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ABSTRACT
To investigate gene-flow patterns in the western Indian Ocean (WIO), tissue samples of Terebralia palustris

were collected along the coasts of East Africa and Madagascar. A fragment of the mitochondrial cyto-
chrome c oxidase subunit I (COI) gene was sequenced in 308 individuals from 18 sites. Based on a COI
fragment of 624 base pairs, 43 haplotypes were identified. The two most abundant haplotypes were shared
among all sample sites, but 20.9% of the haplotypes were restricted to the sites in southern Mozambique.
Population expansion was found and confirmed by moderate haplotype diversity, low nucleotide diversity
and the analysis of demographic history. Analysis of molecular variances (AMOVA) revealed significant
genetic differentiation among populations (φst = 0.10, P ≤ 0.001). Pairwise φst and a hierarchical
AMOVA (φct = 0.04, P = 0.01) suggest significant genetic differentiation among five regions: (1) northern
Kenya, (2) Kenya, Tanzania and western Madagascar, (3) northeastern Madagascar, (4) southern
Madagascar and (5) southern Mozambique. Since the analysis of isolation by distance did not show a sig-
nificant correlation between geographic distance and genetic differentiation, even though the maximum
distance between sites is about 3,050 km (Z = 7,513.89, r = 0.12, P = 0.08), the complex oceanography in
the WIO could be the main factor that restricts gene flow.

INTRODUCTION

In conservation biology, resilience and recovery from disturbance
are key elements, in which connectivity and dispersal play major
roles. Connectivity is defined as “the demographic linking of local
populations through the dispersal of individuals among them as
larvae, juveniles or adults” (Sale et al., 2005: 74) and is crucial for
the understanding of colonization processes. When all populations
are self-recruiting (i.e. closed populations), connectivity is non-
existent. In contrast, high connectivity is present when most of the
recruitment occurs through exchange among populations (i.e.
open populations) (Jones et al., 2009). Thus, high connectivity pro-
motes resilience and recovery from disturbances.

In the marine realm, dispersal of many species is accom-
plished by the passive transport of planktonic larvae (Scheltema
& Williams, 1983) and is important for the colonization of new
regions or recolonization of disturbed habitats, as well as in
facilitating gene flow between widely separated populations.
Successful recolonization is essential for resilience. A long plank-
tonic larval duration (PLD) provides a high potential for disper-
sal and may increase gene flow among populations, at least on a
geographical mesoscale (10–100 km) (Fratini & Vannini, 2002).
The frequency of long-distance dispersal depends on the drift
coefficient and the size of the source population, the former
being defined as the probability that larvae will be carried away

by currents and do not stay in the same coastal waters as the
source population (Scheltema, 1971).

Ocean currents are generally viewed as facilitating long-
distance dispersal of larvae, resulting in large panmictic popula-
tions. In contrast, some DNA-based studies have revealed strong
genetic differentiation on small geographic scales, suggesting that
vicariance and isolation of populations can contribute to the shap-
ing of marine biodiversity (e.g. Froukh & Kochzius, 2007; Timm
& Kochzius, 2008; Nuryanto & Kochzius, 2009).

Oceanography in the western Indian Ocean (WIO) is complex.
Dominant currents could facilitate dispersal along the East African
coast and around Madagascar, or might act as barriers causing iso-
lation (Fig. 1A). The South Equatorial Current (SEC) splits into
the Northeast and Southeast Madagascar Current (NEMC and
SEMC) where it meets Madagascar. The northward NEMC joins
another branch of the SEC that flows towards the East African
coast and splits into the northward East African Coast Current
(EACC) and southward Mozambique Current (MC). This config-
uration potentially forms an oceanographic barrier separating the
southern and northern East African coast, but could also tend to
homogenize the populations through larval dispersion from nor-
thern Madagascar. Additionally, the Mozambique Channel Eddies
(MCE) could cause larval retention in the Mozambique Channel.
The convergence of the northward EACC and the Somali Current
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(SC) in northern Kenya, which contribute to the South Equatorial
Counter Current (SECC), could also form a barrier, separating the
East African coast from the Horn of Africa (Schott & Mccreary,
2001; Benny, 2002; Schouten et al., 2003; Fig. 1A).

Population genetic studies on marine species in the WIO have
demonstrated that gene flow is very high for long-distance swim-
mers, such as tuna and swordfish (Muths et al. 2012, 2013). But
being a good swimmer is not enough when the dominant sea sur-
face current is unidirectional and stronger than 0.5 m/s, as in the
case of the humpback dolphin, where gene flow is restricted
between Tanzania and the southern part of Mozambique
(Mendez et al., 2011). Restricted dispersal has also been observed
for species that are confined to certain habitats, such as groupers
and soldierfish that inhabit coral reefs (Muths et al., 2011; Muths,
Tessier & Bourjea, 2015). The differences in geographical area
covered among studies does not allow an effective comparison,
but there are two reports that cover a considerable area of the
WIO and reveal the following genetic population structure for
both a grouper (Epinephelus merra) and a mangrove snail (Cerithidea
decollata): (1) Kenya and northern Tanzania, (2) southern Tanzania
and northern Mozambique, (3) central Mozambique and (4) south-
ern Mozambique and South Africa (Madeira et al., 2012; Muths

et al., 2015). However, a study on a mangrove crab (Scylla serrata)
and an anemonefish (Amphiprion akallopisos) did not show any gen-
etic structure along the East African coast (Huyghe & Kochzius,
2017; Rumisha et al., 2017), while a study on a stony coral
(Acropora tenuis) revealed only weak structure in Kenya and
Tanzania (van der Ven et al., 2016). Other studies have proposed
that reef fish (Myripristis berndti, E. merra) and S. serrata populations
in eastern Madagascar show restricted gene flow to other regions
of the WIO (Muths et al., 2011, 2015; Rumisha et al., 2017). A
study on another mangrove snail (Littoraria subvittata) and a fiddler
crab (Austruca occidentalis) in Tanzania revealed that gene flow is
negatively influenced by mangrove deforestation (Nehemia &
Kochzius, 2017; Nehemia, Huyghe & Kochzius, 2017).

The present study uses the potamidid gastropod Terebralia palustris
(Linnaeus, 1767) to infer gene flow among locations in the WIO.
Terebralia palustris is the largest gastropod dominating the surface of
muddy substrates in mangrove forests of the Indo-West Pacific.
Commonly it reaches 120mm in length, with a maximum reported
length of 190mm (Nishihira, 1983; Loch, 1987; Houbrick, 1991;
Carlén & Ölafsson, 2001). It has an important role in the mangrove
ecosystem, consuming fallen leaves (Nishihira, 1983; Houbrick,
1991; Slim et al., 1997; Fratini, Vannini & Cannicci, 2008; Pape

Figure 1. A. Map of the western Indian Ocean showing sampling sites (black dots) and prevailing currents during the Northeast Monsoon. Abbreviations:
EACC, East African Coast Current; MC, Mozambique Current; MCE, Mozambique Channel Eddies; NEMC, Northeast Madagascar Current; SC,
Somali Current; SEC, South Equatorial Current; SECC, South Equatorial Counter Current; SEMC, Southeast Madagascar Current (Schott & Mccreary,
2001; Schouten et al., 2003); KEN, Kenya; TZN, Tanzania; MDG, Madagascar; MOZ, Mozambique. Pie charts represent the proportion of clades defined
in the network (see B) at the different sample sites. Squares represent MPAs with mangroves (1, Mikoko Pamoja; 2, Pemba; 3, Ugunja; 4, Quirimbas;
5, Primeiras and Segundas I.; 6, Bazaruto Archipelago; 7, Pomene; 8, Ponta de Ouro; 9, Ambodivahibe; 10, Nosy Hara; 11, Sahamalaza; 12, Baly Bay;
13, Antrema; 14, Mananara Nord; 15, Kirindy Mitea). B. Network of 43 COI haplotypes from 308 individuals of Terebralia palustris. Size of the circles cor-
responds to the number of individuals; smallest dots correspond to missing haplotypes indicating number of mutational steps between observed haplotypes.

2

H. A. RATSIMBAZAFY AND M. KOCHZIUS

Downloaded from https://academic.oup.com/mollus/advance-article-abstract/doi/10.1093/mollus/eyy001/4844094
by guest
on 09 February 2018



et al., 2008). In Africa (e.g. Mozambique and Madagascar) and Asia
(e.g. Ryukyu Islands and Taiwan) T. palustris is utilized for human
consumption (Barnes et al., 1998; Ohgaki & Kurozumi, 2000;
Bosire et al., 2016a, b; personal observation), which can cause its
depletion (Ohgaki & Kurozumi, 2000).

Transoceanic dispersal of gastropod larvae is possible (Scheltema,
1971) and evidence has been discovered in the Western Pacific
(Scheltema & Williams, 1983). A free-swimming larval stage has been
reported for T. palustris (Rao, 1938), although its duration is not yet
known. Potentially, long-distance dispersal of its larvae is possible and
could be facilitated by prevailing ocean currents in the WIO.
Continuous flow of surface currents and the occurrence of a network
of small islands in the Mozambique Channel (Îles Glorieuse, Comoros,
Mayotte, Juan de Nova, Bassas da India and Île Europa; Fig. 1A) act-
ing as stepping stones could facilitate gene flow in T. palustris.

This study uses DNA sequences of a fragment of the mitochon-
drial cytochrome c oxidase subunit I (COI) gene to investigate the
genetic population structure of T. palustris in the WIO.

MATERIAL AND METHODS

Three hundred and eight individuals of Terebralia palustris were col-
lected along the East African coast from Kenya (Lamu, Mida,
Mtwapa and Gazi), Tanzania (Chake Chake, Mbweni and Mafia),
southern Mozambique (Vilanculos, Inhambane and Inhaca) and
Madagascar (Ramena, Madiro, Sarodrano, Baie des Forbans,
Maintirano, Morondava, Anakao and Ambohibola) (Fig. 1A,
Table 1). Small tissue samples were removed, preserved in at least
96% ethanol and stored at 4 °C.

DNA extraction was done using Qiagen® and NucleoSpin®

tissue-extraction kits following the manufacturers’ protocols. The
COI fragment was amplified using the following primers:
LCO1490 (5′-GGTCAACAAATCATAAAGATATTGG-3′) and
HCO2198 (5′-TAAACTTCAGGGTGACCAAAAAATCA-3′) (Folmer
et al., 1994). PCR was conducted in a volume of 50 μl that contained
4 μl DNA templates, 5 mM of PCR buffer, 2.5mM of MgCl2, 2 μl

(10 pmol/μl) of each primer, 0.2mM of dNTPs, 0.4 μl of BSA
(10mg/ml) and 1U of Taq polymerase. The following temperature
profile was used for the PCR: 94 °C for 5min, followed by 35 cycles
of 1min at 94 °C, 1.5min at 45 °C and 1min at 72 °C. The final
extension was conducted at 72 °C for 5min. The sequencing of both
strands was conducted with an ABI 3730XL capillary sequencer
(Applied Biosystems, Foster City, USA).

The programme ChromasPro v. 1.5 (Technelysium) was used
to edit the sequences. Multiple alignments were done using
ClustalW (Thompson, Higgins & Gibson, 1994) as implemented
in the software BioEdit v. 7.1.3.0 (Hall, 1999). Squint v. 1.02
(Goode & Rodrigo, 2007) was used to translate DNA sequences
into amino-acid sequences as quality control to exclude sequen-
cing errors and/or nuclear pseudogenes. The online service
FaBox DNA Collapser (Villesen, 2007; http://users-birc.au.dk/
biopv/php/fabox/dnacollapser.php#) was used to reduce the
sequence dataset to haplotypes. Haplotype (Nei, 1987) and nucleo-
tide diversity (Nei & Jin, 1989) were calculated with Arlequin v. 3.5
(Excoffier & Lischer, 2010).

The null hypothesis of neutral evolution of the marker and its sig-
nificance level was tested using Tajima’s D (Tajima, 1989) and Fu’s
FS (Fu, 1997) tests as implemented in Arlequin. Mismatch-
distribution analysis and the model of sudden population expansion
(Rogers, 1995) were tested by the calculation of the sum of square
deviation (SSD) (Rogers & Harpending, 1992) and Harpending’s
raggedness index (HRI) (Harpending, 1994) using Arlequin.

Geographical distances were measured as the shortest path by
sea between two sample sites and plotted against pairwise φst-values
to evaluate the hypothesis of isolation by distance. The significance
of the resulting correlation was determined with a Mantel test
(Mantel, 1967) using the isolation-by-distance web service v. 3.23
(Jensen, Bohonak & Kelley, 2005; http://ibdws.sdsu.edu).

Genetic population structure was investigated using information
on DNA haplotype divergence by calculating the overall φst-value
and pairwise φst-values among sample sites. Significance was eval-
uated with an analysis of molecular variance (AMOVA; Excoffier,
Smouse & Quattro, 1992) derived from a matrix of squared

Table 1. Measures of genetic diversity, tests for neutrality and mismatch distributions, for Terebralia palustris sampled in East Africa and Madagascar (for
geographical location codes see Fig. 1).

Country Sites Code n Nhap Genetic diversity Neutrality tests Mismatch distribution

h π (%) Tajima’s D Fu’s Fs SSD HRI

KEN Lamu La 20 6 0.71 (±0.09) 0.15 (±0.12) −0.97 −2.38** 0.02 0.15

Mida Creek MC 18 5 0.68 (±0.08) 0.18 (±0.13) −1.24 −1.06 0.01 0.13

Mtwapa Mt 13 2 0.54 (±0.06) 0.09 (±0.09) 1.48 1.23 0.03 0.30

Gazi Ga 22 7 0.75 (±0.07) 0.22 (±0.16) −0.90 −2.19 0.01 0.08

TZN ChakeChake CC 24 6 0.75 (±0.06) 0.17 (±0.13) −0.60 −1.79 0.02 0.15

Mbweni Mb 7 4 0.81 (±0.13) 0.17 (±0.14) −0.65N −1.39* 0.05 0.31

Mafia Mf 21 7 0.73 (±0.08) 0.22 (±0.16) −1.55* −2.33* 0.01 0.07

MDG Ramena Ra 19 5 0.67 (±0.07) 0.18 (±0.13) −0.72 −0.94 0.02 0.12

Baie des Forbans Bf 15 5 0.70 (±0.09) 0.18 (±0.14) −1.33 −1.19 0.02 1.17

Madiro Md 17 6 0.80 (±0.07) 0.22 (±0.16) −1.27 −1.78 0.02 0.15

Maintirano Mr 24 5 0.70 (±0.06) 0.14 (±0.11) −0.47 −1.20 0.02* 0.19**

Morondava Mv 8 3 0.46 (±0.20) ≤0.01 −1.31 −1.00 0.01 0.17

Sarodrano Sd 19 6 0.75 (±0.09) 0.17 (±0.13) −0.97 −2.43* 0.02 0.17

Anakao Ak 17 4 0.63 (±0.08) 0.13 (±0.11) −0.89 −0.58 0.01 0.14

Ambohibola Ab 21 5 0.54 (±0.11) 0.09 (±0.09) −1.29 −2.37** 0.02 0.16

MOZ Vilanculos Vi 10 5 0.80 (±0.10) 0.26 (±0.19) 0.63 −1.05 0.04 0.14

Inhambane Ib 15 8 0.88 (±0.06) 0.32 (±0.21) −0.30 −3.13* 0.02 0.08

Inhaca Ic 18 8 0.80 (±0.07) 0.31 (±0.20) −1.25 −2.67* 0.01 0.07

Abbreviations: KEN, Kenya; TZN, Tanzania; MDG, Madagascar; MOZ, Mozambique; n, sample size; Nhap, haplotype number; h, haplotype diversity (±SD);
π, nucleotide diversity (±SD); SSD, sum of square deviation; HRI, Harpending’s raggedness index. Significance levels: *0.05 > P > 0.01; **P ≤ 0.01; all other
values not significant, P ≥ 0.05.
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distances among all pairs of haplotypes using Arlequin, while the
source of variation was identified using hierarchical AMOVA in
the same programme. The programme TCS v. 1.21 (Clement,
Posada & Crandall, 2000) was used to generate a haplotype net-
work and to estimate the most likely ancestral haplotype.

RESULTS

Based on an alignment of 308 COI sequences with a length of 624
base pairs (GenBank accession numbers LN649620-LN649796 and
LT634363-LT634493), 43 haplotypes were defined. A total of 30
of these haplotypes were singletons and two haplotypes were pre-
sent in all populations, with an overall proportion of 43.2% and
27.3%, respectively. 20.9% of the haplotypes were restricted to
three sites located in southern Mozambique (Inhambane, Inhaca
and Vilanculos; Fig. 1A). Based on the haplotype network and their
geographical distribution six clades were defined (Fig. 1B). Six
mutational steps was the maximum genetic distance from the most
common haplotype to a singleton from Inhaca, the southernmost
study site (Fig. 1B). Haplotype diversity (h) ranged from 0.46 in
Morondava to 0.88 in Inhambane. Nucleotide diversity (π) ranged
from less than 0.01% in Morondava to 0.32% in Inhambane
(Table 1). Haplotype and nucleotide diversity were positively corre-
lated. The highest levels of genetic diversity were found in southern
Mozambique, while the lowest genetic diversity was observed in
western Madagascar (Morondava) and Kenya (Mtwapa). However,
this result could be biased by the small sample sizes (8 and 13 indi-
viduals, respectively) at the latter two sites. Low genetic diversity
was also found in southern Madagascar (Ambohibola).

Negative Tajima’s D values were observed for all sites except
in Mtwapa and Vilanculos, but the null hypothesis of neutral
evolution of the COI marker was only rejected for the sample
from Mafia (Table 1). Fu’s Fs was significant for Mafia as well,
but also for the sampling sites Lamu, Mbweni, Inhambane,
Inhaca, Ambohibola and Sarodrano. This could suggest selec-
tion, but Tajima’s D and Fu’s Fs tests did not reject the null
hypothesis of neutral evolution in most cases. The mismatch dis-
tribution analysis and Rogers’ test did not reject the hypothesis
of sudden population expansion for any sample sites, except
Maintirano (Table 1). Therefore, population growth rather than
selection is likely responsible for the observed genetic signature.

AMOVA showed significant genetic structure in the overall
sample (φst = 0.10, P ≤ 0.001). Based on pairwise φst-values
(Table 2) and oceanography, the following groupings were tested
in a hierarchical AMOVA: (1) North (Kenya and Tanzania) vs
South (Mozambique and Madagascar), (2) North vs Mozambique
vs Madagascar, (3) North vs Mozambique Channel vs north-
eastern Madagascar, (4) northern Kenya vs Mozambique vs
northeastern Madagascar vs southern Madagascar vs all other
sites and (5) Mozambique vs all other sites (Table 3). All these
partitions were significant, but the last (5) had a slightly higher
and highly significant fixation index (φct = 0.05, P = 0.009).
Since the population structure seems to be mainly driven by the
samples from Mozambique, e.g. the red clade only occurs there,
the analysis was also conducted without the sample sites from
Mozambique. However, an AMOVA still detected a low but sig-
nificant level of genetic population structure (φst = 0.01, P =
0.01). The following groupings were tested with this dataset in a
hierarchical AMOVA: (1) northern Kenya vs all other sites, (2)
southern Madagascar vs all other sites, (3) northern Kenya vs
southern Madagascar vs northeastern Madagascar vs all other
sites and (4) northeastern Madagascar vs all other sites. All
groupings showed a low but significant fixation index, while
grouping 4 had the highest value (φct = 0.06, P = 0.01)
(Table 4). Analysis of isolation by distance revealed no significant
increase in genetic distance with increasing geographic distance
(Z = 7513.89, r = 0.12, P = 0.08).

DISCUSSION

Population genetic structure

All populations showed a moderate level of haplotype diversity and
a very low level of nucleotide diversity, which have also been
reported in the WIO for the potamidid snail Cerithidea decollata
(Madeira et al., 2012), littorinid snails (Silva et al., 2013; Nehemia
et al., 2017), the crab Scylla serrata (Fratini, Ragionieri & Cannicci,
2010; Rumisha et al. 2017) and the blue sea star Linckia laevigata
(Otwoma & Kochzius, 2016). Such a moderate haplotype and low
nucleotide diversity is interpreted as a genetic signature of a bottle-
neck (Grant & Bowen, 1998). The results of Tajima’s D-test, Fu’s Fs-
test, the mismatch distribution analysis and Rogers’ test for sudden
population expansion suggest demographic growth, which is

Table 2. Pairwise φst between populations of Terebralia palustris in western Indian Ocean.

Sites La MC Mt Ga CC Mb Mf Ra Bf Md Mr Mv Sd Ak Ab Vi Ib

La –

MC 0.07 –

Mt 0.12* −0.05 –

Ga 0.08* −0.03 −0.02 –

CC 0.06* −0.03 −0.01 −0.02 –

Mb −0.04 −0.06 −0.03 −0.05 −0.06 –

Mf −0.01 −0.00 0.02 0.00 0.00 −0.08 –

Ra 0.06 −0.04 −0.04 −0.02 −0.01 −0.06 −0.02 –

Bf 0.04 −0.04 −0.03 −0.02 −0.01 −0.07 −0.03 −0.05 –

Md −0.02 0.01 0.05 0.01 −0.01 −0.08 −0.02 0.02 0.00 –

Mr −0.03 0.05 0.10* 0.06 0.04 −0.05 −0.01 0.05 0.04 −0.03 –

Mv −0.02 0.10* 0.14 0.11 0.09 −0.01 −0.01 0.04 0.03 0.04 0.01 –

Sd −0.03 0.03 0.07 0.04 0.02 −0.07 −0.03 0.01 −0.00 −0.02 −0.02 −0.02 –

Ak 0.03 −0.03 −0.03 −0.01 −0.01 −0.07 −0.04 −0.05 −0.05 0.00 0.02 0.00 −0.00 –

Ab −0.01 0.14** 0.20** 0.15** 0.12** 0.02 0.03 0.10* 0.08 0.06 0.02 −0.07 0.01 0.06 –

Vi 0.19** 0.11* 0.16* 0.09* 0.09* 0.08 0.13* 0.14* 0.12* 0.10* 0.18** 0.28** 0.15** 0.16** 0.29** –

Ib 0.08** 0.07* 0.12* 0.06 0.06 0.00 0.05 0.07 0.05 0.04 0.08** 0.12 0.05 0.08 0.14** −0.02 –

Ic 0.04 −0.03 −0.01 −0.03 −0.03 −0.07 −0.02 −0.02 −0.03 −0.01 0.03 0.07 0.01 −0.02 0.11** 0.05 0.01

For abbreviations of samples sites see Table 1. Significance levels: *0.05 > P > 0.01; **P ≤ 0.01; all other values not significant (P ≥ 0.05).
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congruent with the moderate haplotype and low nucleotide diversity
observed. The haplotype network also shows a typical pattern of an
expanding population that went through a previous bottleneck, with
a star-like structure and only two dominant haplotypes (Fig. 1B).
This finding is therefore similar to the population expansion reported
in the WIO for other organisms (Benzie et al., 2002; Fratini et al.,
2010; Silva et al., 2013; Otwoma & Kochzius, 2016; Huyghe &
Kochzius, 2017; Rumisha et al., 2017).

Gene flow in Terebralia palustris was restricted along the East
African coast and in Madagascar (φst = 0.14, P ≤ 0.001). Based
on pairwise φst-values and hierarchical AMOVAs, populations of
T. palustris could be grouped as follows: (1) northern Kenya, (2) Kenya,
Tanzania and western Madagascar, (3) northeastern Madagascar,
(4) southern Madagascar and (5) southern Mozambique.

The populations from southern Mozambique are genetically
very well differentiated, which can be attributed to the occurrence
of haplotypes of the red clade and the absence of the orange clade
(Fig. 1). Additionally, the highest genetic diversity was observed in
southern Mozambique (Inhaca). A similarly high genetic diversity
in that region was also found in the grouper Epinephelus merra.
These findings indicate that southern Mozambique could poten-
tially be the origin of the populations elsewhere in the WIO
(Muths et al., 2015). In contrast, one haplotype (orange clade in
Fig. 1) is not present in northeastern Madagascar, making this
region genetically distinct. A significant genetic structure among
populations in the North and South, as well as East of the WIO
was observed in E. merra, which is concordant with recognized bio-
geographic and oceanographic boundaries (Muths et al., 2015). A
weak genetic structure was detected on a smaller scale for the cor-
al Acropora tenuis and Linckia laevigata in Tanzania and Kenya
(Otwoma & Kochzius, 2016; Van der Ven et al., 2016), as well as
in Littoraria subvittata in Tanzania (Nehemia et al., 2017).

However, other studies have found no significant genetic structure
along the East African coast in the mangrove crabs Neosarmatium mei-
nerti (Ragionieri et al., 2010), Uca annulipes (Silva, Mesquita & Paula,
2010) and S. serrata (Fratini et al., 2010; Rumisha et al., 2017), as well
as in Littoraria scabra and L. glabrata (Silva et al., 2013). Lack of genetic
population structure in the two littorinid species could be attributed

to the low samples size of the study. Lack of significant genetic differ-
entiation in T. palustris among sites in Kenya, Tanzania and western
Madagascar could be attributed to its long PLD, enabling dispersal
over large distances and across potential oceanographic barriers. In
addition, islands like the Comoros, Mayotte, Îles Glorieuse, Juan de
Nova and Île Europa (Fig. 1A) could be acting as stepping stones,
connecting western Madagascar with East Africa.

Since isolation-by-distance analysis revealed no significant increase
in genetic distance with increasing geographic distance (Z =
7513.89, r = 0.12, P = 0.08), the main factor that restricts gene flow
and hence dispersal is therefore the action of sea surface currents
(Fig. 1A). The northward EACC and the southward SC converge
during the Northeast Monsoon in northern Kenya, preventing dis-
persal to the northernmost sample site (Lamu) from southern loca-
tions. South Mozambique is probably separated from the northern
part of East Africa by the split of the SEC into the southward MC
and northward EACC. A study on humpback dolphins has sug-
gested that the strong (0.5m/s) and unidirectional MC is the reason
for restricted gene flow between populations in Tanzania and south-
ern Mozambique as well as South Africa (Mendez et al., 2011). This
could be one reason for the observed genetic structure and isolation
of the T. palustris population in southern Mozambique. The south-
ernmost location in Madagascar (Ambohibola) could be under the
influence of the SEMC, preventing exchange and gene flow with
other sample sites. The populations from northeastern Madagascar
seem to be under the influence of the NEMC, separating them
from other regions. Such a separation was also observed in S. serrata
(Rumisha et al., 2017). These results suggest that connectivity of T.
palustris in the WIO region is mainly shaped by oceanography,
restricting genetic exchange between the central part (Kenya,
Tanzania, western Madagascar) and northern Kenya (convergence
of EACC and SC), southern Mozambique (MC), southern
Madagascar (SEMC) and northeastern Madagascar (NEMC).

Management recommendations

Mangrove forests are the only habitat that is utilized by T. palustris
and therefore any loss or gain in mangrove area will directly impact

Table 3. Hierarchical AMOVA of Terebralia palustris populations in the western Indian Ocean.

Grouped populations ϕct

North vs South:
(La, Mc, Mt, Ga, Cc, Mb, Mf) vs (Ra, Bf, Md, Mr, Mv, Sd, Ak, Ab, Ic, Ib, Vi)

0.03*

North vs Mozambique vs Madagascar:
(La, Mc, Mt, Ga, Cc, Mb, Mf) vs (Ic, Ib, Vi) vs (Ra, Bf, Md, Mr, Mv, Sd, Ak, Ab)

0.04*

North vs Mozambique Channel vs Northeast Madagascar:
(La, Mc, Mt, Ga, Cc, Mb, Mf) vs (Md, Mr, Mv, Sd, Ak, Ab, Ic, Ib, Vi) vs (Ra, Bf)

0.03**

North Kenya vs Mozambique vs Northeast Madagascar vs South Madagascar vs all other sites:
(La) vs (Ic, Ib, Vi) vs (Ra, Bf) vs (Ab) vs (Mc, Mt, Ga, Cc, Mb, Mf, Md, Mr, Mv, Sd, Ak)

0.04**

Mozambique vs all other sites:
(Ic, Ib, Vi) vs (La, Mc, Mt, Ga, Cc, Mb, Mf, Ra, Bf, Md, Mr, Mv, Sd, Ak, Ab)

0.05**

For abbreviations of samples sites see Table 1. Significance levels: *0.05 > P > 0.01; **P ≤ 0.01.

Table 4. Hierarchical AMOVA of Terebralia palustris populations in the western Indian Ocean without populations from Mozambique.

Grouped populations ϕct

North Kenya vs all other sites:
(La) vs (Ra, Bf, Md, Mr, Mv, Sd, Ak, Ab, Mc, Mt, Ga, Cc, Mb, Mf)

0.04**

Northeast Madagascar vs all other sites:
(Ra, Bf) vs (La, Mc, Mt, Ga, Cc, Mb, Mf, Md, Mr, Mv, Sd, Ak, Ab)

0.04**

North Kenya vs Northeast Madagascar vs South Madagascar vs all other sites:
(La) vs (Ra, Bf) vs (Ab) vs (Mc, Mt, Ga, Cc, Mb, Mf, Md, Mr, Mv, Sd, Ak)

0.04**

South Madagascar vs all other sites:
(Ab) vs (La, Mc, Mt, Ga, Cc, Mb, Mf, Ra, Md, Mr, Mv, Sd, Ak, Bf)

0.06*

For abbreviations of samples sites see Table 1. Significance levels: *0.05 > P > 0.01; **P ≤ 0.01.
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its populations. Each country (Kenya, Tanzania, Mozambique and
Madagascar) in this study has a policy that regulates forest exploit-
ation, including mangroves. For instance, in Kenya many mangrove
forests occur in MPAs and are managed under the jurisdiction of the
Wildlife Conservation and Management Act of 2013 (Bosire et al.,
2016a, b). In mainland Tanzania the implementation of the National
Mangrove Management Plan in 1991 categorizes each mangrove
forest into four utilization zones, including total protection and
recovery zones. Zanzibar has three MPAs including mangroves in
Ugunja (Menai Bay, Chwaka Bay and Makoba-Muwanda Bay) and
three others in Pemba (Ngezi, Micheweni and Matumbini-Kisiwa
Panza) (Mangora et al., 2016). Mozambique has in total seven pro-
tected areas (Quirimbas National Parks, Bazaruto Archipelago, Pomene
Reserve, Inhaca Forestry Reserve, Ponta de Ouro Partial Marine
Reserve and Primeiras & Segundas Island MPA) that include man-
grove forests (Macamo et al., 2016). Madagascar has seven MPAs
(Sahamalaza, Nosy Hara, Ambodivahibe, Baly Bay, Kirindy
Mitea, Mananara Nord and Antrema) and 18 locally managed mar-
ine areas (LMMA) with mangrove forests (https://mihari-network.
org/). In these LMMAs, community-based management is imple-
mented by involving local organizations in conservation (Ratsimbazafy
et al., 2016).

This study suggests that the five identified regions should be
considered as separate management units. Mangrove conservation
in southern Kenya is well implemented (Mikoko Pamoja project in
Gazi Bay), but similar attention should be given to the mangrove
forests in the north (Lamu), because there T. palustris populations
seem to be genetically separated.

In Madagascar the management of MPAs and LMMAs is differ-
ent. MPAs are controlled by a governmental agency, while LMMAs
are managed by the local community, leading to a weaker imple-
mentation of regulations in the latter. Since there are no MPAs in
southern Madagascar, the existing LMMAs should receive more sup-
port from governmental authorities to enforce existing regulations.
Also, mangrove forests in southern Madagascar should be considered
as a separate management unit, because they appear not to be well
connected to other regions.

Populations in Kenya, Tanzania and western Madagascar seem
to be very well connected and, considering the mangrove manage-
ment in place, populations appear to be sufficiently protected.

Mozambique has many MPAs along its coastline, including some
encompassing the genetically distinct populations in the south.
These southern populations, which also show a high genetic diver-
sity, should be considered as an evolutionarily significant unit and
conservation of these populations should therefore be a priority.
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