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Expansion of the mangrove
species Rhizophora mucronata
in the Western Indian Ocean
launched contrasting genetic
patterns

Ludwig Triest**, Tom Van der Stocken®®, Dennis De Ryck?, Marc Kochzius?, Sophie Lorent?,
Magdalene Ngeve®3, Hajaniaina Andrianavalonarivo Ratsimbazafy%*, Tim Sierens?,
Rosa van der Ven?* & Nico Koedam?!

Estimates of population structure and gene flow allow exploring the historical and contemporary
processes that determine a species’ biogeographic pattern. In mangroves, large-scale genetic studies
to estimate gene flow have been conducted predominantly in the Indo-Pacific and Atlantic region.
Here we examine the genetic diversity and connectivity of Rhizophora mucronata across a > 3,000 km
coastal stretch in the Western Indian Ocean (WI10) including W10 islands. Based on 359 trees from

13 populations and using 17 polymorphic microsatellite loci we detected genetic breaks between
populations of the (1) East African coastline, (2) Mozambique Channel Area (3) granitic Seychelles,
and (4) Aldabra and northern Madagascar. Genetic structure, diversity levels, and patterns of inferred
connectivity, aligned with the directionality of major ocean currents, driven by bifurcation of the
South Equatorial Current, northward into the East African Coastal Current and southward into the
Mozambique Channel Area. A secondary genetic break between nearby populations in the Delagoa
Bight coincided with high inbreeding levels and fixed loci. Results illustrate how oceanographic
processes can connect and separate mangrove populations regardless of geographic distance.

In coastal and marine systems, where ocean currents may transport individuals over 100-1000 s of kilome-
tres, population genetic approaches strongly promoted connectivity research during the last three decades.
Interestingly, a recent quantitative assessment of this research revealed important taxonomic and geographical
biases, with mangrove population connectivity having received minimal attention compared to for example fish,
seagrasses and corals'. Efforts to fill this gap are valuable, as connectivity determines the genetic diversity and
structure of populations, increases the effective population size, while high connectivity can replenish degraded
sites. Insights in connectivity are therefore essential for effective conservation management. In a broader perspec-
tive, a better qualitative and quantitative understanding of mangrove connectivity would provide an interesting
biogeographic comparison with systems that have a circumtropical overlap in their range but show distinct dif-
ferences in their dispersal traits (e.g., development during dispersal, buoyancy behaviour, and viability).
Mangroves consist of woody salt-tolerant plants that are morphologically and eco-physiologically adapted
to the dynamic conditions of the intertidal zone. They are found on coastal, estuarine and deltaic tidal flats,
predominantly at tropical and subtropical latitudes?. The global spatial coverage of mangroves is estimated at
~ 137,000 km?, spanning the territories of more than 100 countries’. Nevertheless, the consequences of climate
change such as accelerated sea-level rise, storm intensification, and changes in temperature and precipitation
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regimes®, as well as human activities, such as urbanization, aquaculture and agriculture®, alter the distributional
range of mangrove forests.

Gene flow in mangroves is determined by insect, wind, and bird pollination®’ and the dispersal of water-buoy-
ant propagules (essentially ‘seedlings’) via near-shore, coastal, and open-ocean surface currents®. While pollina-
tion operates at local scales, propagule floating and viability periods of several months®’ allow for local-to-global
scale dispersal and connectivity'%-12. The spatial scale of connectivity ultimately depends on the additive effect
of different factors, such as propagule traits, the timing of propagule release, physical barriers, the availability of
suitable habitats, and the spatiotemporal characteristics of the dispersal vectors'®. Oceanographic features such
as eddies and regions of convergence may constrain, delay or prevent gene flow between nearby populations,
rendering the isolation-by-distance (IBD) model too simplistic to explain observed genetic differentiation'®.
Using nuclear microsatellite markers and a Lagrangian particle-tracking model, a strong genetic discontinuity
was found between Rhizophora racemosa G. Mey populations at both sides of an oceanic convergence zone in
the Gulf of Guinea'. Similarly, genetic structure of Rhizophora mucronata Lam. populations along the Malay
Peninsula was explained by prevailing ocean currents and the species’ dispersal potential, and not by geographical
distance'®'”. Indeed, as more species are being studied, biogeographical “barriers” seem more permeable than
previously thought and act as filters rather than impenetrable barriers'®.

Although the amount of mangrove genetic and phylogeographic data is increasing, most studies have focused
on populations of Avicennia and Rhizophora species in Southeast Asia'®-?%, Central and South America®*-%’, and
East Atlantic'>*?!, with only limited attention for mangrove populations in the Western Indian Ocean (WIO)
in general (but see®?). Several large-scale mangrove genetic studies have considered samples from the WIO
region”'>?!, but the majority of locations and the focus in these studies were centered on the Eastern Indian
Ocean (EIO) region.

Rhizophora mucronata has a distributional range stretching across mangroves of the Indo-West Pacific (IWP)
region, from the East African shorelines to the Western Pacific®, with its southern limit in Southeast Africa and
its northern limit in the Persian Gulf** (Fig. 1a). The northern limit has been associated with temperature and
rainfall tolerances, whereas the range limit in southeast Africa is assumed to be temperature-related and may
be influenced also by constraints in dispersal and habitat availability®®. The natural distribution of R. mucronata
overlaps with other IWP Rhizophora species (R. apiculata Blume and R. stylosa Griff) in the Western Pacific. It is
the only Rhizophora species in the WIO?*® and has one of the widest ranges of all mangrove species. Even-though
its global conservation status currently is of ‘least concern, its global population is decreasing due to residen-
tial and commercial development, logging and wood harvesting, agriculture and aquaculture, and potentially
climate-induced habitat alteration.

In this study, we aim to quantify the population genetic diversity and structure of R. mucronata in the WIO
region. This region is characterised by the bifurcation of the South Equatorial Current (SEC) and the complex
circulation system of the Mozambique Channel that is dominated by energetic southward moving eddies®”.
As a null-hypothesis, we considered that over a broad geographical scale, R. mucronata populations in the WIO
would comprise a single evolutionarily significant unit and hypothesise that (1) highest genetic diversity levels
will be found for populations located in the core region of the species’ distribution, whereas lower levels of genetic
diversity will be found for populations on remote small islands; (2) spatial patterns of genetic differentiation will
align with patterns of dominant contemporary ocean currents. For this purpose, we sampled 13 R. mucronata
populations distributed across the western extent of its range (Fig. 1, Table 1) and utilised 17 polymorphic nuclear
microsatellite loci. We further discuss how historical events, contemporary ocean surface currents, and elevated
local inbreeding levels, may influence estimated patterns of gene flow.

Results
Allele and gene diversity. The number of alleles per locus ranged from two to 10 with a total of 84 alleles
over all loci and populations. The mean number of alleles reached 2.4 (1.8-3), the effective number of alleles
was 1.5 (1.3-2), whereas the allelic richness ranged from 1.7 to 2.8 (at k=34 gene copies) for comparison of
allele diversity between populations (Table 2). East African populations (KEN and TAN) harboured the largest
allelic richness. All populations contained several loci with > 2 alleles indicating multiple founders. All observed
heterozygosity levels were lower than the expected ones. The uH, averaged at 0.271 and ranged per population
from 0.148 (MOZ5) to 0.416 (KEN) (Table 2). Significant deviations (p < 0.05) from the Hardy-Weinberg Equi-
librium were observed within each of the 13 populations, because of heterozygote deficiency in a varying set of
four to 12 loci. The percentage of polymorphic loci per population was 55-100% and the number of fixed loci
(either monomorphic or fully homozygous) was high for several southernmost sites in Mozambique (MOZ5
and MOZ6), and remote island locations of Aldabra and Madagascar, though not for the Seychelles (Table 2).
The within population inbreeding coeflicient F  for the total population was 0.455 (AMOVA, p <0.001).
Within population Fig ranged from 0.381 (MOZ2) up to 0.690 (MOZ5) with all populations significantly inbred
(Table 2), though with high levels on small remote islands (ALD and SEY). The estimated selfing rates for R.
mucronata were significantly high in most populations (S=0.45-0.89), except for MOZ1 and ALD2 (Table 2).
Kinship values within populations reached an overall Fj; of 0.271.

Genetic structure. Global inbreeding reached an AMOVA-F;; of 0.609 (p<0.001) and a population dif-
ferentiation AMOVA-Fg; of 0.281 (p<0.001) (Table 3). Global AMOVA-Rg; was zero, indicating there are no
larger differences due to allele size differences, and hence no evolutionary signal among populations within the
WIO. A hierarchical AMOVA considering two regions gave the highest regional differentiation (Frr=0.110,
p<0.001) for the grouping of the Aldabra-Madagascar populations (ALD1, ALD2, MAD1, MAD?2) versus all
other populations. When considering a hierarchy of three regions, highest values (Fpr=0.169, p<0.001) were
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Figure 1. Global distribution of Rhizophora mucronata and the dominant ocean circulation in the Western Indian Ocean region
where 13 populations were sampled. (a) Global distribution of R. mucronata®® (green) and the study region (black rectangle). (b)
Schematic representation of the dominant near-surface circulation in the Western Indian Ocean region®'. North-East and South-East
Madagascar Currents (NEMC, SEMC); Mozambique Current (MC), highly irregular in its occurrence®?; Anti-cyclonic eddies (AC);
Cyclonic eddies (C); East Africa Coastal Current (EACC); and the Somali Current (SC) and South Equatorial Current (SEC), during
the northeast monsoon (November-February, dotted line) and the southwest (June-September) monsoon season*'; and the South
Equatorial Countercurrent (SECC). Sampled populations of R. mucronata are shown in orange. Population codes are denoted in

Table 1. The background map was created with the QGIS 3.10.10 software (www.qgis.org), using detailed (1:10 m) ocean bottom relief,
land and island polygons, as well as country administrative boundaries provided by Natural Earth (www.naturalearthdata.com).

Scientific Reports |  (2021) 11:4987 | https://doi.org/10.1038/s41598-021-84304-8 nature portfolio


http://www.qgis.org
http://www.naturalearthdata.com

www.nature.com/scientificreports/

Code Country Location Latitude Longitude | N
KEN Kenya Gazi Bay —4.416749 39.510001 | 27
TAN Tanzania Unguja, Zanzibar —6.439767 39.561865 30
MOZ1 Mozambique | Pemba —-12.977269 | 40.507873 | 20
MOZ2 Mozambique | Nacala —14.482243 | 40.653189 | 34
MOZ3 Mozambique | Vilanculos —22.209981 | 35.394369 |41
MOZ4 | Mozambique | Inhambane —23.795773 | 35.499341 |18
MOZ5 Mozambique | Limpopo —25.163395 | 33.505903 |24
MOZ6 Mozambique | Inhaca —26.038127 |32.902805 |30
SEY Seychelles Mahé —-4.613755 | 55.458582 |24
ALD1 Seychelles La Gigi, Aldabra —-9.400295 | 46.210647 |30
ALD2 Seychelles Middle Camp, Aldabra | —9.373783 | 46.438728 |21
MAD1 Madagascar | Andilana —13.252461 | 48.182015 |30
MAD2 Madagascar Ramena —12.254765 | 49.341469 | 30

Table 1. Location details of 13 Rhizophora mucronata populations of the Western Indian Ocean (N =sample
size).

Pop A |Ay |Ag |Agx |Hp uH, |Fg FixLoc |S %Self | %Other
KEN 48 |28 |20 |27 |0.257 |0.416 |0.387* 2 0.474%* 78 22
TAN 52 |30 |19 |28 |0.243 |0.402 |0.401* 0 0.49* 80 20
MOZ1 42 |25 |16 |24 |0.193 |0.332 |0.425* 3 0.02 ns 25 75
MOZ2 49 |29 |16 |26 |0.202 |0.324 |0.381* 0 0.56* 32 68
MOZ3 50 |29 |16 |25 [0.155 |0.277 |0.444* 6 0.56*** 66 34
MOZ4 39 123 |15 |23 [0.154 |0.264 |0.425* 2 0.47* 78 22
MOZ5 30 | 1.8 |13 | 1.7 |0.047 |0.148 | 0.690* 9 0.89*** 75 25
MOZ6 37 |22 |15 |20 [0.127 |0.238 |0.468* 7 0.71** 80 20
SEY 41 |24 |16 |23 |0.140 |0.323 |0.573* 2 0.75%** | 100 0
ALD1 39 123 |14 |21 [0.129 |0.225 |0.431* 6 0.45* 67 33
ALD2 33 |19 |14 |19 |0.087 |0.186 |0.540* 9 0.43 ns 76 24
MAD1 37 |22 |13 |20 [0.106 |0.183 |0.425* 8 0.54** 93 7
MAD2 42 |25 |14 |23 |0.143 |0.209 |0.391* 4 0.63*** 73 27
Overall 84 |24 |15 |29 |0.152 [0.271 |0.455%** 71 29

Table 2. Genetic diversity measures of 13 Rhizophora mucronata populations of the Western Indian Ocean.
Highest levels of allele diversity can be found in East Africa (KEN and TAN). Inbreeding is present in all
populations with highest levels on the small remote islands (SEY, ALD1 and ALD2). A high number of
monomorphic and fixed loci were apparent in southern Africa (MOZ5 and MOZ6) and remote locations
(ALDI, ALD2 and MAD1). Estimated selfing rates were generally high. MOZ1 and MOZ2 individuals can
be assigned to other populations whereas individuals from SEY were assigned solely to their own population.
Total number of alleles (A), mean number of alleles (A,), effective number of alleles (Ag), allelic richness at
k=34 gene copies (Ay), observed heterozygosity (H,), unbiased expected heterozygosity (uH,) heterozygosity,
inbreeding coefficient (Fjs), number of loci fixed as homozygotes for one or more allele (FixLoc), selfing rate
(S), percentage of individuals assigned to own population (%Self) and percentage of individuals assigned

to any other population (%Other). Significance levels are indicated as follows: *** significant at p <0.001, **
significant at p<0.01, * significant at p <0.05, and ns: not significant.

obtained when grouping East Africa (KEN, TAN), versus Aldabra and Madagascar, versus all other populations
(MOZ1-MOZ6, SEY). A hierarchical AMOVA considering four regions (Table 3), namely East Africa (KEN and
TAN), the Mozambique Channel (MOZ1 to MOZ6), the Seychelles (SEY), and as a fourth group the Aldabra
Atoll and Madagascar, gave the largest variance—among all possible groupings—of WIO populations with
Frr=0.185 (p<0.001). Overall connectivity between populations is very low with an estimated Nm less than 1.
Pairwise Fg values between populations varied between 0.002 and 0.529 (for which all values except one case
were significant at p<0.001, Supplementary Table S1). Pairwise allelic differentiation Dest was congruent with
Fsr (Supplementary Table S1). Strongest differentiation was obtained for Aldabra (ALD1, ALD2) or Madagascar
(MAD1, MAD?2) against all other sites. Neighbouring sites appear most connected having lowest Fs; and Dest
(MOZ1 vs. MOZ2; and ALD1 vs. ALD2). A Mantel test for all 13 populations suggested isolation by distance
(y=0.2494x—0.3533, p=0.001), but with a low predictability for Euclidean distances (r*=0.24). A more precise
test of IBD was performed at the level of individual pairwise kinship coeflicients using four classes of increas-
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No regions df | SS MS Est. Var | % F-statistics | p-value
Among Populations 12 661.089 | 55.091 0.938 28 | Fgr=0.281 0.001
Among individuals 346 | 1206.579 3.487 1.091 33 | Fig=0.455 0.001
Within individuals 359 468.500 1.305 1.305 39 | Fir=0.609 0.001
Total 717 | 2336.169 3.334 100 | Nm=0.6

Four regions df | SS MS Est. Var | % F-statistics | p-value
Among regions 3 395.755 | 131.918 | 0.651 19 | Fpr=0.185 | 0.001
Among populations 9 265.335 29.482 | 0.472 13 | Fg=0.164 | 0.001
Among individuals 346 | 1206.579 3.487 | 1.091 31 | Fgr=0.319 | 0.001
Within individuals 359 468.500 1.305 | 1.305 37 | Fis=0.455 0.001
Total 717 | 2336.169 3.519 100 | Fi7=0.629 0.001

Table 3. Summary of AMOVA and F-statistics of Rhizophora mucronata for all populations and a hierarchical
AMOVA considering four regions, namely East Africa (KEN and TAN), the Mozambique Channel (MOZ1 to
MOZ6), the Seychelles (SEY) and as a fourth group the Aldabra Atoll and Madagascar (ALD1, ALD2, MADI,
MAD?2). These four regions account for the largest variance of the Western Indian Ocean populations. Overall
connectivity between populations is low with an estimated Nm below 1; df: degrees of freedom; SS: sum of
squares; MS: mean of squares; % Est.Var.: estimated variance.

ing geographic distances. Significantly higher than average kinship values were found for the first distance class
up to 260 km—average 136 km—(F;=0.164, p<0.001), and the second distance class up to 500 km—average
385 km—(F};=0.088, p <0.01). The In-transformed b-slope was —0.078 (p <0.001) over a full range of 3008 km.

A PCoA of individual genotypic distances had both axes explaining a nearly similar amount of variance
(Fig. 2). A first axis (15%) reflected the largest differences in allele distribution along a north-to-south gradient
of the East African coast, with enhanced individual tree genotypic diversity in KEN and TAN. Variation along the
second axis (14%) is mainly caused by a high number of fixed loci within individual mangrove trees of remote and
island populations (ALD1, ALD2, MAD1 and MAD?2). Rhizophora mucronata trees from the Seychelles showed
intermediate allele diversity, only few fixed loci, several nearly private alleles at high frequencies, and hence, did
not separate as a group, unless along the third axis (11%). A population assignment test gave an average of 71%
of the individuals assigned to their own population. However, MOZ1 and MOZ2 individuals could be assigned
largely to other populations, whereas individuals from SEY were assigned solely to their own population.

A STRUCTURE analysis according to the Delta K estimation supported K =3 clusters (Mean LnP(K) =-7390,
Delta K=54) or nearly as likely also four clusters (Mean LnP(K) = - 6990, Delta K=42), the latter with more
admixed individuals (Fig. 3, K=3 and K=4). The same analysis based on the highest LnP(K) value gave eleven
groups (Fig. 3, K=11). These approaches consistently indicated separate genetic clusters for the East African
populations (KEN and TAN), and for the remote islands of Aldabra (ALD1, ALD2) and Madagascar (MADI,
MAD?2). A larger allelic diversity within East African populations (KEN and TAN) explained their separated
gene pool. Rhizophora mucronata populations of the Mozambique Channel belong to a well-mixed gene pool,
regardless K=3 or K=4. The geographically most remote Seychelles population (SEY) appeared less differentiated
from those of the African coastline. K=11 subdivided up to population level, except for East Africa (KEN, TAN),
an admixture in Mozambique (MOZ1 to MOZ4) and on Aldabra (ALD1, ALD2). When testing for diversity
differences between the K3 clusters, a higher allele diversity (p=0.011) and gene diversity (p=0.002) was found
in the two East African sites (A, =2.8 and H.=0.410) than in the sites of the Mozambique Channel and SEY
(A,=2.3 and H.=0.280) and Aldabra/Madagascar (A,=2.1 and H,=0.200). When considering K4, there were
only few individuals (N=29 out of 359) containing but a limited number of private alleles (PA =24), all at lowest
frequencies such that these private alleles do not explain much of the obtained genetic structure.

MIGRATE-N was used to estimate the migration pattern along the Mozambique Channel which was best
supported by a unidirectional stepping-stone model (Table 4). The directionality, either from North to South
or North to South as a whole was not conclusive, due to elevated gene flow in both directions between particu-
lar populations in close vicinity, namely MOZ5 to MOZ6 (Nem =10.89) and MOZ2 to MOZ1 (Nem=11.51).
All other Nem estimates of more distant populations were below 1. Further specific testing on directionality
according to the SEC and on a most likely historical source of the Aldabra population and mainland African
coast for migration between the Seychelles (SEY); northern Madagascar (MAD2), Aldabra (ALD1) and the
African coast (MOZ2) gave the best support for a stepping-stone model (Table 4), with highest, nearly similar,
estimated gene flow from the Seychelles to northern Madagascar (Nem=0.81) and from Madagascar towards
Aldabra (Nem = 0.78). Historical connectivity between Aldabra and the African coastline reached Nem =0.65.

The most relevant genetic barriers (Fig. 4), between populations along their shared polygon, separated (i)
the Aldabra populations from KEN, TAN and MOZ1 on the East African coast (10 first barrier counts out of 18
Fs matrices), and to a lesser extent (ii) the Seychelles from Aldabra with seven counts, the Seychelles from East
Africa (KEN) with six barrier counts, Aldabra from northern Mozambique (MOZ1) with six barrier counts, and
the Southern Mozambican population MOZ4 from MOZ5 with 4 barrier counts. Contemporary kinship values
of individual R. mucronata trees among populations reached an overall F;;=0.102, though with large variation
between pairs, namely with high values for most pairs of neighbouring populations (Fy; ranging from 0.111 to
0.289) except for those pairs where a genetic break was observed (F;; ranging from zero to 0.051). The latter
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Figure 2. Principal coordinate analysis (PCoA) biplot of individual trees from 13 Rhizophora mucronata
populations in the Western Indian Ocean region. Both axes explain a nearly similar amount of variance. A first
axis reflects the largest differences in allele distribution along the African continent with enhanced diversity in
East Africa (KEN and TAN). The variation along the second axis is mainly caused by a high number of fixed
loci within individual mangrove trees of remote and island populations (ALD1, ALD2, MAD1 and MAD?2).

R. mucronata trees from the Seychelles (SEY) showed intermediate allele diversity and only few fixed loci and
hence did not separate as a group except at the third axis (explaining 11% of the variance). Population codes are
denoted in Table 1.

breaks along the East African coastline were between TAN and MOZ1, MOZ4 and MOZ5, MOZ5 and MOZ6.
The Seychelles population had zero kinship with Aldabra and Northern Madagascar.

Comparing the five scenarios of the ABC approach, the highest value of posterior probability (0.338) and
95% confidence interval (CI 0.329-0.346) was obtained for scenario 3 (Fig. 5). This probability value and CI did
not overlap with the 95% CI of any other considered scenario (Supplementary Table S2). This indicated a migra-
tion history from eastern to western parts of the WIO with a divergence from an ancestral population that was
featured by both Seychelles (SEY) and Madagascar (MAD2) populations, though a more recent divergence of
the coastal East Africa group (KEN and MOZ2) and Aldabra (ALD2). Absence of significant differences between
observed and simulated data in many of the 65 summary metrics (Supplementary Table S3) and the positioning
of the observed data within the clustered cloud of simulated data of the PCA (Supplementary Fig. S1) revealed
that the selected scenarios fitted the observed data. The median values of the effective population sizes of sce-
nario 3 ranged from 1,500 to 3,080 (Table 5) and median divergence times were estimated as 999 (t1) to 1,980
(t2) generations (Table 5). The ABC simulation indicated that R. mucronata populations of East Africa as more
recent than those of Madagascar and the Seychelles. The estimated divergence time of R. mucronata popula-
tions of the eastern WIO island populations (SEY and MAD?2) appears approximately twice as old. Considering
a generation time of about 20 years for R. mucronata, albeit with much potential overlap between generations,
the divergence times along the East African coastline could be rather recent and roughly within the Holocene.

Discussion

Information retrieved from nuclear microsatellites in Rhizophora mucronata from the Western Indian Ocean
(WIO) showed a clear genetic structure, largely corresponding to the dominant ocean currents in the region. A
major genetic break was apparent between populations on the islands of Aldabra and northern Madagascar, and
those on the mainland African coast, whereas the granitic Seychelles (located > 1100 km northeast of Aldabra)

Scientific Reports |

(2021) 11:4987 |

https://doi.org/10.1038/s41598-021-84304-8 nature portfolio



www.nature.com/scientificreports/

o
8 - —
° © L
I ‘0. ___\_
3 1 o—l‘b/l l\+ e +
8 \/“/ ‘H
\ i o«
o | ./
N 8 /
~~ O — [ ]
<7 /
X o | o
® c 8 °
= —IR_
[0 )
c
o @©
& 0 3
8
qu, J
o | 2
3 4
\ 7
. / /\ o
o e—0—q—o —eo—eo S | e
— T T T T T L — L4 T T T T T T T T T T T T T T
1 23456789101112131415 1 2 3 4 5 6 7 8 9 10 12 14
K K

KEN TAN MOzZ1 MOZ2 MOzZ3 MOzZ4 MOZ5 MOZ6  SEY ALD1 ALD2 MAD1 MAD2

East Africa Mozambique Seychelles Aldabra Madagascar

Figure 3. Genetic structure of 13 Rhizophora mucronata populations in the Western Indian Ocean region. Each
vertical line represents an individual to which genetic clusters are assigned. STRUCTURE bar plot considering
three (K3) and four (K4) genetic clusters according to the Delta K estimation and considering eleven groups
(K11) according to LnPK. These analyses indicate a separate genetic cluster for the remote islands of Aldabra
(ALD1, ALD2) and Madagascar (MAD1, MAD?2) although the most remote Seychelles population (SEY) appear
less differentiated from those on the African coastline. Undoubtedly, a larger allelic diversity of East African
populations (KEN and TAN) caused their separated gene pool. R. mucronata populations of the Mozambique
Channel belong to a well-mixed gene pool. K11 subdivided gene pools of K4, except for East Africa. Population
codes are denoted in Table 1.

showed a slightly separate position. Genetic connectivity usually can be expected up to a few 100 s of km. How-
ever, genetic breaks were also found on a smaller spatial scale near the bifurcation of the South Equatorial Cur-
rent (SEC) and between southernmost populations of the Mozambique Channel. The highest levels of genetic
diversity are found along the East African coastline where a bifurcated SEC reaches the continent, whereas the
lowest allelic richness was found for populations on remote small islands and in peripheral populations in the
southernmost region of the Mozambique Channel. High levels of inbreeding were noticed within most sites, as
a result of a mixed mating system of the species.

Prior to our study we considered the null-hypothesis that over a broad geographical scale, R. mucronata
populations in the WIO would comprise a single evolutionarily significant unit, brought along with the SEC, and
originating in a transoceanic manner from either nowadays well-differentiated Southeast Asian”*' or Australian
sources'?. Combined conservative chloroplast DNA and nuclear ITS data indicated a deeper Australian origin'?,
whereas microsatellite markers reflected contemporary genetic structures”?!. Within the WIO we found no
evolutionary signals over a 3000-km distance, neither in the microsatellite allele sizes (Rgy =zero) nor in private
allele frequencies, which indicates more recent colonization compared to the Eastern Indian Ocean (EIO) and
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Bezier log marginal-
WIO part Model Directionality Connected populations likelihood Model choice | Model probability
s MOZ1+MOZ2+MOZ3+MO
Panmixia All 74+ MOZ5+ MOZ6 —486,603.29 4 0
AT . MOZ1 +—— MOZ2 «—
Source-Sink | Bidirectional: North to MOZ3 «—> MOZ4 —— —452,405.94 3 0
South and South to North
Mozambique Channel MOZ5 «— MOZ6
. Unidirectional: North to MOZ1 — MOZ2 — MOZ3 —
Stepping-stone South MOZ4 — MOZ5 — MOZ6 —440,940.25 2 0
. Unidirectional: South to MOZ6 — MOZ5 — MOZ4 —
Stepping-stone North MOZ3 — MOZ2 — MOZ1 —440,265.68 1 1
Panmixia All SEY+MAD2+ALD1+MOZ2 | -885,073,74 2 0
a. SEY —» MAD2, SEY —
Unidirectional: from each ALDI, SEY — MOZ2
Seychelles, Madagascar, Source-Sink island toward -m inland b. MAD2 — ALD1, MAD2 —886,996,15 3 0
Aldabra and African coast sland towards mainia — MOZ2
c. ALD1 — MOZ2
. Unidirectional; from island | SEY — MAD2 — ALDI —
Stepping-stone towards mainland MOZ2 —499,291,08 1 1

Table 4. Comparison of migration models on the directionality along the Mozambique Channel and between
the islands Seychelles, Madagascar, Aldabra and East Africa mainland. The model with highest support is
highlighted in grey. Connected populations with + means all directions, «<—— refers to bidirectional and — or
« to unidirectionality.

expansion of R. mucronata in the region. The share of a large number of common alleles could eventually sug-
gest a stronger influence of environmental conditions during the Last Glacial Maximum (LGM; ca. 22-19 ka
BP*) on the genetic structure within the WIO. The demographic evolution scenarios that we tested were from
diverse locations featured by separate gene pools as shown in our STRUCTURE and BARRIER analysis. ABC tests
indicate that the Seychelles and Madagascar (including Aldabra) gene pool, within the context of the currently
studied populations, most likely resulted from ancestral migration events, relatively, about twice as old when
compared to the gene pool of more westerly located populations on the East African coastline. All events were
estimated at only a few thousand generations ago, hypothesised approximately a timeframe within the Holocene,
though the latter needs to be thoroughly tested using large-scale phylogeographic studies and preferably based
on maternally inherited chloroplast genome sequences information. We assume that population expansion his-
tory of R. mucronata in the WIO is characterised by at least two separate ancestral gene pools, namely on the
granitic Seychelles and on Madagascar. More recent gene pools may account for the detected patterns along the
East African coastline.

Genetic diversity (Ag, H, Fsp, D) and structure variables (AMOVA testing, STRUCTURE, PCoA, BARRIER)
consistently evidenced a contemporary genetic break between mangrove populations of northern Madagascar
and Aldabra versus all other populations, as well as the Seychelles granitic islands, reflecting a complex colo-
nization history of the islands. Coastal areas in northern Madagascar may have been populated by sea-faring
propagules transported from the east, via the SEC. Despite the westward directionality of the SEC, broadly along
these Madagascan populations, this would require dispersal over 6000 +kilometres, as the most proximate large
mangrove populations are situated in Southeast Asia or northern Australia. However, direct and reciprocal dis-
persal across the Indian Ocean may occur via the SEC and seasonally reversing monsoon currents, particularly
for propagules with longer floating and viability periods*’, such as found in R. mucronata’®. The latter hypothesis
of reciprocal dispersal should be tested with materials from the northern part of the WIO. When approaching
the central eastern coast of Madagascar, the SEC branches into the North-East Madagascar Current (NEMC)
and the South-East Madagascar Current (SEMC) (*}; Fig. 1). The NEMC flows northward and continues along
the northern tip of Madagascar towards the African mainland where it bifurcates into a southward flow and the
East Africa Coastal Current (EACC), flowing northward (Fig. 1).

The characteristics of these currents, the genetic similarities and migration scenario’s between R. mucronata
populations in Aldabra and northern Madagascar strongly suggest that the Aldabra Atoll was populated from
nearby sources on northern Madagascar. Aldabra populations are extremely isolated by their position on a small
and remote island, far away from more extensive and continuous mangrove stands. Moreover, mangroves occur
within the lagoon where conditions are more favourable for establishment®*. The unfavourable conditions of the
atoll’s outer rim could drastically reduce the establishment of propagules from source locations such as northern
Madagascar, located about 420 km southeast of the Aldabra Atoll. Hence, any input of genetic material from
other populations via long-distance dispersal is assumed to be seldom throughout its recent history. Allelic data
shows that colonisation occurred on more than one occasion, as suggested also for terrestrial vertebrates such as
giant tortoises*2. These cycles of recolonization were interrupted by variations in sea level, which have strongly
affected the atoll’s land area and environment, with a complete submergence during the last interglacial period
(ca. 125 ka BP)*,

At least more than a single propagule reached the granitic Seychelles or, alternatively, different cycles of
colonisation may have occurred, because there, R. mucronata populations contain more than two alleles for
most polymorphic loci, thus beyond the maximum allele diversity that a single diploid founder may bring along.
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Figure 4. Genetic discontinuities (red lines) as revealed from the BARRIER analysis (yellow polygons) and
relative proportions of 3 genetic clusters (K=3) for 13 Rhizophora mucronata populations in the Western Indian
Ocean. The thickness of the red lines indicates the strength of genetic discontinuity between neighbouring
populations. Population codes are denoted in Table 1. The background map was created with the QGIS 3.10.10
software (www.qgis.org), using detailed (1:10 m) ocean bottom relief, land and island polygons, as well as
country administrative boundaries provided by Natural Earth (www.naturalearthdata.com).

Allele size differences within the Seychelles were not larger than for other WIO populations, indicating either
an admixture of populations or in-situ mutations to explain their multiple allele status. While the SEC provides
an important vector for the transoceanic transport of propagules, previous studies reported that the zonal flow
of the SEC creates a barrier for connectivity between the granitic Seychelles and more southerly positioned
populations*. This is consistent with a genetic “isolation” of the granitic Seychelles from Aldabra and Northern
Madagascar, although various migration models indicated a historical role of the Seychelles in the connectivity
between islands. Moreover, the ABC analysis supported both the Seychelles and Madagascar as an ancestral
divergence, which might explain the support of a unidirectional model in MIGRATE-N albeit with very low gene
flow values. Mangrove populations on the Seychelles are likely maintained by propagules from sources of the
northern part of the WIO, via the SECC. During the winter monsoon, the Somali Current flows southward, meets
the northward flowing EACC, supplying water for the eastward flowing SECC*!. This confluence and eastward
flow occur at latitudes of the granitic Seychelles and enables propagule transport from mainland mangrove
populations to these islands. This could not be detected from nuclear microsatellite markers and additional
chloroplast sequence information could provide valuable information for unravelling patterns of connectivity
between the Seychelles, Madagascar and other African populations. Nuclear genes and chloroplast sequences of
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Figure 5. The five scenarios tested for an approximate Bayesian computation (ABC) model implemented in
DIYABC ver. 2.0. Five populations with effective population sizes N1 to N5 correspond to KEN, MOZ2, ALD2,
MAD?2 and SEY, respectively. Scenario 1 represents an early divergence of both the Seychelles and coastal East
Africa group with more recent divergence of the Madagascar and Aldabra group; scenario 2 represents an early
divergence of both Seychelles and Kenyan populations with more recent divergence of both the Madagascar-
Aldabra group and Mozambique Channel Area (MCA) population; scenario 3 represents an early divergence
of both the Seychelles and Madagascar populations with a more recent divergence of both the Aldabra
population (from Madagascar) and the coastal East Africa group (Kenya and MCA); scenario 4 represents an
early divergence of both Madagascan and Kenyan populations with more recent divergence of both the Aldabra
and MCA populations, though with the Seychelles as the most recent group originating from East Africa; and
scenario 5 includes three period levels with an early divergence of the Seychelles and East Africa group, though
with subsequent stepping-stone dispersal from the Seychelles towards Madagascar and then further to Aldabra.
NA is the ancestral effective population size and t# represent subsequent time events (not drawn to scale).
Scenario 3 considering an early divergence of both Seychelles and Madagascar gave the highest probability.

Parameter Mean Median Mode Lower CI Upper CI
N1 2340.00 2240.00 2020.00 955.00 4130.00
N2 3050.00 3080.00 3170.00 1460.00 4620.00
N3 1680.00 1500.00 1310.00 586.00 3560.00
N4 2010.00 1890.00 1700.00 827.00 3700.00
N5 2210.00 2120.00 2140.00 982.00 3890.00
tl 1090.00 999.00 762.00 321.00 2180.00
t2 2050.00 1980.00 1890.00 953.00 3400.00
td 1910.00 1700.00 1400.00 570.00 4050.00
NA 1800.00 1710.00 935.00 187.00 3720.00

Table 5. Estimated divergence parameters and their 95% confidence interval based on the logistic estimate

of DIYABC for the best supported scenario 3. Scenario 3 represents an early divergence of both the Seychelles
and Madagascar populations with a more recent divergence of both the Aldabra population (from Madagascar)
and the coastal East Africa group (Kenya and MCA), as shown in Fig. 5. N#: Effective population size; t#: time
scale measured in number of generations. Numbers N1-N5 refer respectively to populations KEN, MOZ2,
ALD2, MAD?2 and SEY, with NA as ancestral population; t1 and t2 refer to increasingly older events, with td as
oldest divergence.

Bruguiera gymnorrhiza (L.) Lamk. indicated a relatedness of Madagascar populations to those of the EIO* and
cpDNA of the widespread Xylocarpus granatum J. Koenig showed a most common South China Sea haplotype
in several WIO populations*.

A north-to-south gradient of allelic richness characterised the African mainland sites with highest diver-
sity values in Kenya and Tanzania, north of the SEC bifurcation. The mangrove sites influenced by the EACC
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appear to have received and sustained more migrants than other areas although, based on our ABC analysis,
this appeared to have occurred during more recent rather than ancestral times. The SEC very likely sustained
these populations with a historically accumulated input of migrants from remote easterly mangrove populations,
located within or beyond the WIO. While this scenario could suggest the expectation to observe the highest
genetic diversity in (northern) East Madagascar, spatial differences in the availability of suitable geomorphic
and sedimentary settings for mangrove establishment may present higher chances of opportunistic colonization
on the East African coast compared to the higher-energy coast of East Madagascar. Importantly, migrants from
eastern populations may have also arrived via populations in the Arabian Sea and Gulf of Bengal, as suggested
in previous studies®**. However, the spatial density and spread of our sample sites did not allow us to test the
latter scenario.

Over a 225 km distance, KEN and TAN were the most connected R. mucronata populations with the highest
kinship values, and even appeared as a single gene pool from the STRUCTURE outcome at K11. Similar evidence of
high connectivity alongside this part of the East African coast was also observed in other taxa, such as the stony
coral Acropora tenuis*’ and the seagrass Thalassia hemprichii*®. Likewise, a higher genetic diversity and stronger
connectivity was observed for the populations of northern Mozambique (MOZ1 and MOZ2) as compared to
the more distant southernmost populations in the Mozambique Channel. Overall, the core region of mangrove
populations, situated at latitudes of the SEC (KEN, TAN, MOZ1, MOZ2), seems to harbour the most diverse R.
mucronata populations. Such enhanced diversity levels in a zone of largest and most direct—perpendicular—SEC
influence could become a more general hypothesis because Avicennia marina mangroves also showed highest
allele diversity in Kenya and Tanzania in comparison to South Africa®. Strong genetic differentiation between
populations along the northern East African coast (TAN and KEN) and populations located in the Mozambique
Channel (MOZ1, MOZ2) corresponds with the SEC bifurcation. These distinct gene pools most evidently origi-
nate from a historically different accumulation of migrants and the opposite directionality of ocean currents
hampering mutual propagule exchange”'¢?>3%450_ One may assume that besides the SEC sorting migrants at
bifurcation, subsequent differentiation and sorting in a stepping-stone manner may have occurred northwards
and southwards along the East African coastline.

The geographical position of MOZ2 at the southern bifurcation of the SEC and starting point of eddies in the
Mozambique Channel could be hypothesised as a crossroad. A genetic connectivity from the eastern part of the
Mozambique Channel (northern Madagascar or Aldabra) towards MOZ1 and MOZ2 could not be detected with
certainty, but only indirectly inferred; the MIGRATE-N analysis indicated MOZ2 as a population with detectable
N.m input. Experimental and modelling studies in the Mozambique Channel have demonstrated the capability
of cross-channel transport between Mozambique and Madagascar within 19-30 days, likely facilitated by the
frontal zones between eddies and the associated interstitial waters of the turbulence field***°. This potential for
cross-channel transport was also demonstrated in a large-scale WIO population genetic study of the seagrass T.
hemprichii, suggesting Madagascar as a potential source for main African populations*. The remote Seychelles
population could be occasionally connected to northern Madagascar and to the coast of the African mainland,
though the input source of migrants will be far too limited to leave a detectable trace in a vast area of existing
mangrove forests. Whereas it appears that the Seychelles would share a common gene pool with MOZ1 and
MOZ2 for K3, all SEY individuals were 100% assigned to their own population.

Within the Mozambique Channel, R. mucronata populations are poorly differentiated and all share a common
genetic cluster at K3. This gradient and connectivity is likely to be maintained by the generally southward flowing
current along the Mozambique coast® and the anti-cyclonic circulation pattern in the region, which is believed
to facilitate an almost random dispersal and homogenise populations along the East African coast®>**. Despite
the dominance of southward flow in the Mozambique Channel, propagules might be transported both southward
and northward through the Channel within periods of 51-207 days, via the frontal flow field between eddies’'.
These time spans are within the range of buoyancy and viability periods observed in R. mucronata propagules®.
Along the southward component of the SEC, and further south along the Mozambique Channel, a gradient was
apparent in R. mucronata populations for their lowered allelic richness and gene diversities, increased inbreeding
levels, number of fixed loci and an admixed assignment of individuals for genetic clustering (cf. K4 and K11).
The connectivity between neighbouring populations decreased (cf. higher Fsy, D) and kinship values dropped
to zero between MOZ4 and MOZS5, also indicated by low gene flow estimates and a genetic break situated on
the Delagoa Bight. An extensive chain of mangrove forest can be found from approximately the northern Ken-
yan border further southwards up to about 50 km south from the mouth of River Save on the Sofala bank in
Mozambique“. However, beyond this point, mangrove forests line the coasts in a less continuous manner and
are mostly found in more sheltered inlets**. The populations MOZ3 to MOZ6 are situated in this area of non-
contiguous mangrove forests. MOZ3 lies only 100 km south of a 1900 km? mangrove stand fringing the Sofala
Bank, which is considered the largest mangrove area in the region® and hence might provide a higher number
of propagules for dispersal. MOZ4, MOZ5 and MOZ6 are located ca. 300-800 km from the extensive Sofala
Bank mangrove stand. Therefore, we hypothesise that migrants from the Sofala Bank favour higher diversity in
MOZ3 and MOZ4 when compared to the Delagoa Bight populations, MOZ5 and MOZ6.

The genetic break between MOZ4 and MOZ5, despite their geographic proximity, can be explained by the
dynamic hydrography near the Delagoa Bight area. MOZ3 and MOZ4 are located on a protruding land area,
where the continental shelf is practically inexistent. A jet current (i.e., fast flowing narrow current) passes just
along MOZ4%!, flowing southward without entering the Delagoa Bight. Additionally, the Delagoa Bight is char-
acterised by mesoscale features such as countercurrents and eddies® and consists of a large extended shelf area
where lies a quasi-permanent lee eddy*’. These features may retain propagules from populations in this area
(MOZ5 and MOZ6) and prevent dispersal offshore®. A sharp gradient in genetic diversity was also observed in
the spiny lobster Panulirus homarus and separated even evolutionary units of subspecies at the Delagoa Bight™.
It is most probable that both the lee eddy of the Delagoa Bight and the jet current prevent propagules from
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northward populations to strand in the Delagoa Bight. Subsequently, the mixed mating system of R. mucronata
may promote high inbreeding values and many fixed loci as were noticed in the well-connected populations
MOZ5 and MOZé6.

Inbreeding within nearly each R. mucronata site is most likely the result of geitonogamy as in R. racemosa®.
This can blur the determination of a genetic structure at the population level because occasional fixation of pri-
vate alleles might lead to enforced clusters of gene pools. However, this situation was not observed in the WIO
because R. mucronata populations shared common alleles throughout the region, such that allelic richness (Ay)
and gene diversities (Hg and D,) determined the detectable patterns of connectivity at population level. High
within-site kinship values and estimated selfing rates can be explained from their high frequencies of most com-
mon alleles. Rhizophora mucronata is a self-compatible species®!. Similar inbreeding levels for R. mucronata have
been reported in Southeast Asia and were attributed to the reproductive biology and dispersal strategies of the
species'®. Interestingly, lower inbreeding values were found in populations of R. racemosa in West Africa'® than
in R. mucronata. Rhizophora racemosa’s fruits resemble those of R. mucronata, which suggests that besides repro-
ductive strategy, propagule morphological traits, and dispersal strategies, other factors such as local topography
and species zonation (landward/seaward) may influence the local inbreeding level of these coastal populations'.

In conclusion, our study highlighted that R. mucronata of the WIO should be considered as a recent colo-
nization (in comparison to the EIO) with an expansion zone that has particularly led to areas of unicity, of
higher diversity, of inbreeding, and of contrasting connectivity even over short distances, which all are relevant
in a transboundary context. Anticipating the ever-increasing need for international cooperation regarding the
conservation and management of dispersive coastal and marine species, we encourage the integration of avail-
able genetic data and models to further increase our understanding of the interplay between the ecology and
evolution of mangroves, large-scale (transnational) connectivity, and aspects such as species distributions and
long-term persistence.

Material and methods

Plant materials and study area. A total of 359 Rhizophora mucronata samples were collected in 13 loca-
tions (Fig. 1, Table 1) of which 8 populations were located along a 3465 km stretch of the East African continent
and 5 populations on islands in the WIO. For each sample site, fresh leaves were collected along a linear tran-
sect of 18-41 individual adult trees and stored in individual bags with silica gel for transport. Transect length
depended on the size of the local area of mangrove forest for sampling trees that were positioned as far away
from each other as possible in order to increase the probability to sample the total population genetic diversity.
Distance between individual trees ranged from 30 to 100 m.

Microsatellite analysis. Total genomic DNA extraction was performed on 30 mg of dried leaf material
using the E.Z.N.A. SP Plant DNA kit (Omega bio-tek, Norcross, GA, USA) for subsequent microsatellite analy-
sis. A total of 50 previously published microsatellite primer pairs of Rhizophora stylosa, R. racemosa and R.
mucronata were tested for polymorphism of R. mucronata samples®"%-%’. Seventeen primers were polymorphic
and amplified in two multiplex PCRs. Multiplex 1 consisted of Rracel2, Rracel4, Rracel5, Rracel7, Rracel8%,
RM11% and RmBra27%, multiplex 2 contained RM102, RM112, RM114, RM116%, RMu21, RMu54%, Rhst01,
Rhst11, Rhst13% and RS78%. Multiplex Polymerase Chain Reactions (PCR) were performed with the QITAGEN
Multiplex PCR kit and consisted of 12.5 pL reactions with 2.5 uL H,0, 6.25 uL of Qiagen Multiplex PCR Master
Mix, 1.25 uL primer mix and 2.5 uL. DNA. The primer mix consisted of 2 pM of each fluorescence-labelled (VIC,
PET, 6-FAM or NED) microsatellite primer (Life Technologies, Foster City, CA, USA). PCRs were carried out in
a BIO-RAD T100 thermal cycler (Bio-Rad laboratories, Hercules, CA, USA), starting with an initial activation
step of 15 min at 95 °C, followed by 35 cycles of 30 s at 94 °C, 90 s at 57 °C and 90 s at 72 °C, and ended with a
final extension of 10 min at 68 °C. Fragment analysis was done by Macrogen Inc., after which allele sizes were
assessed with the software GENEMARKER 2.4.0 (Softgenetics, State College, PA, USA).

Quality of microsatellite data. Prior to full data analysis, all pairs of microsatellite loci were tested for
linkage disequilibrium with FSTAT 2.9.3 software®® and no significant genetic linkage (p <0.05) was found. No
scoring errors or large allele size dropouts were indicated using Micro-CHECKER®, whereas a general excess of
homozygotes for many loci suggests the presence of null alleles. This test, however, does not consider the effect
of inbreeding situations and therefore INEST 2.27° was applied as a Bayesian approach for estimating both null
alleles and inbreeding simultaneously”*. The model was run with 50,000 burn-ins and 500,000 cycles and sup-
ported for each population a model including inbreeding rather than a null allele model. Three parameters were
used for the model comparison: n, null alleles; f, inbreeding; b, genotyping failure. With these three parameters,
six models are composed: n, b, nf, nb, bf, nfb (e.g., nf means the model includes null alleles and inbreeding but
does not include genotyping failures). The six models were run with 50,000 burn-ins and 500,000 cycles for each
population. A comparison of these models with the lowest Deviance Information Criterion (DIC) outperform-
ing the other models, selected nf (in 8 populations), nbf (in 4 populations) and bf (in 1 population) as best fit,
hence putting inbreeding instead of null alleles as a most likely explanation for the lack of heterozygotes. The
probability of identity, using GENALEX 6.57%, was checked for a combination of all loci and ranged from 5x 10~
to 9x 1078, Multilocus repeats were seldom, namely 16 repeats for 9 MLG’s out of 359 samples. All repeated
MLG’s were kept for further analysis, considering the INEST indications of inbred situations.

Allele and gene diversity. The percentage of polymorphic loci per population, mean number of alleles
(Ayy), effective number of alleles (Ag), observed heterozygosity (H,) and unbiased expected heterozygosity (Hg)
were calculated using GENALEX. Total number of alleles (A), allelic richness (Ay), deviation from the Hardy-
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Weinberg Equilibrium and the within population inbreeding coefficient (Fys) per population were obtained with
FSTAT. Deficiency of heterozygotes was assessed after Bonferroni correction using Fs values with 221,000 ran-
domisations. The selfing rate was estimated and based on a standardised identity disequilibrium, assuming a
mixed mating model using sPAGEDI 1.57%. A population assignment (with leave-one-out option) was done for
their proportion of ’self” or 'other’ populations with GENALEX. The overall pairwise kinship coefficient (Fy;)™* was
estimated for all comparisons at the ‘within population level’ using sPAGEDI. To strengthen the evidence at both
large and small geographical scales, we intentionally conducted most approaches at the individual level, because
population level analysis might become skewed in case of strong inbreeding.

Genetic structure.  An analysis of Molecular Variance (AMOVA-Fgp) was performed with GENALEX. Addi-
tionally, all combinations within a hierarchy of 2, 3 and 4 groups were tested for highest % variance among
regions (Frr). To estimate the effects of microsatellite allele sizes, an AMOVA-Rg; was compared to AMOVA-
Fyr. Pairwise genetic differentiation (Fsp) and allelic differentiation (Dest) between all populations were esti-
mated and tested for significant differences (999 permutations) using GENALEX. A principal coordinate analysis
(PCoA) at individual level based on genotypic distances was performed in GENALEX. The underlying pattern of
genetic structure was determined with STRUCTURE 2.3.27%, using the admixture model with correlated allele fre-
quencies without prior population information. We carried out 10 replications for 1 <K <15 with 1 x 10° Markov
Chain Monte Carlo (MCMC) iterations and 1 x 10* burn-in. The optimal K was inferred with the AK statistic”
and LnPK using STRUCTURE HARVESTER”’ calculated with STRUCTURESELECTOR”®. Two-sided tests for compari-
sons among three groups (i.e., the obtained K =3 clusters from STRUCTURE) were performed (1000 permutations
in FSTAT) to test for differences in their allelic richness, heterozygosity, inbreeding and differentiation. Private
alleles were checked for the K=3 and K=4 clusters in GENALEX.

To detect whether there is a decrease in connectivity among populations with increasing geographic distance,
a Mantel test was performed (9,999 permutations) in GENALEX 6.5 using Euclidean distances between sites. Geo-
graphic distances were log transformed while Fgi/(1 — Fgp) was used for the genetic distance matrix. To test for
genetic IBD at the individual level, an analysis of the pairwise kinship coefficients (Fy;)”* was done using SPAGEDI,
namely a spatial autocorrelation for different classes of geographic distances (260, 500, 1000, 2000 km, 1-sided
test, 1,000 randomizations) with estimation of an In-transformed b-slope over the full range of 3008 km. The
overall pairwise kinship coeflicient was estimated for all comparisons at the ‘among population level. The soft-
ware BARRIER 2.27° was used to detect the location of sharp genetic changes between neighbouring populations
on basis of one overall pairwise Fg matrix and 17 pairwise Fg matrices of every microsatellite locus allowing a
maximum of two barriers per matrix. To test for these potential genetic breaks specifically between neighbouring
populations, an analysis of the pairwise kinship coefficients (Fy;)”, was done for each case of only among popula-
tion’ pairwise estimation (1-sided test, 1,000 randomizations, whole population kept as reference) using SPAGEDI.

MiGRATE-N*8! was used to estimate the mutation-scaled population sizes (Theta) and immigration rates
(M). The Brownian model was tested locus by locus along with the product of distributions of all loci for all
individuals in a population. Uniform prior distribution settings (min, max, delta) were Theta=0.0, 10.0, 0.1
and for M=0.0, 100, 10.0. The number of recorded steps was 10° at a sampling frequency of 10 after an initial
burn-in, computing two replicate chains, and using the Bezier thermodynamic integration® for calculation of
the Bayes factors from marginal likelihoods giving model probabilities. The effective number of immigrants per
generation (N,m) was calculated as [Theta x M]/4%%. Panmixia, bidirectional and unidirectional stepping-stone
historical migration/expansion models were used for testing the hypothesis of a North to South migration in the
Mozambique Channel (MOZ1 to MOZ6). Panmixia, source-sink or stepping-stone models were considered to
test a specific hypothesis on directionality for migration among the island populations Seychelles (SEY), northern
Madagascar (MAD2) and Aldabra (ALD1), and towards the African mainland (MOZ2).

The demographic history of divergence between R. mucronata populations of the WIO was carried out on
seventeen microsatellites considered as a single group with dinucleotide repeats, using the Approximate Bayes-
ian Computation (ABC) approach implemented in DIYABC ver. 2.0%. The aim of this analysis was to answer
a main phylogeographic question that was raised from the genetic STRUCTURE and the MIGRATE-N outcome,
namely about the ancestral origin of eastern WIO island populations (granitic Seychelles, Madagascar and
Aldabra) and of coastal African populations (East to Southern Africa). Therefore, we considered representative
allelic rich R. mucronata populations within each of the of five regions, namely KEN, MOZ2, ALD2, MAD2 and
SEY to conduct a model where we specifically conceptualised five scenarios of demographic history (Fig. 5).
The first three scenarios allowed inferring whether the early divergences within the WIO were either from the
Seychelles, Madagascar or the coastline of the African mainland. Scenario 1 represents an early divergence of
both the Seychelles and coastal East Africa group with more recent divergence of the Madagascar and Aldabra
group; scenario 2 represents an early divergence of both the Seychelles and Kenyan populations with more recent
divergence of both the Madagascar-Aldabra group and Mozambique Channel Area (MCA); scenario 3 represents
an early divergence of both the Seychelles and Madagascar populations with a more recent divergence of both
the Aldabra population (from Madagascar) and the coastal East Africa group (Kenya and MCA). An additional
fourth scenario was considered to evaluate whether populations from the Seychelles could have diverged from
the main continent more recently and subsequently brought along with the SECC; scenario 4 represents an early
divergence of both Madagascar and Kenyan populations with more recent divergence of both Aldabra and MCA
populations, though with the Seychelles as the most recent group originating from East Africa; finally, scenario
5 highlighted a potential divergence from the Seychelles, over Madagascar towards Aldabra as was obtained
from MIGRATE-N. Scenario 5 includes three period levels with an early divergence of the Seychelles and coastal
East Africa group, though with subsequent stepping-stone dispersal from the Seychelles towards Madagascar
and then further towards Aldabra. In all models we constantly kept Aldabra as being split from Madagascar.
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In all scenarios, t# represents the time scale measured in number of generations (largest numbers refer to
oldest events) and N# represents the effective size of the corresponding populations during the indicated time
period. We used default prior values for all parameters, except for the maximum population size and maximum
values of time scale (5,000 instead of 10,000 default values) based on the outcome of the preliminary test runs
of prior distributions. Summary statistics of 65 variables (mean number of alleles, mean gene diversity, mean
allele size variance, Fgy, and (dp)? distance) were considered for each population or pairwise comparison of
samples. Five million simulation data sets were run for the prior distribution and the most-likely scenario was
obtained from a comparative assessment of their posterior probabilities. One million simulated data sets were
used to compute posterior, of which 10,000 were used in the local regression. From the posterior 1,000 data sets
were simulated. The goodness-of-fit was checked through principal component analysis (PCA) using the ‘model
checking’ option. The posterior distribution of parameters (N# and t#) was estimated.

Received: 8 September 2020; Accepted: 11 February 2021
Published online: 02 March 2021

References

1. Bryan-Brown, D. N., Brown, C. J., Hughes, J. M. & Connolly, R. M. Patterns and trends in marine population connectivity research.
Mar. Ecol. Prog. Ser. 585, 243-256 (2017).

2. Tomlinson, P. B. The Botany of Mangroves (Cambridge University Press, Cambridge, 2016).

3. Bunting, P. et al. The global mangrove watch—a new 2010 global baseline of mangrove extent. Remote Sens. 10, 1669. https://doi.
0rg/10.3390/rs10101669 (2018).

4. Ward, R. D, Friess, D. A,, Day, R. H. & MacKenzie, R. A. Impacts of climate change on mangrove ecosystems: a region by region
overview. Ecosyst. Health Sustain. 2, 01211. https://doi.org/10.1002/ehs2.1211 (2016).

5. Richards, D. R. & Friess, D. A. Rates of drivers of mangrove deforestation in Southeast Asia, 2000-2012. Proc. Natl. Acad. Sci. USA
113, 344-349 (2016).

6. Hermansen, T. D., Britton, D. R, Ayre, D. J. & Minchonton, T. E. Identifying the real pollinators? Exotic honeybees are the dominant
flower visitors and only effective pollinators of Avicennia marina in Australian temperate mangroves. Estuar. Coast. 37, 621-635
(2014).

7. Wee, A. K. S., Low, S. Y. & Webb, E. L. Pollen limitation affects reproductive outcome in the bird-pollinated mangrove Bruguiera
gymnorrhiza (Lam.) in a highly urbanized environment. Aquat. Bot. 120, 240-243 (2015).

8. Rabinowitz, D. Dispersal properties of mangrove propagules. Biotropica 10, 47-57 (1978).

9. Drexler, J. Z. Maximum longevities of Rhizophora apiculataand R. mucronatapropagules. Pac. Sci. 55, 17-22 (2001).

10. Nettel, A. & Dodd, R. S. Drifting propagules and receding swamps: genetic footprints of mangrove recolonization and dispersal
along tropical coasts. Evolution 61, 958-971 (2007).

11. Takayama, K., Tamura, M., Tateshi, Y., Webb, E. L. & Kajita, T. Strong genetic structure over the American continents and transo-
ceanic dispersal in red mangroves Rhizophora (Rhizophoraceae), revealed by broad-scale nuclear and chloroplast DNA analysis.
Am. J. Bot. 100, 1191-1201 (2013).

12. Lo, E. Y,, Duke, N. C. & Sun, M. Phylogeographic pattern of Rhizophora(Rhizophoraceae) reveals the importance of both vicariance
and long-distance oceanic dispersal to modern mangrove distribution. BMC Evol. Biol. 14, 83. https://doi.org/10.1186/1471-2148-
14-83 (2014).

13. Van der Stocken, T. et al. A general framework for propagule dispersal in mangroves. Biol. Rev. 94, 1547-1575 (2019).

14. Thomas, L. et al. Isolation by resistance across a complex coral reef seascape. Proc. R. Soc. B Biol. Sci. 282, 20151217. https://doi.
0rg/10.1098/rspb.2015.1217 (2015).

15. Ngeve, M. N., Van der Stocken, T., Menemenlis, D., Koedam, N. & Triest, L. Contrasting effects of historical sea level rise and
contemporary ocean currents on regional gene flow of Rhizophora racemosain eastern Atlantic mangroves. PLoS ONE 11, e0150950.
https://doi.org/10.1371/journal.pone.0150950 (2016).

16. Wee, A. K. S. et al. Oceanic currents, not land masses, maintain the genetic structure of the mangrove Rhizophora mucronataLam.
(Rhizophoraceae) in Southeast Asia. J. Biogeogr. 41, 954-964 (2014).

17. Wee, A. K. S. et al. Genetic structures across a biogeographical barrier reflect dispersal potential of four Southeast Asian mangrove
plant species. J. Biogeogr. 47, 1258-1271 (2020).

18. Lessios, H. A. & Robertson, D. R. Crossing the impassable: genetic connections in 20 reef fishes across the eastern Pacific barrier.
Proc. R. Soc. B: Biol. Sci. 273, 2201-2208 (2006).

19. Ng, W. L., Chan, H. T. & Szmidt, A. E. Molecular identification of natural mangrove hybrids of Rhizophora in Peninsular Malaysia.
Tree Genet. Genomes 9, 1151-1160 (2013).

20. Guo, Z. et al. Genetic discontinuities in a dominant mangrove Rhizophora apiculata (Rhizophoraceae) in the Indo-Malaysian
region. J. Biogeogr. 43, 1856-1868 (2016).

21. Yan, Y.-B,, Duke, N. & Sun, M. Comparative analysis of the pattern of population genetic diversity in three Indo-West Pacific
Rhizophora mangrove species. Front. Plant Sci. 7, 1434. https://doi.org/10.3389/fpls.2016.01434 (2016).

22. Triest, L., Hasan, S., Motro, P. R. & De Ryck, D. J. R. Geographical distance and large rivers shape genetic structure of Avicennia
officinalis in the highly dynamic Sundarbans mangrove forest and Ganges Delta region. Estuar. Coast. 41, 908-920 (2018).

23. Do, B. T.N., Koedam, N. & Triest, L. Avicennia marina maintains genetic structure whereas Rhizophora stylosa connects mangroves
in a flooded, former inner sea (Vietnam). Estuar. Coast. Shelf Sci. 222, 195-204 (2019).

24. He, Z. et al. Speciation with gene flow via cycles of isolation and migration: insights from multiple mangrove taxa. Natl. Sci. Rev.
6,272-288 (2019).

25. Pil, M. W. et al. Postglacial north-south expansion of populations of Rhizophora mangle (Rhizophoraceae) along the Brazilian
coast revealed by microsatellite analysis. Am. J. Bot. 98, 1031-1039 (2011).

26. Cerén-Souza, I. et al. Contrasting demographic history and gene flow patterns of two mangrove species on either side of the Central
American Isthmus. Ecol. Evol. 5, 3486-3499 (2015).

27. Sandoval-Castro, E. et al. Post-glacial expansion and population genetic divergence of mangrove species Avicennia germinans
(L.) Stearn and Rhizophora mangle L. along the Mexican coast. PLoS ONE 9, 93358. https://doi.org/10.1371/journal.pone.00933
58 (2014).

28. Kennedy, J. P. et al. Contrasting genetic effects of red mangrove (Rhizophora mangleL.) range expansion along West and East
Florida. J. Biogeogr. 44, 335-347 (2017).

29. Francisco, P. M., Mori, G. M., Alves, E. A., Tambarussi, E. V. & de Souza, A. P. Population genetic structure, introgression, and
hybridization in the genus Rhizophora along the Brazilian coast. Ecol. Evol. 8, 3491-3504. https://doi.org/10.1002/ece3.3900 (2018).

Scientific Reports |

(2021) 11:4987 | https://doi.org/10.1038/s41598-021-84304-8 nature portfolio


https://doi.org/10.3390/rs10101669
https://doi.org/10.3390/rs10101669
https://doi.org/10.1002/ehs2.1211
https://doi.org/10.1186/1471-2148-14-83
https://doi.org/10.1186/1471-2148-14-83
https://doi.org/10.1098/rspb.2015.1217
https://doi.org/10.1098/rspb.2015.1217
https://doi.org/10.1371/journal.pone.0150950
https://doi.org/10.3389/fpls.2016.01434
https://doi.org/10.1371/journal.pone.0093358
https://doi.org/10.1371/journal.pone.0093358
https://doi.org/10.1002/ece3.3900

www.nature.com/scientificreports/

. Ngeve, M. N, Van der Stocken, T., Menemenlis, D., Koedam, N. & Triest, L. Hidden founders? Strong bottlenecks and fine-scale
genetic structure in mangrove populations of the Cameroon Estuary complex. Hydrobiologia 803, 189-207 (2017).

31. Ngeve, M. N,, Van der Stocken, T, Sierens, T., Koedam, N. & Triest, L. Bidirectional gene flow on a mangrove river landscape and
between-catchment dispersal of Rhizophora racemosa (Rhizophoraceae). Hydrobiologia 790, 93-108 (2017).

32. De Ryck, D. J. R. et al. Dispersal limitation of the mangrove Avicennia marina at its South African range limit in strong contrast
to connectivity in its core East African region. Mar. Ecol. Prog. Ser. 545, 123-134 (2016).

33. Duke,N.C,, Lo, E. Y. Y. & Sun, M. Global distribution and genetic discontinuities of mangroves—emerging patterns in the evolu-
tion of Rhizophora. Trees Struct. Funct. 16, 65-79 (2002).

34. Spalding, M., Kainuma, M. & Collins, L. World Atlas of Mangroves (Earthscan and James & James, 2010).

35. Osland, M. J. et al. Climatic controls on the global distribution, abundance, and species richness of mangrove forests. Ecol. Monogr.
87,341-359 (2017).

36. Duke, N. et al. Rhizophora mucronata. The IUCN Red List of Threatened Species 2010: e.T178825A7618520.https://doi.org/10.2305/
TUCN.UK.2010-2.RLTS.T178825A7618520.en (2010). Downloaded on 27 January 2020.

37. Schouten, M. W, de Ruijter, W. P. M., van Leeuwen, P. ]. & Ridderinkhof, H. Eddies and variability in the Mozambique Channel.
Deep-Sea Res. I1(50), 1987-2003 (2003).

38. Ternon, J. E, Roberts, M. J., Morris, T., Hancke, L. & Backeberg, B. In situ measured current structures of the eddy field in the
Mozambique Channel. Deep-Sea Res. I1 100, 10-26 (2014).

39. Yokoyama, Y., Lambeck, K., De Deckker, P., Johnston, P. & Fifield, K. L. Timing of the Last Glacial Maximum from observed sea-
level minima. Nature 406, 713-716 (2000).

40. Van der Stocken, T., Carroll, D., Menemenlis, D., Simard, M. & Koedam, N. Global-scale dispersal and connectivity in mangroves.
Proc. Natl. Acad. Sci. USA 116, 915-922 (2019).

41. Schott, E A, Shang-Ping, X. & McCreary, J. P. Jr. Indian Ocean circulation and climate variability. Rev. Geophys. 47, RG1002. https
://doi.org/10.1029/2007RG000245 (2009).

42. Hume, J. P, Martill, D. & Hing, R. A. Terrestrial vertebrate palaeontological review of Aldabra Atoll, Aldabra Group. Seychelles.
PLoS ONE 13, €0192675. https://doi.org/10.1371/journal.pone.0192675 (2018).

43. Braithwaite, C. J. R,, Taylor, J. D. & Kennedy, W. J. The evolution of an atoll: the depositional and erosional history of Aldabra.
Philos. Trans. R. Soc. Lond. B. 266, 307-340 (1973).

44. Obura, D. The diversity and biogeography of Western Indian Ocean reef-building corals. PLoS ONE 7, e45013. https://doi.
org/10.1371/journal.pone.0045013 (2012).

45. Urashi, C., Teshima, K. M., Minobe, S., Koizumi, O. & Inomata, N. Inferences of evolutionary history of a widely distributed
mangrove species, Bruguiera gymnorrhiza, in the Indo-West Pacific region. Ecol. Evol. 3, 2251-2261 (2013).

46. Tomizawa, Y. et al. Genetic structure and population demographic history of a widespread mangrove plant Xylocarpus granatum
J. Koenig across the Indo-West Pacific region. Forests 8, 480 (2017).

47. van der Ven, R. M. et al. Population genetic structure of the stony coral Acropora tenius shows high but variable connectivity in
East Africa. J. Biogeogr. 43, 510-519 (2016).

48. Jahnke, M. et al. Population genetic structure and connectivity of the seagrass Thalassia hemprichii in the Western Indian Ocean
is influenced by predominant ocean currents. Ecol. Evol. 9, 8953-8964 (2019).

49. Muths, D., Tessier, E. & Bourjea, J. Genetic structure of the reef grouper Epinephelus merra in the West Indian Ocean appears
congruent with biogeographic and oceanographic boundaries. Mar. Ecol. 36, 447-461 (2015).

50. Mori, G. M., Zucchi, M. I. & Souza, A. P. Multiple-geographic-scale genetic structure of two mangrove tree species: the roles
of mating system, hybridization, limited dispersal and extrinsic factors. PLoS ONE 10, 0118710. https://doi.org/10.1371/journ
al.pone.0118710 (2015).

51. Hancke, L., Roberts, M. J. & Ternon, J. E Surface drifter trajectories highlight flow pathways in the Mozambique Channel. Deep-Sea
Res. 11(100), 27-37 (2014).

52. Gamoyo, M., Obura, D. & Reason, C. J. C. Estimating connectivity through larval dispersal in the Western Indian Ocean. . Geophys.
Res. Biogeo. 124, 2446-2459. https://doi.org/10.1029/2019JG005128 (2019).

53. Silva, I, Mesquita, N. & Paula, J. Genetic and morphological differentiation of the mangrove crab Perisesarma guttatum (Brachyura
Sesarmidae) along an East African latitudinal gradient. Biol. J. Linn. Soc. 99, 28-46 (2010).

54. Madeira, C., Alves, M. J., Mesquita, N., Silva, I. & Paula, J. Tracing geographical patterns of population differentiation in a wide-
spread mangrove gastropod: genetic and geometric morphometrics surveys along the eastern African coast. Biol. J. Linn. Soc. 107,
647-663 (2012).

55. Fatoyinbo, E. T., Simard, M., Washington-Allen, R. A. & Shugart, H. H. Landscape-scale extent, height, biomass, and carbon esti-
mation of Mozambique’s mangrove forests with Landsat ETM+ and Shuttle Radar Topography Mission elevation data. J. Geophys.
Res. Biogeo. 113, G02S06. https://doi.org/10.1029/2007]G000551 (2008).

56. Lutjeharms, J. R. E. & Da Silva, A. J. The Delagoa bight eddy. Deep-Sea Res. 35, 619-634 (1988).

57. Quartly, G. D. & Srokosz, M. A. Eddies in the southern Mozambique Channel. Dee-Sea Res. II: Top. Stud. Oceanogr. 51, 69-83
(2004).

58. Paula, ], Dray, T. & Queiroga, H. Interaction of offshore and inshore processes controlling settlement of brachyuran megalopae
in Saco mangrove creek, Inhaca Island (South Mozambique). Mar. Ecol. Prog. Ser. 215, 251-260 (2001).

59. Singh, S. P, Groeneveld, J. C., Hart-Davis, M. G., Backeberg, B. C. & Willows-Munro, S. Seascape genetics of the spiny lobster
Panulirus homarus in the Western Indian Ocean: understanding how oceanographic features shape the genetic structure of species
with high larval dispersal potential. Ecol. Evol. 8, 12221-12237 (2018).

60. Ngeve, M., Koedam, N. & Triest, L. Runaway fathers? Limited pollen dispersal and mating system in Rhizophora racemosa popula-
tions of a disturbed mangrove estuary. Aquat. Bot. 165, 103241. https://doi.org/10.1016/j.aquabot.2020.103241 (2020).

61. Kondo, K., Nakamura, T., Tsuruda, K., Saito, N. & Yaguchi, Y. Pollination in Bruguiera gymnorrhiza and Rhizophora mucronata
(Rhizophoraceae) in Ishigaki Island, The Ryukyu Islands, Japan. Biotropica 19, 377-380 (1987).

62. Islam, M. S., Lian, C., Kameyama, N., Wu, B. & Hogetsu, T. Development of microsatellite markers in Rhizophora stylosa using a
dual-suppression-polymerase chain reaction technique. Mol. Ecol. Notes 4, 110-112 (2004).

63. Takayama, K., Tamura, M., Tateishi, Y. & Kajita, T. Isolation and characterization of microsatellite loci in the red mangrove Rhiz-
ophora mangle (Rhizophoraceae) and its related species. Conserv. Genet. 9, 1323-1325 (2008).

64. Takayama, K. et al. Isolation and characterization of microsatellite loci in a mangrove species, Rhizophora stylosa (Rhizophoraceae).
Conserv. Genet. Resour. 1, 175. https://doi.org/10.1007/s12686-009-9042-7 (2009).

65. Shinmura, Y. et al. Isolation and characterization of 14 microsatellite markers for Rhizophora mucronata (Rhizophoraceae) and
their potential use in range-wide population studies. Conserv. Genet. Resour. 4, 951-954 (2012).

66. Wee, A. K. S., Takayama, K., Kajita, T. & Webb, E. L. Microsatellite loci for Avicennia alba (Acanthaceae), Sonneratia alba (Lyth-
raceae) and Rhizophora mucronata (Rhizophoraceae). J. Trop. For. Sci. 25, 131-136 (2013).

67. Ribeiro, D. O. et al. Isolation of microsatellite markers for the red mangrove, Rhizophora mangle (Rhizophoraceae). Appl. Plant
Sci. 1, 1300003. https://doi.org/10.3732/apps.1300003 (2013).

68. Goudet, J. FSTAT, version 2.9.3, a program to estimate and test gene diversities and fixation indices. (2001).

69. van Oosterhout, C., Hutchison, W. E, Wills, D. P. M. & Shipley, P. MICRO-CHECKER: software for identifying and correcting geno-
typing errors in microsatellite data. Mol. Ecol. Notes 4, 535-538 (2004).

Scientific Reports | (2021) 11:4987 | https://doi.org/10.1038/s41598-021-84304-8 nature portfolio


https://doi.org/10.2305/IUCN.UK.2010-2.RLTS.T178825A7618520.en
https://doi.org/10.2305/IUCN.UK.2010-2.RLTS.T178825A7618520.en
https://doi.org/10.1029/2007RG000245
https://doi.org/10.1029/2007RG000245
https://doi.org/10.1371/journal.pone.0192675
https://doi.org/10.1371/journal.pone.0045013
https://doi.org/10.1371/journal.pone.0045013
https://doi.org/10.1371/journal.pone.0118710
https://doi.org/10.1371/journal.pone.0118710
https://doi.org/10.1029/2019JG005128
https://doi.org/10.1029/2007JG000551
https://doi.org/10.1016/j.aquabot.2020.103241
https://doi.org/10.1007/s12686-009-9042-7
https://doi.org/10.3732/apps.1300003

www.nature.com/scientificreports/

70. Chybicki, I. J. & Burczyk, J. Simultaneous estimation of null alleles and inbreeding coefficients. J. Hered. 100, 106113 (2009).

71. Campagne, P, Smouse, P. E., Varouchas, G., Silvain, J.-F. & Leru, B. Comparing the van Oosterhout and Chybicki-Burczyk methods
of estimating null allele frequencies for inbred populations. Mol. Ecol. Resour. 12, 975-982 (2012).

72. Peakall, R. & Smouse, P. E. GenAlEx 6.5: genetic analysis in Excel. Population genetic software for teaching and research—an
update. Bioinformatics 28, 2537-2539 (2012).

73. Hardy, O. & Vekemans, X. SPAGEDLI: a versatile computer program to analyse spatial genetic structure at the individual or popula-
tion levels. Mol. Ecol. Notes 2, 618-620 (2002).

74. Loiselle, B., Sork, V. L., Nason, J. & Graham, C. Spatial genetic structure of a tropical understory shrub, Psychotria officinalis
(Rubiaceae). Am. J. Bot. 82, 1420-1425 (1995).

75. Pritchard, J. K., Stephens, M. & Donnelly, P. Inference of population structure using multilocus genotype data. Genetics 155,
945-959 (2000).

76. Evanno, G., Regnaut, S. & Goudet, J. Detecting the number of clusters of individuals using the software STRUCTURE: a simulation
study. Mol. Ecol. 14, 2611-2620 (2005).

77. Earl, D. M. & von Holdt, B. M. STRUCTURE HARVESTER: a website and program for visualizing STRUCTURE output and implement-
ing the Evanno method. Conserv. Genet. Resour. 4, 359-361 (2012).

78. Li, Y. L. & Liu, J. X. STRUCTURESELECTOR: a web based software to select and visualize the optimal number of clusters using multiple
methods. Mol. Ecol. Resour. 18, 176-177 (2018).

79. Manni, E, Guerard, E. & Heyer, E. Geographic patterns of (genetic, morphologic, linguistic) variation: how barriers can be detected
by using Monmonier’s algorithm. Hum. Biol. 76, 173190 (2004).

80. Beerli, P. Comparison of Bayesian and maximum-likelihood inference of population genetic parameters. Bioinformatics 22, 341-345
(2006).

81. Beerli, P. & Palczewski, M. Unified framework to evaluate panmixia and migration direction among multiple sampling locations.
Genetics 185, 313-326 (2010).

82. Cornuet, J. M. et al. DIYABC v2.0: a software to make approximate bayesian computation inferences about population history
using single nucleotide polymorphism, DNA sequence and microsatellite data. Bioinformatics 30, 1187-1189 (2014).

83. Lutjeharms, J. R. E., Biastoch, A., Van der Werf, P. M., Ridderinkhof, H. & De Ruijter, W. P. M. On the discontinuous nature of the
Mozambique Current. S. Afr. J. Sci. https://doi.org/10.4102/sajs.v108i1/2.428 (2012).

Acknowledgements

This work was supported by the Vrije Universiteit Brussel (Grant Number BAS42), the Marie-Curie Interna-
tional Research Staff Exchange Scheme ‘Coastal Research Network on Environmental Changes—CREC’ (EC
Grant Agreement No. 247514) and a mobility scholarship from the ‘Leopold III-fonds voor natuuronderzoek en
natuurbehoud vzw’. T.V.d.S. was supported by the EU Horizon 2020 Framework Programme for Research and
Innovation under the Marie Sklodowska-Curie actions Individual Fellowship (MSCA-IF) with grant agreement
No. 896888 (GLOMAC). We are grateful to Nancy Bunbury (Seychelles Islands Foundation—SIF) and Janske van
de Crommenacker (SIF), our contact persons on the granitic Seychelles and Aldabra, respectively. We sincerely
thank Katy Beaver (Plant Conservation Action group (PCA)), Bruno Senterre (PCA), and Frangois Fromard
(CNRS) for collecting materials. We sincerely thank the reviewers for their time and effort to critically evaluate
our original submission.

Author contributions

L.T, T.V.d.S.,, D.D. and N.K. designed the study. D.D. and R.V. collected materials. D.D., T.S., M.N. and S.L.
carried out laboratory experiments. L.T., D.D., S.L. and T.S. did the genotype work. L.T. analysed the data (H.R.
performed part of the MIGRATE-N analysis). L.T. and T.V.d.S. prepared figures. L.T., T.V.d.S. and N.K. concep-
tualised the work and interpreted the data. L.T. and T.V.d.S. wrote the original manuscript draft. All authors
reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at https://doi.
0rg/10.1038/s41598-021-84304-8.

Correspondence and requests for materials should be addressed to L.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:4987 | https://doi.org/10.1038/s41598-021-84304-8 nature portfolio


https://doi.org/10.4102/sajs.v108i1/2.428
https://doi.org/10.1038/s41598-021-84304-8
https://doi.org/10.1038/s41598-021-84304-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Expansion of the mangrove species Rhizophora mucronata in the Western Indian Ocean launched contrasting genetic patterns
	Results
	Allele and gene diversity. 
	Genetic structure. 

	Discussion
	Material and methods
	Plant materials and study area. 
	Microsatellite analysis. 
	Quality of microsatellite data. 
	Allele and gene diversity. 
	Genetic structure. 

	References
	Acknowledgements


