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In the present study, we assessed the inter- and intrapopulation genetic and morphological variation of Cerithidea
decollata along the eastern coast of Africa. The population structure of C. decollata along the latitudinal gradient
was examined by sequencing 420 bp of the mitochondrial cytochrome ¢ oxidase I (COI) gene in 172 snails from 29
sites, in a combined analysis with geometric morphometrics in 1799 snails from 32 sites. Analysis of molecular
variance and spatial analysis of molecular variance showed a moderate spatial population differentiation from
Kenya to the Republic of South Africa, suggesting genetic divergence between the northern, central, and southern
regions. This structure appears to be the result of life-history traits combined with oceanographic features.
Haplotype network and mismatch analysis suggest a recent population expansion during the Holsteinian inter-
glacial period in the northern region and several colonization events in the central and southern regions. The
morphometric approach suggests that morphological variation in shell shape is somewhat independent of the
genetic divergence, revealing an overlap of shape across the latitudinal gradient but significant differences
among-population at a local level. This may indicate that similar ecological pressures are acting along the coast,
leading to the occurrence of similar morphological characters. © 2012 The Linnean Society of London, Biological
Journal of the Linnean Society, 2012, 107, 647—663.
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INTRODUCTION their dispersal capacity (Levin, 2006) and, conse-
quently, by their mode of reproduction (Palumbi,
1995). Most marine invertebrates have limited mobil-
ity when adults (gastropods: Thorpe, Solé-Cava &
Watts, 2000). In this way, the presence or absence of
planktonic larval stages has shown to be an impor-
tant factor in the determination of populations’
spatial structure (Avise, 2004).

A number of population genetics comparative
studies support the hypothesis that marine inverte-
*Corresponding author. E-mail: carolbmar@gmail.com brate species with direct development have less

In the marine environment, the population genetic
structure of a species is mainly influenced by species-
specific ecological requirements and life-history traits
(Wilke & Davis, 2000; Riginos & Nachman, 2001).
Genetic differentiation in marine organisms (inverte-
brates in particular) is therefore highly influenced by
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potential for gene flow, showing higher levels of
spatial structure compared to species with planktonic
larvae (gastropods: Kyle & Boulding, 2000; Collin,
2001; bryozoans: Watts & Thorpe, 2006; holothurians:
Arndt & Smith, 1998; sea stars: Hunt, 1993; solitary
corals: Hellberg, 1996). In species with little or no
dispersal during their development (i.e. species with
nondispersive larval stages), substantial spatial
structure is expected even at geographical micros-
cales (Sokolova & Boulding, 2004). By contrast, larvae
dispersal through oceanic currents connects popula-
tions that are geographically separated, resulting in
a partial homogeneity of their genetic diversity
(Bohonak, 1999), where most of the genetic variance
is a result of within population variation (Martel
et al., 2004). In addition, for planktonic larvae of
dispersing organisms, coastal oceanographic dynam-
ics appears to play an important role in a population’s
connectivity and differentiation (Silva et al., 2009).

Several studies suggest that habitat size and con-
tinuity are factors possibly shaping the evolutionary
trajectories of marine organisms (Colborn et al.,
2001; Silva, Mesquita & Paula, 2010a, b). When a
species has a continuous distribution and there are
no restrictions to dispersal along its natural geo-
graphical range, we might consider either one of
the following: (1) panmixia (Cook, Bunn & Hughes,
2002) or (2) isolation-by-distance (IBD) (Martel
et al., 2004), where the exchange of genes and indi-
viduals preferentially occurs locally (Cook et al.,
2002), decreasing with increasing geographical dis-
tance. According to Selkoe & Toonen (2011), in a
study based on new datasets obtained from recent
marine genetic research, there is moderate fit
between the IBD slope and pelagic larval duration
proxies of dispersal, typically reflecting scales of dis-
persal when the sampling design is robust. When
species have a patchy discontinuous distribution,
a high potential for dispersal will lead to regular
exchange of individuals between local subpopula-
tions, connected in a metapopulation complex
(Armonies, 2001; Hixon, Pacala & Sandin, 2002),
whereas a low potential for dispersal will lead to a
spatial network of genetically differentiated popula-
tions (Dahdouh-Guebas et al., 2002).

It has been shown that the level of genetic struc-
turing might be reflected in phenotypic differences
(Palumbi, 1995; Parsons, 1998). Several studies also
suggest that the occurrence of local morphological
variation can be explained by ecophenotypic plasticity
(Miner et al., 2005; Silva & Paula, 2008), although the
relative contribution of genetic and environmental
factors in phenotypic expression has not been solved
(Smith & Ruiz, 2004). The latter include physical and
chemical water properties, desiccation, food availabil-
ity and quality, predatory pressures (Trowbridge,

1994), and parasitism (Levri et al., 2007), all acting
on ecophenotypic plasticity.

Gastropods have shown to be particularly adequate
in population differentiation studies for two reasons:
(1) they inhabit heterogeneous environments and
exhibit conspicuous variation in morphology, life-
history, and behaviour (Rolan et al., 2004) and (2)
both types of development, direct and indirect (vari-
able dispersion capacity), occur in gastropods, making
them good models for comparison between species
with different life strategies. Cerithidea decollata
(Linnaeus, 1758) snails inhabit shallow tropical and
warm temperate seas along the Indian African coast
(Reid et al., 2008). Parsimonious reconstruction of
ancestral habitats suggests that the living snails in
Potamididae family (in which the genus Cerithidea is
included) result from adaptive radiation closely asso-
ciated with mangroves and that the specialized
tree-climbing group Cerithidea is derived from mud-
dwelling ancestors (Reid et al., 2008). However very
little is known about the biology of most of these
tropical gastropods and even their systematic classi-
fication is still not settled, despite recent studies
clarifying phylogenetic relationships (Kojima et al.,
2006; Miura, Torchin & Bermingham, 2010). Accord-
ing to D. G. Reid (pers. comm.), the life cycle of
C. decollata should be similar to that of Cerithidea
rhizophorarum, for which Kojima et al. (2006) report
a planktonic life of 12-20 days. In this way, a high
dispersal ability can be expected for this species.

The eastern coast of Africa offers a set of unique
characteristics, especially for studying the relative
importance of oceanographic processes in the genetic
structure of marine organisms (Silva et al., 2010b).
There are three main current systems along this
coast: (1) the Agulhas’ warm current; (2) the Mozam-
bique Channel eddy system; and (3) the South Equa-
torial current (Lutjeharms, 2006). The patterns of
these currents influence the temperature regimes,
coastal topography, composition, and distribution of
species (Neethling et al., 2008). In addition, the anti-
cyclonic circulation facilitates an almost random
dispersal of planktonic larvae (Silva et al., 2010b),
contributing to the homogenization of populations
along the coast. The mesoscale phenomena occurring
in the continental platform, such as eddies and
counter currents (Lutjeharms & da Silva, 1988), may
also contribute to larval dispersal or retention (Paula,
Dray & Queiroga, 2001). Other events, such as
upwelling, tidal regime, and estuarine flow, also influ-
ence dispersal at a smaller spatial scale (Abelson &
Denny, 1997; Quinteiro, Rodriguez-Castro & Rey-
Méndez, 2007). Most of these oceanographic factors
can act in a double way: dispersing planktonic larvae
and acting as corridors to gene flow or alternatively,
acting as physical barriers (Quinteiro et al., 2007;
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Galarza et al., 2009; Silva et al., 2009, 2010b), corre-
sponding, in most cases, to the limits of biogeo-
graphical regions (Patarnello, Volckaert & Castilho,
2007).

The combination of data from genetic and morpho-
logical surveys obtained when studying population
dynamics allows an integrated approach of different
levels of an organism’s complexity. This is important
when interpreting variability patterns and recogniz-
ing the factors involved in population differentiation
(Silva et al., 2010a). In the present study, we aimed to
assess the level of populations’ morphological and
genetic diversity and spatial structure of Cerithidea
decollata (Mollusca, Gastropoda) along the eastern
coast of Africa. The specific questions addressed were:
(1) do populations of C. decollata show evidence of
genetic and morphological subdivision within the
geographical area under study? (2) do oceanographic
factors contribute to the patterns observed? (3) how
do morphological characteristics vary along the lati-
tudinal gradient? and (4) do genetic and morphologi-
cal patterns of variation vary similarly?

MATERIAL AND METHODS
SAMPLING DESIGN AND PROCESSING

Samples of C. decollata were collected from mangrove
frests from Kenya to South Africa, ranging a geo-
graphical north—south gradient of approximately
5000 km.

A spatially-nested sampling design was adopted
(Fig. 1), consisting of four regions, 12 areas, and
33 sites, following a hierarchical geographical scale:
macrogeographical scale for the regions (> 500 km);
mesogeographical scale for the areas (>50km
<100 km); and microgeographical scale for the sites
(> 1 km <50 km). The design consisted of four major
regions, each one comprising different sampling areas
(adding up a total of 12): Kenya/Tanzania north (areas
A and B); Tanzania south/Mozambique north (area C to
F); Mozambique centre (area G); Mozambique south/
Republic of South Africa (area H to L). Except for areas
G, J, and L, which were represented by single point
locations, the other sampling areas included several
independent sampling sites (replicates; adding up a
total of 33). The geographical distances between sam-
pling sites were measured by the shortest sea distance
(km), using the software GOOGLE EARTH, version
6.1 (Google Inc).

Upon collection by hand at each location, 60 cap-
tured specimens were immediately fixed in ethanol
70% for morphometric analysis, whereas another 15
specimens were preserved in absolute ethanol (shells
were broken to allow adequate tissue penetration) for
genetic analyses.

GENETIC ANALYSIS

A total of 172 individuals from 29 sites were used for
the genetic analysis. Total DNA was isolated from a
portion of mantle tissue, using EZNA Mollusc DNA
Isolation Kit (Omega Biotek) in accordance with the
manufacturer’s instructions.

A 1000-1300-bp fragment of the mitochondrial
(mt)DNA cytochrome ¢ oxidase I (COI) gene was
amplified by polymerase chain reaction (PCR) using,
as primer pairs, COI-bf (5-GGGGCTCCTGATAT
AGCTTTTCC-3’, Miura etal., 2006b) and COI-6
(5-GGRTARTCNSWRTANCGNCGNGGYAT-3, Shi-
mayama et al., 1990) or LCO1490 (5°-GGTCAACAA
ATCATAAAGATATTGG-3’, Folmer et al., 1994) and
COI-6. The 25-ul PCR reaction mixture included:
0.1-0.7 pg.ul™ total DNA, 1 x Taq buffer (Fermentas),
2.5uM MgCl,, 0.4 ug.ul™ bovine serum albumin,
0.1 uM dNTPs, 1 uM of forward and reverse primers,
and 0.02 U.ul? Taqg DNA polymerase (Fermentas).
The reaction mixtures were subjected to the tempera-
ture conditions: denaturation at 94 °C for 60 s; five
cycles of denaturation at 94 °C for 30 s, annealing at
45 °C for 60 s, and extension at 72 °C for 60 s; fol-
lowed by 30 cycles of denaturation at 94 °C for 60 s,
annealing at 50 °C for 90 s, extension at 72 °C for
60 s; with a final extension step at 72 °C for 5 min.
PCR products of the samples were then purified by
Exo0-SAP clean-up protocol (Werle et al., 1994) and
sent to Stab-Vida (http:/www.stabvida.com/) for
sequencing in the forward or reverse directions
using a 3700 ABI DNA Sequencer (Applied Biosys-
tems). Sequences analyzed in this study were depos-
ited in GenBank (accession numbers JX026281—
JX026452).

Chromatograms were analyzed and sequences were
verified, edited and aligned using SEQUENCHER,
version 4.8 (Gene Codes Corporation). A segment of
420 bp of the partial gene for COI was recovered for
all samples. A diversity analysis of the genetic data
was performed using DNASP, version 5.0 (Librado &
Rozas, 2009): the number of polymorphic sites, seg-
regating sites, mutations, the number of mtDNA
haplotypes, and the mean number of nucleotide
differences were calculated. Haplotype diversity
(h) and nucleotide diversity (m) were calculated
for each location, as well as for the entire pooled
populations using ARLEQUIN, version 3.5 (Excoffier
& Lischer, 2010). The amounts of sequence diver-
gence (p-distances) were calculated using PAUP* 4.0
(Swofford, 2002).

Phylogeographical relationships among haplotypes
were explored by haplotypic network analysis using
the median-joining method, as implemented in
NETWORK, version 4.6.0.0 (Shareware Phylogenetic
Network Software Website).
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Figure 1. Sampling locations for Cerithidea decollata and oceanographic features (adapted from Ansorge & Lutjeharms,
2007) in the east African coast, along Kenya (KN), Tanzania (TZ), Mozambique (MOZ), and the Republic of South Africa
(RSA). Currents in black represent the most likely physical mechanisms acting as barriers. Areas: A — Mikindani (Mi),
Gazi (G), Shirazi (Sh); B — Kunduchi (K), Mtoni Kijichi (MK), Ras Dege (RD); C — Mikindani Bay (MiB), Mngoji (Mn),
Litembe Pwani (LP), Ruvuma estuary (RE); D — Olumbi (Ol), Mocimboa da Praia (MP), Ulo (U), Luchete (Lu); E —
Tandanhangue (T), Ibo Kirimbas (IK), Olondo (O), Pemba (P), Mecufi (Me); F — Nacala Velha (NV), Namuacha (N),
Cabaceira Grande (CG); G — Rio Savane (RS); H — Inkomati (I), Costa do Sol (CS); I — Hotel Inhaca (HI), Mangal do Farol
(MF), Saco (S), Ponta Rasa (PR); J — Kosi bay (KB); K — Santa Lucia (SL), Honeymoon bend (HB); L. — Mlalazi (Mlz).
e samples used in both genetic and morphometric analyses; M, samples used exclusively in morphometric analysis;
@, samples used exclusively in genetic analysis. Sampling was conducted during 2006, between January and December.

o

<

Genetic differentiation among samples was
assessed through pairwise ®sr as implemented in
ARLEQUIN, version 3.5 (Excoffier & Lischer, 2010).
Significant deviations from the null hypothesis of
no differentiation were assessed with 10 000 per-
mutations of individuals among populations after
sequential Bonferroni correction.

To assess correlations between genetic and
geographical distances and to test whether genetic
differentiation among samples could be explained
by IBD, values of ®g1/(1 — ®sr) were plotted against
geographical distances (In transformed) for each pair
of areas. Furthermore, the significance of the corre-
lation achieved was tested by Mantel Z-test with
10 000 iterations, using software IBD, version 1.52
(Bohonak, 2002).

Population genetic structure was explored through
a spatial analysis of molecular variance (SAMOVA)
approach, using the software SAMOVA, version
1.0 (Dupanloup, Schneider & Excoffier, 2002). Parti-
tioning of mtDNA variation and correlation of haplo-
types at different levels of hierarchical subdivision
was investigated by analysis of molecular variance
(AMOVA), using ARLEQUIN, version 3.5. In a first
approach, overall patterns of genetic differentiation
among samples were assessed (AMOVA). In a second
approach, samples were grouped according to the
regions defined in the nested sampling design
(AMOVA II). Finally, the best structure obtained by
SAMOVA was tested (AMOVA III). Levels of gene flow
among groups for the best structure obtained were
estimated using the same software.

Mismatch distributions were analyzed with ARLE-
QUIN, version 3.5 to explore the demographic history
of populations. Goodness of fit between the observed
and expected distribution was tested with 1000 per-
mutation replicates under a sudden expansion model.
To further examine the population history, neutrality
tests of Tajima’s D (Tajima, 1989) and Fu’s F statis-
tics (Fu, 1997) were carried out using the same
software. We calculated the time since expansion
(t) by converting T in the equation t=2ut, to
time in years where wuis the mutation rate/
nucleotide year™ x sequence length. We used a muta-

Figure 2. Cerithidea decollata. Position of the 15 land-
marks on the shell.

tion rate of 2.81%/Myr estimated for Cerithidea snails
using K2P distances in Miura et al., (2010).

MORPHOMETRIC ANALYSIS

The morphology of the shell was characterized in two
dimensions (using geometric morphometric methods)
for 1799 specimens from 32 sites. These methods
yield detailed information about variation in the
shape of objects at the same time as retaining a visual
representation of them throughout the analysis (Mit-
teroecker & Gunz, 2009). Landmarks, which are coor-
dinates of points, were recorded from high-resolution
digital images taken with a Nikon D70 digital camera
with a 55-mm micro lens and using consistent capture
conditions for all specimens. The 15 homologous
points chosen (Fig.2) were digitized on the shells
using TPSDIG, version 2.16 (Rohlf, 2010a). The cri-
teria used to choose the landmarks were their relative
ease in identification across samples and the ability of
the suite of landmarks to capture the general shape of
the shell.

Gastropods are known to have allometric growth
and so it was necessary to evaluate the effect of
size in shape variation, using the TPSREGR, version
1.37 (Rohlf, 2009). This was achieved by regressing
each shape variable (relative warps; RW) against a
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measure of body size and estimating the residual
shape variation, which was then used for further
morphometric analyses. Landmarks of each specimen
were optimally aligned using generalized Procrustes
analysis (Rohlf & Slice, 1990), in which the configu-
rations of the specimens are superimposed via trans-
lation, scaling, and rotation, using the minimal
bending energy method (Mitteroecker & Gunz, 2009).
Centroid size, which is used as scaling factor during
the superimposition process, was subsequently used
as a measure of size for each specimen. The term
‘shape’ used in the present study is thus defined
as a geometric representation of an object after
removing all nonshape variation as a result of
measurement-associated errors (Claverie, Chan &
Patek, 2011).

From the aligned specimens, shape variables were
generated by performing a RW analysis (Bookstein,
1991), which is the analogue of a principal compo-
nents analysis (Zelditch et al., 2004). This analysis
reduces the dimensionality of multivariate data by
transforming a set of many correlated variables into a
small number of significant uncorrelated variables
(Claverie et al., 2011) called RWs. These new sets
of shape variables are then used for statistical com-
parisons of shape variation within and among groups.
The present study also used the thin-plate spline
approach, using the TPSRELW, verison 1.49 (Rohlf,
2010b), which allowed the visualization of shape
change as deformation grids.

STATISTICA, version 9.0 (StatSoft Inc) was used to
investigate shell shape variation significance. A
nested multivariate analysis of variance (MANOVA)
was performed on the RW scores. In this way, we
determined the degree and significance of variation
between regions, study areas within regions, and
populations within areas. To test which groups dif-
fered within each hierarchic level, we performed post-
hoc Tukey’s honestly significant difference tests for
unequal N, which perform pairwise comparisons. The
best structure obtained in the genetic analysis was
also used to test whether differences at morphological
level were also significant, using the same approach
as before. A stepwise discriminant analysis was also
performed on the shape variables. Classification
methods were then used to evaluate the power of the
functions in discriminating groups.

RESULTS
GENETIC ANALYSIS

The sequencing of 420bp from 172 specimens
revealed a total of 60 distinct haplotypes defined by
49 polymorphic sites, of which 26 were parsimony
informative. Forty-nine (81.67%) haplotypes were

unique, accounting for 28.49% of the overall speci-
mens. The most common haplotype (H1) was present
in 60 of the 172 individuals (34.88%). H1 was found in
every sampling locality from Kenya to south Mozam-
bique (except for Shirazi and Saco), although it did
not appear in the populations of the Republic of South
Africa. The second (H10) and third (H6) most common
haplotypes accounted for 16.27% and 6.40% of the
total individuals, respectively. H10 was found across
the entire geographical range of this study. Haplotype
6 was private to Mozambique. Almost all haplotypes
(seven out of ten) found in Mozambique central region
were private to this region. Within a given location,
the highest haplotype richness was found in Rio
Savane (Mozambique centre), with ten haplotypes,
and the lowest haplotype richness was found in
Pemba (Mozambique north) samples with only one
haplotype.

Considering the total study area, the eastern coast
of Africa, the overall values of haplotype diversity and
nucleotide diversity (Table 1) for the entire mtDNA
data set were 0.8478 + 0.023 and 0.00912 + 0.00052,
respectively. The levels of within population genetic
diversity (Table 1) were quite variable among locali-
ties. The regions with the highest overall level
of h were Mozambique centre (h=0.955+ 0.057),

Mozambique south/Republic of South Africa
(h=0.916 £ 0.026), and Kenya/Tanzania north
(h=0.909 £ 0.039), and the lowest level was
found in Tanzania south/Mozambique north

(h=0.643 = 0.056). Considering nucleotide diversity,
the highest overall value of m was found in
Mozambique centre (m=0.01205+ 0.00138) and
Mozambique south/Republic of South Africa
(r=0.01105 £ 0.00091), and the lowest value was
found in Tanzania south/north Mozambique
(mr=0.00504 + 0.00069). The calculations of sequence
divergence among haplotypes resulted in a mean
genetic distance of 1.32%, and a minimum and
maximum of 0.24% and 3.81%, respectively.

The mtDNA haplotype network for C. decollata
(Fig. 3) was not fully resolved, presenting various
ambiguities (loops). The three most common haplo-
types (H1, H10, and H6), presented central positions
within the network, connected by a few mutational
steps. H1 was in the centre of a clear star-like topol-
ogy. Several exclusive alleles were interspread in
the network, connected by a few mutational steps,
without a clear assignment to a cluster.

Values of pairwise ®sr ranged from -0.0296 to
0.4367 and allowed us to identify significantly differ-
ent areas. Pairwise ®gr values were higher and most
of them were significant when comparing northern
areas with central and southern areas of the latitu-
dinal gradient. The full COI data set revealed a
positive and significant correlation between genetic

© 2012 The Linnean Society of London, Biological Journal of the Linnean Society, 2012, 107, 647-663



GENETIC AND MORPHOLOGICAL VARIATION IN A GASTROPOD 653

Table 1. Summary statistics: number of specimens, haplotypes and haplotype and nucleotide diversity for C. decollata

populations
Number
Number of Number of of private

Locality specimens haplotypes haplotypes h (mean + SD) 7 (meaqn + SD)
Mi 3 2 0 0.67 £ 0.31 0.003 + 0.003
G 4 3 0 0.83 £ 0.22 0.008 + 0.006
Sh 1 1 1 0.00 + 0.00 0.000 + 0.000
K 5 5 4 1.00 £ 0.13 0.008 + 0.005
MK 5 4 1 0.90 £ 0.16 0.008 + 0.005
RD 6 5 3 0.93 £ 0.12 0.011 + 0.007
Mn 6 4 2 0.80 +0.17 0.005 + 0.004
RE 4 3 1 0.83 £ 0.22 0.002 + 0.002
0Ol 6 3 1 0.60 = 0.22 0.005 + 0.004
MP 7 2 1 0.29 + 0.20 0.005 + 0.003
U 6 2 1 0.33 + 0.22 0.001 = 0.001
Lu 9 3 1 0.42 +0.19 0.003 + 0.002
IK 6 4 2 0.87 +0.13 0.006 + 0.004
T 7 4 3 0.71+£0.18 0.003 + 0.003
(0] 4 4 1 1.00 + 0.18 0.012 + 0.009
P 6 1 0 0.00 = 0.00 0.000 + 0.000
Me 6 4 2 0.80 £ 0.17 0.005 + 0.004
NV 7 4 2 0.81+0.13 0.010 + 0.006
N 6 4 1 0.80 £ 0.17 0.008 + 0.006
CG 6 3 1 0.73 £ 0.16 0.006 + 0.004
RS 12 10 7 0.95 + 0.06 0.012 + 0.007
CS 9 5 2 0.86 + 0.09 0.011 + 0.007
MF 7 5 2 0.90 £ 0.10 0.010 + 0.006
S 5 4 2 0.90 £ 0.16 0.012 + 0.008
PR 4 4 0 1.00 £ 0.17 0.012 + 0.008
KB 11 6 4 0.83 = 0.30 0.009 + 0.008
SL 5 3 2 0.80 £ 0.16 0.006 + 0.004
HB 4 3 2 0.83 £ 0.22 0.009 + 0.007
Mlz 5 5 4 1.00 £ 0.12 0.014 + 0.010
Total 172 60 53 0.85 +0.02 0.009 + 0.001

For the complete name of the sampling sites see Fig. 1. h, haplotype diversity; &, nucleotide diversity.

divergence and geographical distance, as indicated by
the results of the Mantel test (Z = 68.543, r = 0.289,
P <0.05; Fig. 4), fitting the IBD model.

The SAMOVA algorithm was used to investigate
the hypothesis of finding population groups using
both genetic information and geographical location of
the localities sampled. This analysis was performed
several times by varying the user-defined number of
clusters, from K=2 to K=6. The cluster formed by
the northern localities did not collapse with the
increase in the number of groups, while the two other
clusters were broken progressively. In most cases,
samples were grouped not breaking the defined sam-
pling areas (A to L; Fig. 1).

When considering the hierarchical partitioning of
mtDNA variation, for AMOVA I, in which individuals
from the same locality were treated as individual

populations, the large majority of the genetic variance
was a result of differences within populations
(78.76%) and 21.24% to differences among popu-
lations. A significant ®gsr value was achieved
(Pgr=0.21245, P <0.001), indicating significant
overall genetic differentiation among populations
(Table 2). In AMOVA 1II (Table 2), the groups were
defined according to our a priori expectations: four
regions as described in the nested sampling design:
(1) Kenya/Tanzania north; (2) Tanzania south/
Mozambique north; (3) Mozambique centre; and
(4) Mozambique south/Republic of South Africa.
The results show significant differentiation among
groups, representing 21.24% of the total variance
(Oer=0.21244, P <0.001), although the greatest
source of variation revealed to be among populations
(73.21%, ®sr=0.26787, P <0.001). When performing
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Figure 3. Median-joining network for Cerithidea decollata haplotypes. Circles represent haplotypes and circle size
represents haplotype frequency. The length of the lines connecting haplotypes is proportional to the number of mutational
steps. The open circles represent hypothetical missing haplotypes that were not found in the samples but are necessary

to connect haplotypes.
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AMOVAs to the genetic structures defined by
SAMOVA for the various user-defined number of clus-
ters (from K=2 to K=6), the results (not shown)
actually indicate a tendency of ®cr to increase and
®gc to decrease with increasing K, reaching a plateau
at K =3 (AMOVA III; Table 2). The genetic structure
tested in AMOVA III consisted of three groups: (1)
from Mikindani to Cabaceira Grande (area A to F) —
northern; (2) from Rio Savane to Ponta Rasa (area G
to I) — central; and (3) from Kosi bay to Mlalazi (area
J to L) — southern. For this population genetic struc-

ture, the partition of total variance reached its
highest value for genetic differentiation among
groups (30.96%) and its lowest value for genetic dif-
ferentiation among populations within groups (near
0.00%), with the genetic differentiation among popu-
lations within groups being nonsignificant (P > 0.05).
Gene flow estimates, M (=N, for haploid popula-
tions), were performed pairwise between groups
(for groups in AMOVA III): (1) M =1.24 migrants/
generation among northern-central groups; (2)
M =1.87 migrants/generation among central—
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Table 2. Analysis of molecular variance (AMOVA)

Sum of Variance % Fixation
Source of variation d.f. squares components variation P indices
AMOVA I
Among populations 30 113.25 0.40983 21.24
Within populations 141 214.215 1.51926 78.76 0.00000 Dgr = 0.21245
Total 171 327.465 1.92909
AMOVA 1II
Among groups 3 55.745 0.44083 21.24 0.00000 DOcr = 0.21244
Among populations within groups 27 57.505 0.11502 5.54 0.00782 ®gc =0.07038
Within populations 141 214.215 1.51926 73.21 0.00000 Dgr = 0.26787
Total 171 327.465 2.07511
AMOVA III
Among groups 2 67.414 0.69004 30.96 0.00000 Dcr = 0.30962
Among populations within groups 25 38.277 —-0.00151 -0.07 0.31505 Dgc =-0.00098
Within populations 144 221.774 1.54010 69.11 0.00000 Dgr = 0.30895
Total 171 327.465 2.23902

AMOVA I: overall genetic differentiation among samples; AMOVA II: four groups according to the nested sampling design;
AMOVA III: three groups obtained by SAMOVA (1, from area A to F; 2, from area G to I; 3, from area J to L).

Table 3. Mitochondrial DNA haplotype mismatch distribution analysis for Cerithidea decollata; Tajima’s D and Fu’s F,

tests and P values are also presented

Parameters Goodness-of-fit tests Tajima’s D test Fu’s F; test

60 61 T SSD PSSD Ragged PRagged D P Fs P
North 0.002 2.799 5.355 0.012 0.710 0.041 0.785 -2.033 0.002* -26.212 0.000*
Centre 0.000 14.707 6.398 0.035 0.039% 0.054 0.090 -0.525 0.338 -6.146 0.014*
South 0.000 7.998 5.625 0.008 0.780 0.0235 0.807 —-0.459 0.371 —4.809 0.020*

0o and 6;, pre- and post-expansion population size; 1, time in number of generations elapsed since the episode of sudden
expansion; SSD, sum of squared deviations; Ragged, raggedness index; Pssp and Praggeq, probability that the expected
mismatch distributions have significantly larger frequencies than the observed mismatch distributions. *Significant

values at P < 0.05.

southern groups; and (3) M =0.78 migrants/
generation among northern—southern groups.

For the mismatch analysis and neutrality tests
(Table 3), populations were grouped according to the
three-group structure generated by SAMOVA that
maximized the variance among groups. Both Pssp and
Progeea showed that the observed mismatch distribu-
tion patterns did not significantly differ from the
expected distribution under a sudden expansion
model (except the Psgsp value for the central group).
Tajima’s D and Fu’s F; statistics for the northern
group (areas A to F) were negative with significant
P-values, and therefore the hypothesis of sudden
population expansion could not be rejected. The cal-
culated time of expansion for northern group was
approximately 227 155 years (between 201 746 and
252 640 years; 1: 95% confidence interval =4.756—

5.956). For central (areas G to I) and southern (areas
J to L) groups, the results of the several tests are not
all consistent with the hypothesis of sudden demo-
graphic expansion.

MORPHOMETRIC ANALYSIS

The shape analysis approach revealed the existence of
morphological variations in the shells among popula-
tions. Shape components analysis performed on all
the specimens showed a decreasing amount of varia-
tion explained by the shape variables, with the first,
RW1, accounting for 19% of the explained variance;
the second, RW2, explaining 14% of the variance; and
the third, RW3, explaining 12% of the variance. The
first axis revealed shape differences on the length and
flattening of the shell, whereas the second axis
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Figure 5. Spline grids showing shape deformation along relative warps 1 and 2 of the shell of Cerithidea decollata. The
graph illustrates the specimens’ distances to the mean configuration of the shell (graph origin 0.0). Each point in the
scatterplot represents a unique shape and the axes represent vectors of shape change. The ellipses correspond to a
probability of 90% of the points being distributed within their limits. K/TzN: Kenya/Tanzania North; TzS/MzN: Tanzania
South/Mozambique North; MzC: Mozambique Centre; MzS/RSA: Mozambique South/Republic of South Africa.

revealed differences at the shell aperture level,
mainly in the distances between landmarks 7, 8, 9,
and 10, characterizing the progressive narrowing/
opening of the aperture. In Figure 5, the thin plane
spline grids allow the visualization and interpretation
of the deviation values (both positive and negative)
in geometric terms, for RW1 and RW2. The results
graphically support the visual differences in shell
morphology that can be observed.

Results from the nested MANOVA following the
sampling design showed that there were no significant
differences among regions and among areas within the
regions, revealing an overlap of shape across the

latitudinal gradient. When testing for differences
among populations (Fig. 6), however, the results
showed significant differences among them (Wilks’
A =0.055; F=10.676; P < 0.0001), which indicate that
differences in shell shape are mainly local. The post-
hoc Tukey’s honestly significant difference tests per-
formed on the populations to test which ones were
different confirmed this possibility showing that,
within all areas, almost all of the populations were
significantly different from each other. Results from
the MANOVA testing morphological differences for the
best genetic structure obtained (three groups from
the SAMOVA analysis: northern, central, southern)
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Figure 6. Scatterplots of individual scores from the relative warp analysis (RW1 x RW2), comparing populations within the main geographical regions of the

latitudinal gradient in study (the Mozambique centre is not included once it is represented by only one population — Rio Savane).

were identical to the previous ones, with no significant
differences among groups, corroborating the possibility
of an overlap of shape across the gradient.

The degree of separation between regions, areas,
and populations was quantified using a stepwise dis-
criminant analysis applied to the shape variables.
Significant differences were observed for all cases
for the discriminant function: regions (R =0.571,
P <0.0001), study areas (R =0.625; P <0.0001), and
populations (R = 0.795; P < 0.0001), and the most effi-
cient variable for discrimination was RW1. A cross
validation statistical analysis also verified the effi-
ciency of the discrimination.

Correct classification of specimens according to
shape similarities/differences was 44.7% for Kenya/
Tanzania north; 77.4% for Tanzania south/
Mozambique North; 90.2% for Mozambique Centre;
and, finally, 67.4% for Mozambique south/Republic of
South Africa. The overall rate of specimens correctly
classified into regions was 58.3%. When analyzing
each area and each locality separately, 47.4% and
58.4% of the overall specimens, respectively, were
correctly classified into groups. Considering localities,
correct classification ranged from 41% (Pemba, Caba-
ceira Grande) to 84% (Rio Savane). Most misclassified
individuals were assigned to geographically adjacent
localities or areas, although there were cases of mis-
classification that showed no obvious pattern of
assignment.

DISCUSSION

The assessment of population differentiation along
the eastern African coast for the mangrove gastropod
C. decollata through the combined analysis of mtDNA
and shell shape variation revealed different patterns
of divergence for genetic and morphological markers.
Considering the genetic differentiation pattern, the
major source of variation was found to be at within-
localities level. However, differences at a macrogeo-
graphical scale were found to be significant and
correlated with geographical distance, suggesting
the possibility of the existence of discrete groups
(northern—central-southern) along the coast with
diminished gene flow among them, as demonstrated
by the low levels of gene flow estimated (1 < Ny, <2,
for estimates between the central and the two other
groups, and N, < 1 for estimate between north—south
groups). Concerning morphometric geometrics analy-
ses, the major source of morphological variation
occurs within areas at among-localities level, where
significant differences were obtained, although not at
a macro spatial scale, showing an overlap of shape
across the major regions of the latitudinal gradient.
In summary: (1) Genetic approach: significant differ-
entiation among regions, with a three-group structure
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(macrospatial scale), and significant genetic differen-
tiation within localities (microspatial scale) along the
coast but nonsignificant differentiation among locali-
ties within groups (mesospatial scale), and (2) Mor-
phological approach: nonsignificant differentiation
among regions (macrospatial scale), nonsignificant
differentiation within localities (microspatial scale)
but significant differentiation among localities within
areas (mesospatial scale).

Cerithidea decollata proved to be somewhat geneti-
cally variable, as shown by the p-distances. Consid-
ering nucleotide diversity values, similar ranges of
values (0.0000-0.0143) were found compared to other
Cerithidea species (Kojima et al., 2006: Cerithidea
cingulata: 0.0004-0.0119, Cerithidea djajariensis:
0.0000-0.0088, Cerithidea largillierii: 0.0059—0.0068,
C. rhizophorarum: 0.0007-0.0054). Regarding haplo-
type diversity, it was generally high within most
sampling sites. Furthermore, the presence of many
rare haplotypes suggests that the female effective
population size is very large (Lewontin, 1974). These
results are concordant with the expectation that gas-
tropod species with pelagic larvae have high levels of
genetic diversity as a result of high effective popula-
tion sizes (V) and so the effects of genetic drift might
be greatly diminished. In this way, rare mitochondrial
haplotypes will be more likely to persist in the popu-
lation (Slatkin, 1985). Our results further indicate
that there is no apparent haplotype saturation level
with increasing sample size, suggesting that many
unidentified haplotypes may still exist in the popula-
tions sampled, as also observed by Cassone & Boul-
ding (2006) and Silva et al. (2010a) for crabs in the
Pacific and Indian oceans, respectively. Similar to our
results, high levels of genetic variation within popu-
lations have been reported for several gastropod
species with pelagic larvae such as Littorina scutulata
along the west coast of North America (Kyle & Boul-
ding, 2000), Nerita atramentosa in south-eastern
Australia (Waters et al., 2005), and Littoraria scabra
in eastern Africa (S. E. Silva, unpubl. data). The
low levels of haplotype and nucleotide diversities
observed in Tanzania south/Mozambique north may
be the result of a population bottleneck followed by
demographic expansion, as suggested by the mis-
match analysis (discussed below).

Our analysis of DNA sequences suggests that C.
decollata displays a moderate population structure
along the 5000 km of the eastern African coast. This
was reflected by: (1) a reasonable and significant
overall value of ®gr (0.21245); (2) high pairwise ®sr
values among areas from the northern versus central
versus southern regions of the latitudinal gradient;
(3) the existence of private haplotypes in most popu-
lations; and (4) significant ®¢r values in the AMOVAs
performed. These results are consistent with a

number of other intertidal and nearshore species with
planktonic larvae that, despite the high potential for
dispersal and gene flow, display a significant popula-
tion structure (Batillaria zonalis, Kojima et al., 2005;
Carcinus maenas, Roman & Palumbi, 2004; Pascoal
et al., 2009; Tectarius striatus, Van den Broeck
et al., 2008; Conus ebraeus, Duda & Lessios, 2009).
A similar macrogeographical zonation has been
obtained for the larvae dispersal crab Perisesarma
guttatum in the same geographical area (Silva et al.,
2010a). The different genetic differentiation patterns
attained at different geographical scales in the
present study appear to indicate that the presence
and duration of the planktonic larval phase are key
determinants of the magnitude of spatial population
structure in marine invertebrate species, as observed
by Lee & Boulding (2009).

We should note that the moderate genetic differen-
tiation obtained at a macrogeographical scale (three-
group structure obtained by SAMOVA) might have
been underestimated. This is because fixation indices
derived from the AMOVA are not completely accurate
when used for the analysis of haplotypic data and,
hence, should be regarded as indicators rather than
absolute values (Schneider, Roessli & Excoffier, 2000).
This is important because samples from large popu-
lations, as in the case of C. decollata, along the
sampled geographical gradient tend to underestimate
population differentiation, causing the results to be
conservative.

The attained macrogeographical structure pattern
is consistent with increasing evidence that a variety
of physical oceanographic factors, including tempera-
ture gradients, wind patterns, ocean mesoscale
currents and eddies can restrict larval dispersal
(McCartney, Keller & Lessios, 2000). As a result of its
planktonic larval stage of 2-3 weeks, we predicted a
high dispersal ability for C. decollata. Therefore, the
observed differentiation may be a consequence of
physical mechanisms, where a correlation between
coastal hydrology and population connectivity exists.
In particular, the complex hydrographical dynamics of
Maputo Bay and the adjacent neritic waters, which
include eddy systems and inshore countercurrents
derived from Mozambique Channel, are the most
likely physical mechanisms that could act as barriers
reducing dispersal. These phenomena may contribute
to the retention of larvae and restrict offshore disper-
sal as suggested by Paula et al. (2001), which would
lead to the differentiation of the central group
(because larvae would be kept in this area), as well as
prevent gene flow between northern and southern
regions, thus explaining the observed differences.
Also, Larson & Julian (1999) maintain that oceano-
graphic currents and the entrainment of larvae lead
to genetic patchiness, which may counteract the effect
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of fecundity and dispersal time. Considering the non-
significant values of ®g¢ for the three-group structure
obtained by SAMOVA, the East African coastal
current and the anti-cyclonic circulation pattern in
north Mozambique coast appear to be the most impor-
tant features contributing to the homogenization of
populations along the coast in the northern region
because they allow an almost random dispersal of the
larval planktonic phases (Silva et al., 2010a). Simi-
larly, the warm southward Agulhas Current that
forms between south Mozambique and the Republic of
South Africa (Lutjeharms, 2006) appears to play an
identical role, and might be responsible for the south-
ward dispersion of larvae from areas J, K and L,
leading to the homogenization of populations within
the southern region.

In IBD analysis, genetic differentiation was found
to be correlated with coastline distance among popu-
lations, suggesting that dispersal occurs across
limited distances and through successive events (i.e.
following a step-by-step process along the coastline),
fitting an IBD model. This is concordant with other
studies in which isolation by distance has been sug-
gested for rocky and shallow intertidal organisms in
south Mozambique and South Africa, irrespective of
their pelagical larval duration (Evans et al., 2004;
Teske et al., 2007). A review of IBD slopes for several
marine invertebrates inferred that planktonically
developing gastropods dispersed over 20-140 km on
average (Kinlan & Gaines, 2003). In addition, it
appears that, within each group defined in the three-
group genetic structure, the larval export strategy
(Paula et al., 2004) might apply, once the degree of
differentiation among populations within groups was
really low and nonsignificant (AMOVA III).

Genetic differences observed at microgeographical
scale may result from the zonation of plant commu-
nities in intertidal habitats to which C. decollata is
associated. Mangrove zonation quite often occurs in a
mosaic style that varies with the complex of physical,
chemical, and biological interactions occurring in a
particular area (Neukermans et al., 2008; Rey &
Rutledge, 2009). In this way, C. decollata should be
distributed in clumps near Avicennia marina tree
patches, which serve as shelter during the high tide
to escape from predators. Such a correlation between
mangrove vegetation and fauna distribution has been
suggested for several intertidal species, in particular
for grapsid crabs (Dahdouh-Guebas et al., 2002). This
type of distribution would lead to a network of spatial
genetic variation explaining the significant overall
subdivision observed in the study area.

The network topology, the mismatch distribution
and Tajima’s D and Fu’s F tests for C. decollata for
the northern region are indicative of a population
that has recently expanded in size from one or a small

number of founders following a population bottleneck
(Slatkin & Hudson, 1991), showing an excess of
recent mutations. Thus, the limited degree of gene-
tic differentiation among populations within this
area may also be a reflection of recent expansion.
The estimated time of expansion [approximately
227 155 years (95% confidence interval =201 746—
252 640 years)] coincides with the beginning of a
warm high sea level period in the Holsteinian inter-
glacial period. Similar patterns appear to be shared
by many other western and central Pacific marine
taxa (Duda & Lessios, 2009). For the central and
southern groups, the results of the tests described
above were not all concordant with the hypothesis of
sudden expansion, which appears to indicate the
existence of equilibrium between mutation and drift
and constancy in population size in these regions. In
line with these findings, Benzie et al. (2002) and
Kochzius & Nuryanto (2008) suggest that the fall in
sea level during the Pleistocene ice ages is likely to
have removed shelf habitat in southern Africa.
Indeed, the mangrove habitat is highly sensitive to
sea-level change, being greatly reduced in global area
during low sea-level stands (Sun et al., 2000). Conse-
quently, the distributions of marine species must have
been profoundly disrupted along the broad continen-
tal shelves in the central Indo-West-Pacific, when
these were exposed during Pleistocene sea-level fluc-
tuations (Voris, 2000). These habitats would then
have been reinvaded by the surviving populations,
when the sea level rose, at the end of the glacial
periods (Forbes et al., 1999), enabling the recoloniza-
tion and growth of the reduced populations. This
scenario also appears to be applicable for many
marine organisms from other disparate geographical
regions (Gopurenko & Hughes, 2002; Couceiro et al.,
2007; Espinosa et al., 2010).

Considering the geometric morphometrics analysis,
differences in morphological characters were not so
obvious when analyzing the thin-plate deformations,
and the MANOVAs showed morphological similarity
along the gradient at a macrogeographical scale as a
result of the overlap of morphotypes. Nevertheless,
we observed the existence of significant among-
locality within areas divergence of shape. The main
morphometric differences concerned shell length and
aperture size. The greatest deviations to the mean
configuration were found in the central region (area
G) versus the northern (areas A to F) and southern
regions (areas H to L), when displaced in a morpho-
logical space. Interestingly, morphotypes of different
regions appear to be alike. Therefore, our data do not
show any particular geographical assignment of
shapes among the regions defined, which was con-
firmed by the low levels of correct classification
obtained by classification methods. This may indicate
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that similar ecological pressures are acting along the
coast, leading to the similar development of morpho-
logical characters. However, when acting in the oppo-
site direction, site-specific ecological pressures may
cause changes in the expression of a particular mor-
phological trait, which may explain the significant
differences observed among sampling sites. A similar
phenomenon was also observed by Silva et al. (2010a)
for a crab species, where the same environmental
factors that possibly justified the lack of morphologi-
cal differentiation across several hundreds of kilom-
eters of coast were the same factors contributing to
local shape variation, when acting in opposite direc-
tions. These ecological pressures can have diverse
origins, such as foraging, defence, habitat availability,
mating, food acquisition, and even human caused
disturbances (Smith, 2004; Brian et al., 2006).

In C. decollata, the combination of a high dispersal
potential with the environmental features, namely
oceanographic currents, appears to have led to a
moderate genetic divergence, suggesting the existence
of three groups (northern, central and southern) with
low gene flow among them. Yet, in view of the fact
that we only looked at one single gene fragment, and
given that that there was no haplotype saturation in
our samples, it is possible that there may be far more
differentiation than expected, although this may be
difficult to detect because a more intensive sampling
effort would be needed. In addition, genetic analyses
of marine population structure often find slight geo-
graphical differentiation in species with a high dis-
persal potential but interpreting this genetic signal
has been difficult. Many more studies of widespread
species, namely those combining more than one
genetic marker, will be needed before the factors that
contribute to modern-day patterns can be elucidated.
This should help solve questions such as the effective
population sizes of marine populations, how these
change through time, and the movements among
marine populations that shape their evolutionary
history and sustain their dynamics today. For the
geometric morphometrics survey, the patterns of
shape variation along the coast were identical, sug-
gesting the possibility of similar environmental pres-
sures acting along the coast. Understanding the cues
inducing morphological changes and their immediate
adaptive value is being improved (Schlichting &
Pigliucci, 1998), although there is still much left to
comprehend about how this phenomenon contributes
to broader spatial (and temporal) patterns of varia-
tion, especially in complex ecosystems such as
mangroves. The combined application of different
approaches is therefore very valuable and should help
resolve important questions about different aspects of
the past and present differentiation patterns of popu-
lations over large geographical scales.
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