The present study reports on population structure analysis of the marbled crab Pachygrapsus marmoratus
(Fabricius, 1787) from the Tunisian coast, an appropriate location to study biogeographical processes because of
the presence of a well-known discontinuous biogeographic area (the Siculo-Tunisian Strait). Patterns of
morphological and genetic variation of this highly dispersive and continuously distributed decapod species were
assessed among its geographically close populations which cover almost the entire Tunisian coastline. A total of
386 specimens from nine sites were collected and examined for morphometric variability at 14 morphometric
traits. The results of multivariate analyses of linear morphometric traits showed the existence of sexual
dimorphism in this species by PERMANOVA (Permutational multivariate analysis of variance). In addition, both
CDA (Canonical discriminant analysis) and NPMANOVA (Non parametric MANOVA test) analyses revealed
statistically significant differences among the studied locations for both sexes. Overall, the outcome of CDA
analysis showed that over 87% of individuals could be assigned correctly to three regional groups in both sexes
(North, Center and South). Specifically, SIMPER (Similarity Percentages) analysis showed that carapace length,
carapace width and merus length were major contributors to the morphometric separation between populations.
The pattern of phenotypic variation suggested by morphometric analyses was found to be highly discordant with
that suggested by the analysis of a mitochondrial marker (cytochrome oxidase I, COI). Indeed, the results inferred
from restriction fragment analysis of the COI in 180 crabs, suggested high genetic homogeneity. Very low levels of
haplotype diversity (k) were found in almost all the studied populations, associated with non significant genetic
distances for nearly all population comparisons. Explanations to these morphometric and mtDNA patterns as well
as the discrepancy between them are discussed.
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1 Introduction

It has been shown that species with long larval stage and con-
tinuous distribution pattern, usually exhibit mild population dif-
ferentiation as a result of high exchange of individuals among
populations, as noted in the two intertidal starfish species: Pateri-
ella calcar and P. exigua (Hunt, 1993) and the Indo-Pacific giant
tiger prawn Penaeus monodon (Brooker et al., 2000). However,
genetic analyses of highly dispersive decapods have revealed
complex patterns of genetic differentiation at various geographic
scales, and even over short distances of 40-225 km (Weber and
Levy, 2000; Weber et al., 2000; Jorstad et al., 2004; Weetman et al.,
2007). For example, mtDNA analysis of European lobster Ho-
marus gammarus revealed significant structuring and distinct ge-
netic clusters across its European distribution range (Triantafyl-
lidis et al., 2005). Similarly, significant differentiation was re-
vealed among samples of Norway lobster Nephrops norvegicus
from the North Sea, Irish Sea, Portugal, and the Mediterranean
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Sea (Stamatis et al., 2004, for mtDNA RFLP; Stamatis et al., 2006,
for allozymes).

The marbled crab Pachygrapsus marmoratus (Fabricius,
1787) is one of the most distributed and abundant grapsid spe-
cies in intertidal environments (Cannicci et al., 1999). This spe-
cies is considered as the most common grapsid crab in the inter-
tidal belt of rocky shores throughout the Mediterranean Sea,
Black Sea and northeastern Atlantic from Brittany to Morocco in-
cluding the Canary Islands, the Azores and Madeira (Ingle, 1980;
Cannicci et al., 1999; Flores and Paula, 2002) and can colonize
the whole intertidal belt regardless of its width (Cannicci et al.,
1999). This grapsid species is a very adaptable rocky shore dwell-
er, capable of modifying its use of time and space according to
the different characteristics of the shores it inhabits. Futhermore,
it is a highly dispersive species with larval phase that can last for
up to 30 d in plankton (Cuesta and Rodriguez, 2000). P. marm-
oratus has a semiterrestrial life-style and is found to be a select-
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ive omnivorous species that actively searches for food relying on
the intertidal community throughout its post-larval stage. This
highlights its significant role in shaping intertidal community
structure by selectively choosing food items instead of randomly
browsing on the most frequent ones (Cannicci et al., 2002). Like
all decapod species with strong capability of spreading during
larval stage, P. marmoratus larvae could theoretically recruit into
other spatially isolated populations through long distance trans-
portation by oceanic circulation (Johnson et al., 1984, 1986;
Hobbs et al., 1992; Mense et al., 1995). However, oceanographic
discontinuities, biogeographic boundaries, varying climatic re-
gimes and diversity of habitats can limit their movements. In ad-
dition, physical factors (e.g., refuge availability) and biotic factors
(e.g., presence / absence of competitors and predators) could be
involved in shaping phenotypic and genotypic variation in this
species. Previous studies of P. marmoratus population structure
over microgeographic scales revealed the existence of mild to ab-
sent genetic differentiation. For example, while microsatellite in-
vestigations showed the existence of subpopulations structuring
across the Italian (Fratini et al., 2008, 2013) and Portuguese
coasts (Silva et al., 2009), a combined mitochondrial and
morphometric examination of populations of this species along
the Portuguese coast failed to show concordant patterns of vari-
ability, suggesting plastic response of this species to environ-
mental conditions (Silva and Paula, 2008). Thereby, we address
the question whether morphometric and genetic subunits could
exist in other part of P. marmoratus distribution range, namely
across the Tunisian coast. The Tunisian shores provide an excel-
lent location to study biogeographical processes given the pres-
ence of a well documented genetic boundary between popula-
tions of several vertebrate and invertebrate species around the Si-
culo-Tunisian Strait (e.g., Quesada et al., 1995; Borsa et al., 1997;
Bahri-Sfar et al., 2000; Nikula and V&iinol4, 2003; Arnaud-Haond
et al., 2007; Zitari-Chatti et al., 2008; Zitari-Chatti et al., 2009).

Morphological variation among populations of the same spe-
cies can be used to identify and delineate morphotypes, and may
also be useful in examining the stock structure within a morpho-
type (Cadrin, 1995; Duffy, 1996; Spotte, 1997). Similarly, mito-
chondrial DNA is highly variable in natural populations because
of its elevated mutation rate, which can generate a signal about
population history over short time frames and can be used as a
marker to infer population divergences and genetic stock identi-
fication (Cassone and Boulding, 2006; Silva et al., 2010). Both
mtDNA and morphometric markers would be helpful for optim-
izing population structure investigation in the marbled crab.
Concordant results of the two approaches would highlight the in-
volvement of genetic and environmental factors in shaping mor-
phological variation. Whereas, discordant patterns would mainly
invoke the impact of abiotic factors as major contributors.

Hence, the objective of the present study is to evaluate pat-
terns of morphological and genetic variation of the highly dis-
persive decapod species, P. marmoratus across a well-known dis-
continuous biogeographic area along its North-African distribu-
tion range. To this end, several locations covering almost the en-
tire Tunisian coastline were sampled and compared by means of
multivariate analyses of linear morphometric traits and restric-
tion fragment analysis of the mitochondrial gene cytochrome ox-
idase I (COI), a method has been shown to be variable enough for
population studies in marine crabs (Fratini and Vanini, 2002; Ro-
man and Palumbi, 2004; Darling et al., 2008). The results would
be beneficial to future study of the evolutionary history of marine

decapod fauna in the region and provide indirect information in
different aspects of biology and ecology of the species that can be
used for its management and conservation.

2 Materials and methods

2.1 Sample collection

Only adult marbled crabs were collected from nine sites in
the littoral fringe off the Tunisian coast (Fig. 1). All samples were
collected during the summer of 2008. For the morphometric
comparisons, a total of 192 males and 194 females were meas-
ured. Nearly all sampled shore crabs exhibit none regenerated or
absent claws and pereiopods (walking legs) except three males
and one female which were excluded from the analysis. Only spe-
cimens with full morphometric characters were used in the stat-
istical analysis, i.e., a total of 189 males (Tabarka: 23, Bizerte: 20,
Korbos: 12, Kelibia: 21, Benikhiar: 21, Monastir: 27, Chebba: 16,
Sfax: 24 and Zarzis: 25) and 193 females (Tabarka: 17, Bizerte: 22,
Korbos: 38, Kelibia: 20, Benikhiar: 20, Monastir: 18, Chebba: 24,
Sfax: 21 and Zarzis: 13). For the genetic analysis, a total of 180
specimens, 20 crabs per sampling site, were taken alive to the
laboratory and one pereiopod from each individual was desic-

cated and preserved in 100% ethanol.
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Fig. 1. Sampling locations of the marbled crab P. marm-
oratus along the Tunisian coast.

2.2 Morphometric measurements

The morphological measurements used for the morphomet-
ric analyses were: carapace width at the third spine (CW-3rd
spine), carapace width at the first spine (CW-1st spine), carapace
length (CL), carapace height (CH), right chela depth (RCHD), left
chela depth (LCHD), right chela width (RCHW), left chela width
(LCHW), merus length (ML), merus width (MW), propodus
length (PL), propodus width (PW), dactylus length (DL) and
largest abdominal width (LABW). These characters were meas-
ured using vernier calipers to the nearest 0.01 mm. The length,
width, and height of the carapace were measured at the widest,
longest, and deepest points respectively. Similarly, chela depth
and width were measured at the deepest and widest points.
Lengths and widths of merus and propodus as well as dactylus
lengths were recorded for the second, third, fourth and fifth pairs
of limbs respectively. For these latter traits, measurements were
made on both sides and then averaged.
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2.3 PCR-RFLP screening

Genomic DNA was extracted from the muscle tissue of the
pereiopods using the Wizard® genomic DNA purification kit (pro-
mega). Twenty individuals per sampling site were examined. Ge-
netic polymorphism was screened by PCR-RFLP. About 710 bp
fragment of the mitochondrial gene cytochrome oxidase I (COI)
was amplified using the universal primers: LCO1490 and
HCO02198 (Folmer et al., 1994). PCR was set up in a 50 pL mix
composed of PCR buffer, 200 pmol/L of each dNTP, 0.16 umol/L
of each primer, 1 U of Taq, approximately 0.2 pg of DNA and bid-
istilled sterile water. Amplification conditions were as follows:
one preliminary denaturation at 95°C for 5 min, followed by 35
cycles of 95°C denaturation for 30 s, annealing at 40°C for 50 s
and 72°C extensions for 60 s. A final extension of 8 min at 72°C
was performed. Obtained PCR products were then digested by
five restrictions enzymes: Mbol (GATC), Nlalll (CATG), Taql
(TCGA), Mspl (CCGG) and Mael (CTAG). These enzymes were
determined following the establishment of the restriction map of
P. marmoratus using RestrictionMapper V.3. This latter was
defined based on COI sequences from two individuals of the
population of Monastir. Restriction enzyme digestions were car-
ried out in 20 pL mixtures containing 2 pL enzyme buffer, 2.5 U
restriction enzyme, 8 pL PCR product and bidistilled sterile wa-
ter. Digestions were done at 37°C for 4 h, except for digests with
Tagql, which were performed at 65°C for 2 h. Resulting fragments
were separated electrophoretically in a 3% agarose gel, with eth-
idium bromide staining, and visualized under UV light. Frag-
ment lengths were determined using a low range DNA ladder
(50-1 000 bp) as size marker.

2.4 Data and statistical analysis

Sexual dimorphism in morphological characters was tested
prior to data analysis in order to decide whether to consider the
sex of specimens as an independent factor in the analysis. Multi-
dimensional analyses based on permutation tests were per-
formed to compare sex differences within and between the stud-
ied locations using the software PERMANOVA V.1.6 (Anderson,
2005). These were tested with the following design: the factor sex
was analyzed as crossed, fixed factor with two levels (female and
male), while the factor location was analyzed as crossed, fixed
factor with nine levels (Tabarka, Bizerte, Korbos, Kelibia,
Benikhiar, Monastir, Chebba, Sfax and Zarzis). No adjustment of
values was used and size-uncontroled values were entered into
the analysis. Choice of this method was based on the fact that it
allows testing of complex experimental designs using multivari-
ate data and interaction terms (Anderson and Ter Braak, 2003).
The analysis was based on Bray-Curtis dissimilarities on fourth-
root transformed data (Clarke, 1993). Patterns of morphometric
relationships can be influenced by the effect of allometric growth
and size in species of undetermined age. Regressions, performed
within the nine studied locations for the different measurement
of body dimensions versus the carapace width (CW-3rd spine),
used as independent variable and considered as adjusted trait
values (Reist, 1985; Debuse et al., 2001), showed a positive and
consistent allometry of each measured trait among populations
separately for females and males. Therefore, the effect of maxim-
um carapace width (X) variation on each measured trait (Y) with-
in each location was removed by using the allometric equation
Y=aXP’. All measured traits were standardized using the equation:
Y=Y, (X, /X,)? where Y, is the standardized measurement from
the measured trait Y; of the ith specimen, X is the mean value of

maximum carapace width for the examined location, X; is the
measured maximum carapace width of the ith specimen and b is
the standardizing parameter obtained from the allometric equa-
tion (Anastasiadou and Leonardos, 2008). Standardized values
were then plotted against carapace width and arc-sinus/tangent-
transformed to achieve normality, before being processed with
multivariate analyses (CW-3rd spine was not considered since it
was used to adjust all the remaining parameters). To see whether
natural variability of the parameters measured is different
between locations, we used the non parametric test of significant
difference between two or more groups (Non-Parametric MAN-
OVA), implemented in the software PAST V.2.17 (Hammer et al.,
2001), based on the Bray-Curtis distance (Anderson, 2001). Pair-
wise NPMANOVAs between all pairs of groups were provided as
a post-hoc test. The significance was computed by permutation
of group membership, with 9 999 replicates. Variables, respons-
ible for the eventual separation of the locations were identified
using the Similarity Percentages (SIMPER) routine in PAST
V.2.17. In addition, the discriminant function analyses were car-
ried out on both sexes separately using the arc-sin/tan-trans-
formed variables. Canonical discriminant analysis (CDA) finds
linear combinations of variables (roots), that maximise differ-
ences among a priori defined groups, with the hit ratio (percent-
age correctly classified) providing a goodness of fit measure. A
canonical analysis, performed on the arc-sin/tan-transformed
variables for the nine studied populations (with each population
considered as a separate group), showed a clear distinction
between the locations of North Tunisia (Tabarka, Bizerte,
Korbos, Kelibia and Benikhiar) and those of the south (Chebba,
Sfax and Zarzis) with a noticeable separation of the central loca-
tion of Monastir from them. These preliminary insights resulted
in reanalyzing the data by considering three groups (Groupl =
Tabarka, Bizerte, Korbos, Kelibia and Benikhiar; Group 2 = Mon-
astir; Group 3 = Chebba, Sfax and Zarzis). Canonical discrimin-
ant analysis was used, thereafter, to find out how well discrimin-
ant functions allow classification of individuals to groups. Ma-
halanobis distances, based on the correlation between variables,
were determined to test for significant difference among the
three defined groups for both sexes of P. marmoratus. In all CDA
analyses, all variables were entered simultaneously, with the rel-
ative contributions of each variable assessed on the basis of the
structure correlations (discriminant loadings), rather than the
discriminant coefficients, as the former are considered more val-
id in interpreting the discriminating power of the independent
variables. The following specifications were used for all CDA
runs: Backward stepwise, Tolerance=0.01, F to enter=1.0, F to re-
move=0.0, and a priori probabilities were estimated to be propor-
tional to group sizes. For all canonical discriminant analyses, the
Statistica for Windows program V.4.3 (StatSoft, Inc, 1993) was
used.

For genetic analysis, restriction patterns, generated by each
enzyme, were identified and then combined to define composite
mtDNA haplotype patterns. Restriction site data were analyzed
with the computer package ARLEQUIN V.3.01 (Excoffier et al.,
2005). Within-population diversity was estimated by haplotype
diversity h (Nei, 1987) and the extent of genetic differentiation
between populations, was estimated using the fixation index Fg,
(Wright, 1950). The significance of pairwise Fg; estimates among
all populations was assessed by randomization procedure with
10.000 permutations. B-Y FDR correction (Narum, 2006) was
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then applied to yield the exact level of significance (critical
value=0.011 98 with 36 hypothesis tests and alpha=0.05).

3 Results

3.1 Linear-based morphometric analyses
PERMANOVA analysis revealed significant difference

between both sexes of P. marmoratus for the analyzed traits
(F,.,=12.581, P (permutation)=0.000 1). Furthermore, a signific-

sex
ant interaction between both factors, sex and location (Fqyjoca.
on=13.289, P (permutation)=0.000 1), was noted as significant
differences have been shown to exist between both sexes at all
locations (Table 1). This required that female and male crabs

should be considered independently for further morphometric

Table 1. Summary of results of permutational multivariate analysis of variance (PERMANOVA) comparing sexual dimorphism in P.

marmoratus at nine locations

Source df SS MS P (Perm) P(MC)
Sex 1 39.8129 39.8129 12.581 5 wEE *HA
Location 8 159.537 1 19.942 1 6.3020 b hidd
SexxLocation 8 336.431 8 42.054 0 13.2897 whk i
Residual 162 512.6316 3.164 4
Total 179 1048.4133
Comparison Tabarka Bizerte Korbos Kelibia Benikhiar ~ Monastir Chebba Sfax Zarzis
Male VS. female * * kK% *kk kkk Kk Kk * *

Notes: df represents degree of freedom, SS sum of squares, MS mean square, F morphometric distance inferred from Bray-Curtis dissimi-
larities, Perm permutation procedure, andMC Monte-Carlo asymptotic procedure. Number of permutations used is 9 999. * Significant differ-

ence at P<0.05 and *** significant difference at P<0.001.

3.1.1 Inter-population morphometric variation

CDA analyses were highly significant for all sampled loca-
tions. Eight roots were defined, but only six were significant in fe-
male and male-analysis (Table 2). The first two functions
provided the best overall discrimination between populations.
Marbled crab individuals were correctly assigned to the defined
locations in 88.60% of the cases for females, and in 88.35% for
males (Table 3). In addition, NPMANOVA analyses showed relat-
ively significant differentiation among locations for both sexes
with a clear distinction of the population of Monastir (Table 4).
SIMPER analyses showed that CW-1st Sp, CL, LABW and ML
contributed the most to the separation between female popula-
tions, while only CW-1st Sp, CL and ML were major contributors
to the separation between male populations with a cumulative
contribution of 59.95% in female crabs and 61.49% in male crabs.
The distribution of the individuals in the canonical discriminant
space formed by Root 1 and Root 2 (both roots explained 80% of
the total discrimination in both sexes), showed overlapping
between northern locations (Tabarka, Bizerte, Korbos, Kelibia
and Benikhiar) and their southern counterparts (Chebba, Sfax
and Zarzis) with the existence of a remarkable signal of separa-
tion between them. However, no overlapping between the popu-
lation of Monastir and the remaining ones was shown, indicating
the most morphological distinction. Specimens from this loca-
tion were separated from the others mainly by the means of Root
1in both sexes.

3.1.2 Inter-group morphometric variation

Discriminant canonical analysis yielded highly significant
discrimination between the three defined groups in external
morphometric characters for P. marmoratus females (Wilk's
lambda=0.122, P<0.001) and males (Wilk's lambda=0.060,
P<0.001) (Table 2). This morphological differentiation among
groups was confirmed by the highly significant inter-group Ma-
halanobis distances for females (D2, ;,=39.324, P<0.001; D?;,_
63=7-083, P<0.001; D?;, ;4=25.766, P<0.001) as well as for males
(D2,.o=46.857, P<0.001; D%, ,=7.468, P<0.001; D2, 5=45.973,
P<0.001). Marbled crab females were correctly assigned to the

defined groups in 94.30% of the cases, while males were corrcetly
classified in 94.17% of the cases (Table 3). The individuals plot-
ted in the discriminant canonical space, formed by Root 1 and
Root 2, clustered according to the predefined grouping (three
groups) (Fig. 2). Despite some overlap, the three groups were
well separated on both roots for both sexes. Hence, the discrim-
inant analysis by grouping populations into three groups, sug-
gests the presence of three metapopulations of P. marmoratus
that could be geographically delimited on the basis of morpho-
logy: the first, localized in the Northern Tunisian coast, consists
of the locations of Tabarka, Bizerte, Korbos, Kelibia and
Benikhiar; the second includes the central location of Monastir;
the third is situated in the South, and consists of the locations of
Chebba, Sfax and Zarzis. Consequently, the defined three groups
could be assigned to two biogeographically different regions:
Group 1 representing the Western Mediterranean and Groups 2
and 3 belonging to the Eastern Mediterranean.

3.2 Population genetics analyses

Restriction profiles corresponding to each enzyme were ana-
lyzed and allowed to define a composed haplotype for each indi-
vidual. We distinguished ten different haplotypes, of which seven
were unique. Haplotype 1 was major and found in 169 speci-
mens and in the whole studied populations. Whereas Haplotype
2 and Haplotype 3 were present each in two individuals of the
populations of Korbos and Sfax respectively. The population of
Zarzis harbors the highest number of haplotypes (8, with seven
haplotypes were specific to this region) (Table 5). Haplotype di-
versity was low in almost all the studied populations, and ranged
from 0 in the populations of Tabarka, Bizerte, Kelibia, Benikhiar,
Monastir, and Chebba to 0.589+0.129 in the population of Zarzis
(Table 6). Genetic analysis of P. marmoratus populations via the
mitochondrial marker COI revealed the existence of high genetic
homogeneity. Indeed, nearly all Fy; values among populations
were not significant (P>0.05) except those noted between the
population of Zarzis and the populations of Tabarka, Bizerte,
Kelibia, Benikhiar, Monastir and Chebba respectively after B-Y
FDR correction (Table 7).
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Table 2. The examination of eigenvalues and the hypothesis test for those eigenvalues by Chi-square approach in discriminant

analysis of P. marmoratus populations and groups

Removed roots Sex Eigenvalue Canonical correlation Wilks'lambda  Chi-square df P
Populations

female 7.833 0.941 0.003 996.778 224 o

0 male 7.382 0.938 0.002 1050.892 224 o

female 2.716 0.854 0.028 618.807 189 o

! male 2.253 0.832 0.017 690.520 189 .

female 1.178 0.735 0.104 391.049 156 .

2 male 1.557 0.780 0.055 490.565 156 wEE

female 0.827 0.672 0.228 255.966 125 b

3 male 0.924 0.693 0.141 331.388 125 o

female 0.426 0.546 0.417 151.370 96 o

4 male 0.771 0.659 0.272 220.404 96 e
female 0.303 0.482 0.596 89.785 69 *

5 male 0.493 0.574 0.482 123.469 69 .
female 0.141 0.351 0.776 43.804 44 ns

6 male 0.254 0.450 0.720 55.523 44 ns
female 0.127 0.336 0.886 20.895 21 ns

7 male 0.106 0.310 0.903 17.152 21 ns

Groups

female 3.368 0.878 0.122 370.499 56 e

0 male 5.483 0.919 0.060 482.491 56 .

female 0.867 0.681 0.535 110.278 27 .

! male 1.528 0.777 0.395 160.047 27 b

Notes: * Significant difference at P<0.05, *** significant difference at P<0.001, and ns means P>0.05.

Table 3. Percentage of correct assignment by sex of P. marmoratus populations and groups based on the morphometric classification

function of all the variables

Population Sex Correct assignment/% Group Sex Correct assignment/%
Tabarka female 88.23 Group 1 female 96.58
male 91.30 male 94.84
Bizerte female 95.45
male 75.00
Korbos female 100
male 100
Kelibia female 65.00
male 80.95
Benikhiar female 75.00
male 76.19
Monastir female 100 Group 2 female 100
male 100 male 100
Chebba female 95.83 Group 3 female 87.93
male 93.75 male 90.76
Sfax female 85.71
male 95.83
Zarzis female 76.92
male 84.00
Total female 88.60 Total female 94.30
male 88.35 male 94.17

4 Discussion

This study is the first report on population structure of P.
marmoratus along part of the African Mediterranean coast. Pre-
vious investigations were focused on European Atlantic and
Mediterranean populations (Silva and Paula, 2008; Ferreira Silva
et al., 2009; Silva et al., 2009; Fratini et al., 2008; Fratini et al.,
2011; Fratini et al., 2013). Our results demonstrated clear discord-
ance between levels of phenotypic and preliminary genetic vari-
ability among populations over the geographical range surveyed,

and the extensive morphological differences between popula-
tions. Based on the traits examined, at least three morphometric
“units” could be distinguished, which is consistent with the find-
ings of previous studies using similar sampling scheme on other
shore crabs (Bentley et al., 2002; Brian, 2005, Lye et al., 2005; Bri-
an et al., 2006; Duarte et al., 2008; Silva and Paula, 2008; Hopkins
and Thurman, 2010). Recently, similar morphometric study of
the green crab Carcinus aestuarii populations from the same loc-
ations along the Tunisian coast (Deli et al., 2014) showed the
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same pattern of variability as that found in P. marmoratus. These
findings provide evidence that despite their immense capacity of
dispersal, shore crabs may exhibit phenotypic variability even
within restricted geographical areas. Moreover, this may hint to
the possible impact of the studied environment on yielding
biogeographic units in marine crabs across a given sampling
scale (Brian et al., 2006; Silva and Paula, 2008; Deli et al., 2014).
Pairwise NPMANOVA comparisons showed that both female and
male shore crabs exhibiting significant inter-population differ-
ences in the measured traits. It is generally assumed that in-
traspecific polymorphism arises from divergent selection pres-
sures between alternative environments (Schluter, 2000). Popu-
lation-level phenotypic divergence can result from either genetic
differentiation or phenotypic plasticity; both processes can rep-
resent adaptive responses to natural and sexual selection that
may vary across a species’ range (Orr and Smith, 1998; Schluter,
2000; Bell et al., 2004). Hence, variations in the morphology of the
characteristics analyzed could be associated with the differential
ability of shore crabs to compete or reproduce in the environ-
ment at each site. The SIMPER routine analysis showed that
morphometric differences among the sampling sites of P. marm-
oratus were driven mainly by carapace dimensions for both
sexes. This could be related to agonistic interactions and repro-
ductive behaviour as noted for predatory portunid crabs (Lee and
Seed, 1992). Otherwise, it may suggest the effect of population
density, feeding efficiency and food availability as diet has been
shown to be a major cause of phenotypic differences in other
shore crab species (Freire et al., 1996). The morphometric popu-
lation structure of P. marmoratus, noted in the present study,
could be also a response to differing environmental conditions

4

+ Group 1
= Group 2
4 Group 3

¢ 8

Root 1

such as exposure to wave action and linked-prey availability. It is
known that P. marmoratus has a flexible omnivorous diet (Can-
nicci et al., 2002; Cannicci et al., 2007). Furthermore, this species
is an opportunistic forager so the diet composition should reflect
prey availability, and the abundance of intertidal prey species is
known to vary along the wave exposure gradient (Burrows et al.,
2008). Ferreira Silva et al. (2009) showed that phenotypic vari-
ation in P. marmoratus can result from differing food availability
on sheltered and exposed shores. We can also hypothesize that
the different morpho-groups, noted in our study, could be the
result of a regional adaptation to specific abiotic features such as
temperaure and salinity. It is known that the Eastern Mediter-
ranean basin is warmer and more saline than the Western part
and its average water temperature ranges 16-29°C with average
salinity of 39 while the Western basin displays lower temperat-
ures (12-23°C) and salinity (36) (Serena, 2005). Shirley et al.
(1987) showed that water temperature during incubation had a
considerable effect on zoeal morphology in the Dungeness crab
Cancer magister. It is possible that intraspecific differences due to
latitude or habitat depend on how steep the thermal gradient is,
leading to local adaptation of thermal tolerance. Specifically, the
striking separation of the specimens of Monastir from the others
deserves a detailed investigation as the same pattern was ob-
served recently in C. aestuarii (Deli et al., 2014). Being unable at
this stage to disentangle precisely the driving mechanisms that
led to such pattern of morphometric variability, additional work
is needed to identify the biotic and abiotic factors that vary
among locations and evaluate their respective roles in promot-
ing inter-population morphological divergence.

While morphometric analysis data pointed to the existence of

* Group 1
" = Group 2

4 Group 3

Root 1

Fig. 2. Results of the canonical discriminant analyses for the morphometric data of female (a) and male (b) P. marmoratus. Plot of
the first two canonical variates. Dependent categories: three groups.

Table 4. Pairwise NPMANOVAs between all pairs of the marbled crab P. marmoratus populations, based on Bray-Curtis distances

Tabarka Bizerte Korbos Kelibia Benikhiar Monastir Chebba Sfax Zarzis
Tabarka - ns ns ns ns K * ns ns
Bizerte *x - ns ns ns HEE ** ns ns
Korbos * ns - ns ns R ** ns ns
Kelibia ns ns ns - ns ok ns ns ns
Benikhiar ns * * ns - HEx ns ns ns
Monastir k¥ k¥ k¥ kkk k¥kk _ kkk *kkk *kk
Chebba ns ns ns ns ns ek - ** *
Sfax ns ns ns ns ns R ns - ns
Zarzis ns ns ns ns ns HEE ns ns -

Notes: Level of significance, inferred from pairwise male (below the diagonal) and female (above the diagonal) comparisons, is computed
by permutation of group membership with 9 999 replicates: * significant difference at P<0.05, ** significant difference at P<0.01, *** significant

difference at P<0.001, and ns P>0.05.
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three differentiated groups, mitochondrial DNA data recovered
only a single evolutionary lineage. Restriction fragment analysis
of the mitochondrial marker COI, carried on the same popula-
tions, revealed low mitochondrial diversity and lack of structure
in the marbled crab P. marmoratus along the Tunisian coast. Es-
timated haplotype frequencies and F statistics showed a high
level of genetic homogeneity. This finding contrasts with those
previously noted in other decapod species such as the caramote
prawn Penaeus kerathurus (Zitari-Chatti et al., 2009) and the
green crab C. aestuarii © across the investigated region. Using the
same marker for genetic investigation, populations of the latter
species were shown to be structured across the Siculo-Tunisian
region. This suggests that lack of mtDNA-based genetic structure,
noted in P. marmoratus, could be linked to incomplete lineage
sorting because of a slow mtDNA mutation rate in this particular
taxonomic group. Although the COI gene has been shown to be
variable enough in different decapod species (Fratini and Van-
nini, 2002; Roman and Palumbi, 2004; Darling et al., 2008), it
failed to reveal genetic structuring in others like the blue crab
Callinectes bellicosus (Pfeiler et al., 2005). Otherwise, the low ge-
netic diversity could represent a possible signature of historical
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events that happened in the entire region (i.e., possible bottle-
neck during the glaciations periods in the Mediterranean). It is
very unlikely that present day selection could shape similarly the
genetic diversity in environmentally different localities, i.e.,
Tabarka in the western Mediterranean and Chebba in the east-
ern Mediterranean. Lack of COI divergence patterns was recor-
ded previously in P. marmoratus from the European western
Mediterranean and eastern Atlantic coasts (Fratini et al., 2011).
The authors argued that the distribution of genetic variation of
the species could be the residual effect of a recent evolutionary
history. The mtDNA is strictly a useful marker in the description
of population genetic structure owing to its high level of poly-
morphism and evolutionary rate ten times faster than nuclear
genomes. In our case, female-biased dispersal may contribute to
the pattern of genetic variation observed using the maternally in-
herited mtDNA marker (Awadalla et al., 1999). Nevertheless,
mtDNA-derived dispersal estimates, in the marine environment,
most likely represent the overall dispersal rather than exclusively
for female because sex-biased dispersal is highly unlikely for
planktonic larvae (Barber et al., 2006).

The presence of most common haplotype (Haplotype 1) in all

Table 5. Distribution pattern of the found haplotypes in the studied populations of the marbled crab P. marmoratus

Population
Haplotype Tabarka  Bizerte Korbos Kelibia Benikhiar Monastir Chebba Sfax Zarzis

1 20 20 18 20 20 20 20 18 13

2 0 0 2 0 0 0 0 0 0

3 0 0 0 0 0 0 0 2 0

4 0 0 0 0 0 0 0 0 1

5 0 0 0 0 0 0 0 0 1

6 0 0 0 0 0 0 0 0 1

7 0 0 0 0 0 0 0 0 1

8 0 0 0 0 0 0 0 0 1

9 0 0 0 0 0 0 0 0 1

10 0 0 0 0 0 0 0 0 1

Total number of specimens 20 20 20 20 20 20 20 20 20

Table 6. Haplotype diversity within the marbled crab P. marmoratus populations
Population N Nh h

Tabarka 20 1 0.000£0.000
Bizerte 20 1 0.000£0.000
Korbos 20 2 0.189+0.108
Kelibia 20 1 0.000£0.000
Benikhiar 20 1 0.000£0.000
Monastir 20 1 0.000+0.000
Chebba 20 1 0.000£0.000
Sfax 20 2 0.189+0.108
Zarzis 20 8 0.589+0.129
Total 180 10 0.107+0.187

Notes: N represents number of samples per population, Nh number of haplotype, and & haplotype diversity. Each value is the

meanzstandard deviation.

populations with high frequency suggests that gene flow could be
operating in this area, maintaining the genetic homogeneity ob-
served. P. marmoratus juvenile and adult movements alone were

not able to homogenize populations. Instead, planktonic larvae
seem to have a high dispersive capacity. This characteristic,
shared with many other marine invertebrates, could enhance

© Deli T, Said K, Chatti N. 2015. Genetic differentiation among populations of the green crab Carcinus aestuarii (Brachyura, Carcinidae)
from the Eastern and Western Mediterranean coasts of Tunisia. Acta Zoologica Bulgarica, 67 (in press)
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gene flow and maintain connectivity between populations. It is
admitted that migration of few individuals per generation is suffi-
cient to prevent genetic differentiation (Slatkin and Barton,
1989). P. marmoratus larvae can drift in open waters for almost
30 d (Cuesta and Rodriguez, 2000), a period long enough to per-
mit homogenization of geographically distant populations. The-
oretically drifting P. marmoratus larvae can reach very distant
locations on the Tunisian littoral, an area characterized by a uni-
directional surface current called “the Algerian current” originat-
ing from the Atlantic, moving eastward along the North-African
coast and flowing into the eastern basin. This marine current and
the continuous Tunisian coast could have enhanced genetic ho-
mogeneity of the populations studied according to the linear
stepping stone model. Indeed, this model is common in continu-
ously-distributed species like P. marmoratus where homogeniza-

tion of distant populations is maintained by a gene flow that let
exchange of individuals between adjacent or nearby populations
(Kimura and Weiss, 1964; Slatkin and Maddison, 1990). Despite
the lack of geographically associated haplotypes and genetic
structure among populations, our analyses suggested genetic dif-
ferentiation between the southernmost population of Zarzis in
the Eastern Mediterranean coast of Tunisia and the remaining
populations except Korbos and Sfax. Surprisingly, the population
of Zarzis showed the highest level of genetic diversity and har-
bored high number of private haplotypes. This suggests that Zar-
zis could actually represent a continuity of a more eastern genet-
ically different unit or probably reflects a signature of a historic
distribution of the genetic polymorphism in the region. Extend-
ing the analyses to a more complete sampling would shed more
light on this issue.

Table 7. Pairwise Fg; values among populations of the marbled crab P. marmoratus, based on haplotype frequencies

Tabarka Bizerte Korbos Kelibia Benikhiar Monastir Chebba Sfax Zarzis

Tabarka -

Bizerte 0.000 -

Korbos 0.052 0.052 -

Kelibia 0.000 0.000 0.052 -
Benikhiar 0.000 0.000 0.052 0.000 -
Monastir 0.000 0.000 0.052 0.000 0.000 -

Chebba 0.000 0.000 0.052 0.000 0.000 0.000 -

Sfax 0.052 0.052 0.002 0.052 0.052 0.052 0.052 -
Zarzis 0.157 0.157 0.061 0.157 0.157 0.157 0.157 0.061 -

Notes: Bold values indicate significant difference, obtained after B-Y FDR correction (critical value=0.011 98 with 36 hypothesis tests and

alpha=0.05).

The discordance between morphometric and genetic levels of
variability has been shown previously in other shore crab species
like Carcinus meanas along the British coasts, where low levels of
allozyme diversity contrasted with extensive morphometric vari-
ability (Brian et al., 2006). Silva and Paula (2008) showed the
same pattern when combining both levels of mitochondrial and
morphometric variability in population analysis of the Por-
tuguese P. marmoratus. As far as the outcome of the present in-
vestigation analyses could infer, the pattern of discrepancy
between morphological and mtDNA COI data in Tunisian P.
marmoratus might refer to the involvement of abiotic factors as
possible contributors to the noted morphometric separation. In-
deed, Brian et al. (2006) hinted that patterns of morphological
variability in the Atlantic green crab C. maenas are largely de-
termined by local environmental conditions and the species may
exhibit phenotypic plasticity in UK populations. In addition,
Schubart et al. (2001) suggested that Brachynotus gemmellari and
B. sexdentatus possibly represent different ecophenotypes of a
single species at different depths. Similarly, molecular and
morphometric comparisons in Cyrtograpsus affinis and C. alti-
manus revealed no genetic structure but two different morphs
that were always associated with subtidal versus intertidal habit-
ats (Spivak and Schubart, 2003).

Based on the current data, no conclusion can be made on the
driving mechanisms that might have shaped morphometric and
mitochondrial DNA variation patterns in Tunisian P. marm-
oratus. Further ecological and genetic investigations are needed.
Particularly, investigation of highly variable markers such as the
nuclear microsatellites, which allowed high genetic resolution in
this intertidal crab over small geographic scales (Fratini et al.,

2008; Fratini et al., 2011; Fratini et al., 2013; Silva et al., 2009), is
required. These nuclear markers would be more suitable for the
investigation of contemporary gene flow. DNA sequence data
from the mtDNA control region (CR) would be desirable as it is
also characterized by high levels of variability and susceptibility
to genetic drift (Avise, 2000). The development of adequate PCR
primers for the survey of mtDNA CR sequence variation in P.
marmoratus will specifically facilitate the population-level re-
search. In addition, analysis of populations covering a wider dis-
tribution range would help getting a more complete picture
about patterns of intra and inter population phenotypic and ge-
netic variability of this species and enrich our knowledge about
its evolutionary history.
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