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ABSTRACT

Aim: Avicennia marina is a widely distributed mangrove species and a major constituent of Indo-West Pacific mangroves. To
understand spatial patterns of genetic diversity in this species, and the role of ocean currents and historical events in shaping
these patterns, we examined population genetic structure, maternal phylogeography, and colonisation history across the species’
Western Indian Ocean range.

Location: Western Indian Ocean, including 34 populations of Kenya, Tanzania, Mozambique, South Africa, Madagascar,
Mayotte Island, Europa Island, Aldabra Atoll and Granitic Seychelles; outgroups of the Red Sea and southeast Asia.

Taxon: Avicennia marina (Forssk.) Vierh.

Methods: We genotyped 1150 trees using 18 nuclear microsatellites and conducted population genetic analyses, including
STRUCTURE, MIGRATE, BARRIER and Bayesian origin models. To investigate maternal phylogeography and infer lineage origins
from a haplotype network, we analysed chloroplast single nucleotide polymorphisms.

Results: A. marina exhibited a strong genetic break between island populations (Seychelles, Aldabra, East Madagascar) and
African mainland populations, reflecting Pleistocene divergence in nuclear and chloroplast markers. East African populations
showed high genetic diversity, aligning with the northward flow of the bifurcated South Equatorial Current carrying limited
traces of Late Pleistocene colonisation events. Ocean currents around Madagascar and eddie in the Mozambique Channel Area
(MCA) facilitated long-distance dispersal since the Last Glacial Maximum, connecting islands like Mayotte and Europa. South-
African range-edge populations showed low genetic diversity, likely due to limited dispersal and bottlenecks after the Late
Holocene highstand. Aldabra populations displayed divergent haplotypes, suggesting multiple colonisation events.

Main Conclusions: Island populations (Seychelles, Aldabra, East Madagascar) experienced multiple Pleistocene colonisations,
while mainland African and MCA populations were shaped by Holocene migration reflecting present-day ocean current pat-
terns. Our findings help in better understanding the spatial patterns of genetic diversity and provide valuable insights for defin-
ing evolutionary significant and conservation units in the Western Indian Ocean.
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1 | Introduction

Reconstructing the phylogeography of a species provides in-
sights into the spatial and temporal variation in genetic di-
versity (Avise 2000). Genetic diversity enhances a species’
ability to adapt to changing environmental conditions and is
essential for long-term population viability (Frankham 2005).
Patterns in genetic diversity are shaped by past colonisation
events, range expansion and contraction in response to envi-
ronmental changes, and barriers to gene flow (Hewitt 2000).
Colonisation history influences the structure of genetic diver-
sity, often leaving signatures of bottlenecks, founder effects,
or secondary contact zones (Excoffier and Ray 2008; Taberlet
et al. 1998). Phylogeographic analyses allow for the identifica-
tion of Evolutionarily Significant Units (ESUs), which reflect
populations with distinct evolutionary trajectories and poten-
tial local adaptations (Moritz 1994) and contribute to conser-
vation and management strategies that preserve evolutionary
potential and maintain biodiversity at the infraspecific level
(Fraser and Bernatchez 2001).

Mangroves are coastal plants that inhabit intertidal areas
at tropical, subtropical and some warm-temperate latitudes
(Spalding et al. 2010), providing ecosystem services (Lee et al.
2014) including coastal flood protection (Hu et al. 2025), fish-
ery production (Zu Ermgassen et al. 2025), and carbon seques-
tration (Donato et al. 2011). They are a polyphyletic group of
~70 species, with multiple taxa having independently invaded
intertidal zones over the past ~50 Myr (He et al. 2022) and
their constituent species having evolved adaptations to cope
with the fluctuating conditions of intertidal habitats (e.g.,
changes in oxygen, moisture, temperature, salinity, and wave
action) (Madhavan et al. 2025). Hydrochorous propagules are
the primary mode of dispersal in mangroves. Positively buoy-
ant propagules can be transported by riverine currents, tides,
waves, surface ocean currents and influenced by wind (Van
der Stocken et al. 2013), over local to transoceanic scales (Van
der Stocken et al. 2019). Propagule dispersal plays a key role in
maintaining genetic diversity, tracking suitable environmen-
tal conditions, and colonising new habitats, thereby deter-
mining the biogeography of species and the genetic diversity
and structure of populations (Triest 2008). Despite their rec-
ognised importance and international conservation policies,
global mangrove cover has declined due to deforestation for
aquaculture, agriculture, and urban development, with more
than 50% of the world's mangrove ecosystems classified as vul-
nerable, endangered, or critically endangered (IUCN 2024).
Conversion to aquaculture, oil palm plantations, and rice cul-
tivation explains 43% of mangrove losses between 2000 and
2020 (Leal and Spalding 2024). Besides impacts from human
activities, mangroves are also threatened by the effects of cli-
mate change, including sea-level rise and increased exposure
to severe weather events (Hiilsen et al. 2025).

Avicennia L. is a widespread mangrove genus comprising
eight currently recognised species distributed across two
major biogeographic regions: A. germinans, A. bicolor, and A.
schaueriana in the Atlantic-East Pacific (AEP); and A. ma-
rina (Forssk.) Vierh., A. officinalis, A. alba, A. rumphiana,
and A. integra in the Indo-West Pacific (IWP) (Duke 1991).
Molecular phylogenetic analyses (Li et al. 2016) and, more

recently, a genome-wide phylogeny (He et al. 2022) revealed
two well-supported monophyletic lineages corresponding to
the AEP and IWP regions. Within the IWP, three robust sub-
clades were identified: (1) A. rumphiana and A. alba, (2) A. of-
ficinalis and A. integra, and (3) the A. marina complex. These
eight species remain recognised in the latest IUCN assess-
ments (IJUCN 2025) but may exhibit considerable geographic
variation (Duke et al. 1998), introgressive hybridization (Mori
et al. 2015), admixture, and signals of adaptive genetic differ-
entiation (Sheidai et al. 2024). Species richness declines from
the IWP towards the WIO, where A. marina is the sole repre-
sentative (Wang et al. 2022). In the WIO, A. marina is found
from the Red Sea to South Africa, across the Mozambique
Channel Area (MCA), as well as coastal sites of Madagascar,
the Seychelles and various small islands (Spalding et al. 2010).
Strong genetic differentiation between East and South African
A. marina populations, and high within-population inbreed-
ing at the South-African latitudinal range limit has been
linked to dispersal limitation due to the region's coastal geo-
morphology and range-edge effects (De Ryck et al. 2016). This
raises questions about the role of MCA ocean circulation fea-
tures in determining population connectivity between MCA
coastal sites, including islands and atolls. Likewise, patterns
of ancient and recent dispersal of Rhizophora mucronata in
the WIO (Triest, Sierens, and Van der Stocken 2021) raise
questions about the origin and connectivity of other mangrove
species found across the WIO.

Population genetic data contributed to growing evidence of
regional genetic connectivity and barriers to gene flow of
Avicennia and Rhizophora in Southeast Asia (Do et al. 2019;
He et al. 2019; Triest, Del Socorro, Gado, et al. 2021; Triest,
Satyanarayana, Delange, et al. 2021; Triest, Van der Stocken,
Sierens, et al. 2021; Triest et al. 2025; Wee et al. 2020), and
the WIO (De Ryck et al. 2016; Triest, Sierens, and Van der
Stocken 2021; Triest, Van der Stocken, De Ryck, et al. 2021).
Large-scale studies across oceans that included WIO samples
of Bruguiera (Urashi et al. 2013; Wee et al. 2014), Rhizophora
(Lo et al. 2014; Takayama et al. 2021; Yan et al. 2016),
Xylocarpus (Tomizawa et al. 2017), Lumnitzera (Manurung
et al. 2023; Su et al. 2007) and Heritiera (Banerjee et al. 2020)
have mostly focused on connectivity between the Eastern
Indian Ocean (EIO) and the Western Pacific. Comprehensive
WIO-wide genetic studies indicated the origins of multiple
lineages and barriers to connectivity for Rhizophora mucro-
nata (Triest, Sierens, and Van der Stocken 2021; Triest, Van
der Stocken, De Ryck, et al. 2021). Barriers for mangrove dis-
persal include major landmasses (Wee et al. 2020), opposing
ocean currents (Ngeve et al. 2016) and possibly upwelling
(Ximenes et al. 2025). On smaller scales, factors like estua-
rine fragmentation (Binks et al. 2019), geomorphological fea-
tures (Triest and Van der Stocken 2021), river outflows (Hasan
et al. 2018), coastal channelling (Triest et al. 2020) and inland
river-fringed habitats (De Ryck et al. 2016) affect connectivity.
Hence, ocean-dispersed species are not necessarily panmic-
tic (Gallaher et al. 2017; Maguire et al. 2000). While traces
of Pleistocene dispersal events are hard to detect genetically,
Holocene events have left clearer genetic signatures, forming
admixed gradients in Avicennia or Rhizophora across the East
Pacific (Sandoval-Castro et al. 2014), East Atlantic (Ngeve
etal. 2016) and WIO (Triest, Sierens, and Van der Stocken 2021;
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Triest, Van der Stocken, De Ryck, et al. 2021). Contrasting pat-
terns from nuclear microsatellites and chloroplast sequence
(cpDNA) data suggest distinct Pleistocene and Holocene long-
distance dispersal (LDD) to the Seychelles and Madagascar
in R. mucronata (Triest, Sierens, and Van der Stocken 2021).
The scarcity of comprehensive palaeontological data and in-
sights based on fossil and microfossil mangrove tree material
(Srivastava and Prasad 2019) underscore the importance of
molecular approaches (He et al. 2022). Chloroplast sequences
may reveal evolutionary processes not detected by microsat-
ellites alone, improving our understanding of fine-scale di-
vergence. For example, cpDNA data have linked Bruguiera
gymnorhiza populations in Madagascar with those in the
EIO (Urashi et al. 2013) and revealed shared haplotypes of
Xylocarpus granatum between the South China Sea and the
WIO (Tomizawa et al. 2017).

Here, we conduct a large-scale population genetic study to re-
construct the colonisation history of A. marina in the WIO
region. Our sampling strategy was informed by the region's
large-scale surface ocean circulation patterns and included A.
marina populations from across the WIO. Outgroups include
peripheral Red Sea and distant Southeast Asia populations.
We analysed spatial genetic diversity and structure using eigh-
teen polymorphic nuclear microsatellite loci and nearly full
chloroplast genomes.

2 | Materials and Methods

A detailed description of materials and methods is provided in
Appendix S1.

2.1 | Study Area and Sampling

A total of 1150 individuals of Avicennia marina from natural
mangrove forests were collected, specifically 1079 trees from
34 locations in the WIO (Table 1, Figure 1), of which 22 were
located along the continental eastern African coastline from a
northernmost site in Lamu, Kenya, to the southern range limit
of the species at Wavecrest, South Africa. Twelve populations
were located on Madagascar, Europa Island, Mayotte Island in
the Comoros archipelago, Aldabra Atoll and Granitic Seychelles
(Mahé and Curieuse Island, hereafter referred to as ‘Seychelles’).
As outgroup, we included 71 individual trees from the Red Sea
(Saudi Arabia), the EIO (western Malaysian Peninsula), and the
East Sea (northern Vietnam). For Next Generation Sequencing
(NGS)-based chloroplast genome assembly, a subset of 50 indi-
viduals was used and included additional Southeast Asian prov-
enances (Appendix S2, Table S2.1).

2.2 | Microsatellite Analysis and Data Quality

DNA extractions, PCR conditions, and data quality checks fol-
lowed methods as described in Triest et al. (2025). We used 18
microsatellite loci assembled in two multiplex sets. A quality
check was performed regarding large allele dropout, linkage dis-
equilibrium, null alleles, and power to discriminate individual
A. marina trees.

2.21 | Allelic and Genetic Diversity of Individuals
and Populations

The effective number of alleles (Ay,), observed heterozygosity
(H,) and unbiased heterozygosity (uH) were calculated using
GENALEXV6.502 (Peakall and Smouse 2012), whereas the total
number of alleles (A;), allelic richness (A;) for a minimum
threshold of 12 diploid individuals (k=24), and the within-
population inbreeding coefficient (F4) were calculated using
FSTAT v2.9.3.2 (Goudet 2001). A population assignment test
(option ‘leave-one-out’) and estimation of the number of pri-
vate alleles and their frequencies (q) were done in GENALEX.
The selfing rate (S) was estimated assuming a mixed mating
model using SPAGEDI vl.5a (Hardy and Vekemans 2002). To
detect recent genetic bottlenecks in populations, Wilcoxon
sign-rank tests were performed in BOTTLENECK v1.2.02 (Piry
et al. 1999).

2.2.2 | Indirect Estimations of Connectivity

To identify clusters of individuals and populations at WIO level,
a Principal Coordinate Analysis (PCoA) of individual codom-
inant genotypes and of mean population differentiation (Fg;)
was used in GENALEX. Pairwise genetic differentiation of pop-
ulations (Fg;) and their overall structure among populations
(Fyp), within individuals (F ), and among individuals (F;) was
calculated via AMOVA-F with 999 permutations at population
level within the WIO (N =34), within two regions (western WIO,
N=28; eastern WIO, N=6), and hierarchically (Fy) between
these regions. Pairwise F values were used in a Mantel test.

2.2.3 | Evolutionary Signal Over Geographical Distance

To estimate the overall evolutionary signal from allele size dif-
ferences, microsatellite-based Ry, values are expected to exceed
Fy; values. An ANOVA approach (1-sided test, 1000 randomiza-
tions) was used to test for significance of lower differentiation
(Fgp or Rg;) at short distances and significance of higher differ-
entiation levels (Fg; or Ry;) over longest geographical distances
using SPAGEDI.

2.2.4 | Genetic Structure and Barrier Analysis

To determine gene pools, a Bayesian clustering analysis of in-
dividuals was carried out in STRUCTURE v2.3.4 (Pritchard
et al. 2000). The admixture model ran 10 iterations for each K
value from 1 to 40; the burn-in period was 50,000 with 500,000
Markov chain Monte Carlo repeats. To detect sharp genetic
changes between neighbouring populations, we considered
pairwise Fg, matrices of 18 microsatellite loci and an overall
pairwise FST matrix, allowing two barriers per matrix, using
BARRIER v2.2 (Manni et al. 2004).

2.2.5 | Directionality of Historical Gene Flow

Specific hypotheses on migration directionality were tested
using panmixia, stepping-stone (bi- and unidirectional) or
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source-sink models for migration of A. marina populations for
(1) East African sites and hypothesis of divergence from MCA
through the East African Coastal Current (EACC); (2) MCA
sites and hypothesis of a split through the dominant southward
flow field of propagating anticyclones; (3) West Madagascar sites
and hypothesis of the Southwest Madagascar Coastal Current
(SMCC); (4) Connectivity of Mayotte Island and (5) Europa
Island with Madagascar and African main coast across the
MCA. MIGRATE-N (Beerli 2006; Beerli and Palczewski 2010)
was used as outlined in Triest et al. (2025).

2.2.6 | Phylogeography and Origin Models
of Microsatellite-Based Gene Pools

To estimate the origin and time of divergence of A. marina from
different WIO regions, we considered five microsatellite gene
pools using the approximate Bayesian computation (ABC) ap-
proach implemented in DIYABC-RF v1.0 (Collin et al. 2021) and
compared nine scenarios (Appendix S3, Figure S3.1). Priors of
generation times were 100,000 for ¢, 75,000 for £, 50,000 for
t,, 25,000 for £,, and 10,000 for ¢,. Ne population size prior was
set to 10,000. The most supported scenario was used for esti-
mation of divergence times (as generations) t,, t;, t,, t,, t, and
effective population sizes of the ancestral population Ne, and
each of the five present-day gene pools GP1 to GP5 (as Ne, to
Ne,). Summary statistics, noise variables and goodness of fit
were considered as in Triest et al. (2025). The generation time
of Avicennia, i.e., the average interval between the formation of
an individual propagule and the production of its offspring was
considered 3 to S5years when converting t generations into years
as implemented by Ochoa-Zavala et al. (2019) and further ar-
gued in Triest et al. (2025).

2.3 | Chloroplast Mutations, ML Tree,
Haplogroups and Origin Models

The analysis of complete chloroplast sequences through genome
skimming followed protocols as mentioned in Triest et al. (2025).
All mutational steps were recorded; however, we omitted inter-
ference from nuclear copies of plastid DNA (NUPTS) in 33 genes
of the Large Single Copy (LSC) region and retained only muta-
tional differences from non-ambiguous sequences for alignment
and further analysis.

To present phylogenetic relationships of maternal lineages of
A. marina in the WIO, relative to the outgroups, a Maximum
Likelihood (ML) tree using all mutations was constructed with
MRBAYES 3.2.6 (Huelsenbeck and Ronquist 2001). A median-
joining network (Bandelt et al. 1999) using POPART v1.7.2 (Leigh
and Bryant 2015) served for haplotype network construction
and haplogroup definition.

To estimate the maternal origin and divergence time of A. ma-
rina of different WIO regions, we considered five WIO hap-
logroups (not exactly corresponding to the five microsatellite
gene pools) in ABC origin models in DIYABC-RANDOMFOREST
using nine scenarios and priors as in 2.2.6 (Appendix S4,
Figure S4.1).

3 | Results
3.1 | Allele Diversity and Bottlenecks

A total of 167 alleles across 18 microsatellite loci were identified
in 1150 individuals, revealing 1029 unique multilocus genotypes
(MLGs). Repeated MLGs were mainly found in South Africa,
East Madagascar, and the Seychelles. Along the African main-
land coast, the number of alleles ranged from 29 to 83, with
allelic richness from 1.3 to 3.6 (Table 1). Among island popu-
lations, allele counts ranged from complete monomorphism
across all 18 loci to 56, with effective allele numbers (Ay) rang-
ing from 1 in the Seychelles to 1.8 in Madagascar (Table 1). A
general decline in allele diversity was observed along a north-
to-south gradient from continental Africa. Allele distribution
was highly uneven on Madagascar and nearby islands. Diversity
was highest in northern and western Madagascar, Mayotte, and
Europa, but sharply reduced along East Madagascar, Aldabra,
and the Seychelles (Table 1).

Kenyan and Tanzanian populations formed an allelic diversity
hotspot, while remote islands of Aldabra—and especially the
Seychelles—had fewer but unique allele variants. Regionally,
Aldabra and the Seychelles contained 10 private alleles with a
relatively high mean frequency ("q=0.169). In contrast, 80 pri-
vate alleles were found at low frequencies elsewhere ("q=0.041),
often detected once and typically in heterozygous individuals.
Avicennia marina populations on smaller islands varied consid-
erably in allele number per locus. Mayotte, Europa, and Aldabra
populations had more than two alleles at several loci, suggesting
either multiple colonisation events or local accumulation of step-
wise mutations. In contrast, all three Seychelles sites exhibited
only one or two alleles per locus, indicating either a single founder
origin or severe population bottlenecks. A BOTTLENECK analy-
sis revealed that seven populations experienced significant re-
cent bottlenecks (p <0.001), including all Seychelles populations,
Europa Island, and several mainland African sites (Table 1).

3.2 | Gene Diversity and Local Inbreeding

The highest heterozygosity levels (H, and uHy; Table 1), con-
sistent with patterns of allelic richness, were found in popu-
lations from Kenya, Tanzania and Mozambique. In contrast,
the lowest heterozygosity levels occurred in South Africa, East
Madagascar, one Aldabra site (ALD1), and across the Seychelles.
Within-population inbreeding (F,q) was significant in 20 of 34
populations, with values ranging from 0.167 to 0.659 (Table 1).
No significant inbreeding (non-significant F;) was observed in
15 populations, mainly along East African and MCA coastlines,
and at one Aldabra site (ALD2). The estimated selfing rate (S)
was significant and high (0.13-0.81) in 14 populations, though
large standard errors suggest mixed mating systems (Table 1).

Pairwise genetic differentiation (F;) within regions (Figure 2A)
was highest among the ‘eastern’ WIO populations—MADS5,
Aldabra and the Seychelles—with values ranging from
F=0.407 to 0.935 (Table S2.2). These levels were nearly as
high as those observed for outgroup populations in the Red Sea,
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FIGURE1 | Location of 34 Avicennia marina sites in the Western Indian Ocean. Population codes are as in Table 1. Bar charts per population or

region summarise the genetic structure inferred by STRUCTURE analysis (K=5 including an outgroup). Red lines indicate a major (full) or minor

(dashed) break from a BARRIER analysis. Main ocean surface current directionality is indicated with blue arrows (adapted from Hancke et al. 2014).
AC: Anticyclonic eddies; C: Cyclonic eddies; CB: Comoros Basin; DBLC: Delagoa Bight Limpopo Current; EACC: East African Coastal Current;
MCA: Mozambique Channel Area; NEMC: Northern Equatorial Madagascar Current; SEC: South Equatorial Current; SEMC: Southern Equatorial

Madagascar Current; SMCC: Southwest Madagascar Coastal current.

Malaysia, and Vietnam. In contrast, the ‘western” WIO popu-
lations along the main African coast, including MCA sites of
Mayotte, Europa, and western Madagascar, showed much lower
F; values, ranging from 0.053 to 0.300, except for a few inbred
South African populations. All pairwise Fg; values were statisti-
cally significant (p <0.001).

3.3 | Genetic Structure of A. marina Populations

A PCoA of individuals from the WIO showed a clear separation
along the first axis between the Seychelles and Aldabra Atoll
from other populations, whereas East Madagascar separated from
West Madagascar along a third axis (Figure 3A). Although indi-
viduals from the ‘western’ WIO region overlapped substantially, a
north-south gradient appeared along the third axis. Individuals
largely clustered with others from the same population, indicat-
ing strong population-level genetic differentiation (Figure 3A). An
assignment test confirmed this, with 88% of individuals correctly
assigned to their source population and only 12% assigned to a
different one, mostly within East Africa. A PCoA of 34 WIO pop-
ulations and 3 outgroup populations (Figure S2.1) also showed

clear separation: the outgroup and eastern WIO populations were
distinct along the first axis, while the WIO populations were sep-
arated from the Red Sea and Southeast Asian outgroups along the
second axis. As with the individual-level PCoA, populations from
the Seychelles, Aldabra, and East Madagascar were clearly dis-
tinct from those in the western WIO.

STRUCTURE analysis identified the highest DeltaK at K=2,
indicating two main genetic clusters. The first cluster com-
prised a widespread ‘western WIO’ group, including all pop-
ulations from Kenya, Tanzania, Mozambique, South Africa,
northern and western Madagascar, Europa Island, and
Mayotte (Figures 1 and S2.2). The second cluster represented
an ‘eastern WIO’ group, encompassing East Madagascar,
Aldabra Atoll, the Seychelles, and the outgroup populations
from the Red Sea, Malaysia, and Vietnam. While K=2 cap-
tures the broadest division, the WIO likely harbours more
than two gene pools. Clusters from K=2 to K=5 formed rela-
tively homogeneous regional blocks with a low standard devi-
ation in InP(K), suggesting biologically meaningful structure.
From K=6 onward, additional clusters mostly represented
admixed individuals with low assignment values (Q), which
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FIGURE 2 | Genetic grouping of Avicennia marina populations with (A) five gene pools based on microsatellite data. Green and blue colours of
five groups indicate the major genetic break of eastern and western Evolutionary Significant Units in the WIO (STRUCTURE analysis K =2). Fy, rang-
es within each gene pool are provided with highest values for gene pools 4 and 5. The times of divergence (t,, ¢, ¢, in blue) are from an origin model
based on microsatellites and times of divergences (¢, ¢, ,, t5, t, in orange) are from an origin model based on chloroplast haplotypes. Major ocean
surface current directions are similar to Figure 1. (B) Chloroplast haplotype network of mutational substitutions (transitions and transversions) in
the WIO, Red Sea, relative to an extended Asian outgroup. Note a similar mutational number of Red Sea and East Africa (pro parte) from their near-
est shared node; (C) Chloroplast haplotype network of all mutations (transitions, transversions, mononucleotide repeats and insertion/deletions) in
the WIO and Red Sea, indicating the eastern WIO populations (Seychelles, Aldabra, East Madagascar) as an evolutionary unit. The numbers of lines
between haplotypes indicate the position of the corresponding mutations in the alignment. Colours in both haplotype networks refer to the five gene
pools and outgroup, as given by nuclear microsatellites.

A EAST MADAGASCAR
A - X
KENYA . AMen
& & E&' + 7
— i » t
E’\; TANZANIA »s;;- B, ALDABRA
L XX* ) ? *.' w4
o < AL
s o
] SEYCHELLES
AFRICA ’%, ¢
*e e
rened WEST MADAGASCAR

PC1 (23%)
#KENT ~®KEN2 4KEN3 xKEN4 xTANT TAN2 +TAN3 -TAN4 =-MOZI +MOZ2 =MOZ3 4 MOZ4
xMOZ5 xMOZ6 oMOZ/ +MOZ8 ~-MOZ9 ~-SAFl  *SAF2  =SAF3  ASAF4  xSAFS  xMAY < EUR

+MAD1 - MAD2 - MAD3 +MAD4 = MAD5 & ALD1 ALD2 SEY1 SEY2 SEY3

1.0 B WIO eastern gene pool (N = 6) WIO (N = 34) WIO + Red Sea  y = 5E-05x + 0.31
y = 0.0001x + 049 o S y=00001x + 024 +SEAsia (N =37)  R*=026
e °R=021° o ¢
© 3 Dood 8o o B8 5o
o © o o co ¢ °
° @ @0%850 &e 9808 e o0 ° °
D05 e e g L
y = 4E-05x + 0.21
R? = 0.08
WIO western gene pool (N = 28)

0.0 1 1 1 1 1 1 1 1 1 J

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Geographic distance (km)

FIGURE 3 | (A)PCoA of individual Avicennia marina genotypic distances from nuclear microsatellites in major regions and islands of the WIO,
clearly separating the eastern WIO islands from a main western WIO cluster that contains a latitudinal gradient. (B) Isolation-by-distance (IBD) with
geographic distance (km) as an explanatory factor of Fg; between populations for four data sets, namely WIO including Southeast Asian outgroup
(blue), WIO (orange) and the eastern WIO gene pool (blue) showing strongest IBD slope when compared to the western gene pool (green).

are potentially informative for assessing regional connectiv- (Figures 1 and S2.2). These five gene pools were significantly
ity (Figure S2.2). Based on this, five gene pools (GP) could be different for standard genetic variables (Table S2.3).
considered (Table 1), namely GP1: East Africa; GP2: MCA;

GP3: South Africa; GP4: East Madagascar and Aldabra; and

GP5: Seychelles, Red Sea, and Southeast Asian outgroups. 3.4 | Barriers and Strongest Differences

Admixture patterns from GP2 to GP1 were also observed near

the SEC bifurcation and on Mayotte Island, whereas north- BARRIER analysis revealed major genetic breaks separating
ern Madagascar showed mixed ancestry from GP2 and GP4 the Seychelles, Aldabra Atoll, and East Madagascar from other
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TABLE2 | Summaryof AMOVA and F-statistics of Avicennia marina for all populations and a hierarchical AMOVA considering two regions, that
account for the largest variance of the Western Indian Ocean populations, namely the eastern WIO (Seychelles, Aldabra and East Madagascar) as an
eastern ancient group versus all other African and West Madagascar populations.

df SS MS Est. Var. % F-statistics P
No regions
Among populations 33 4,394,282 133,160 2052 44% Fy=0.444 0.001
Among individuals 1045 3,350,212 3206 0,637 14% F4=0.248 0.001
Within individuals 1079 2,085,000 1932 1932 42% F;;=0.582 0.001
Total 2157 9,829,494 4621 100% Nm=0.3
Two regions
Among regions 1 1,507,708 1,507,708 2473 39% Fpr=0.386 0.001
Among populations 32 2,886,574 90,205 1371 21% Fyr=0.348 0.001
Among individuals 1045 3,350,212 3206 0,637 10% Fy=0.599 0.001
Within individuals 1079 2,085,000 1932 1932 30% F=0.248 0.001
Total 2157 9,829,494 6413 100% F1=0.699 0.001

Abbreviations: df, degrees of freedom; Est. Var., estimated variance; MS, mean of squares; SS, sum of squares.

populations (Figures 1 and S2.3). Minor barriers among South
African populations reflect elevated inbreeding levels due to
isolation from neighbouring mangroves, whereas minor genetic
barriers in East Africa might arise from their unique and higher
diversity levels (See further under 3.7). Overall genetic differen-
tiation among WIO populations was high (AMOVA-F . =0.444;
Table 2). Most of this differentiation occurred between the east-
ern and western WIO regions (hierarchical AMOVA-F,.=0.386).
Notably, the six eastern WIO populations showed much higher
differentiation (AMOVA-F;.=0.698) compared to the 28 western
WIO populations (AMOVA-F; =0.275; Table S2.4).

3.5 | Isolation-By-Distance Testing

Four Mantel tests—covering all 37 populations (including out-
groups), 34 WIO populations, and each K=2 group (N=28 and
N=6) - showed the strongest IBD in the Seychelles and Aldabra
populations, and the weakest IBD among African mainland and
MCA populations (Figure 3B). An ANOVA over ten geographic
distance classes for the 34 WIO populations (Table S2.5) re-
vealed significantly lower genetic differentiation (Fg; and Rg;)
at short distances (< 1453km) compared to the average (mean
pairwise Fy;.=0.448; R =0.520). Conversely, a significant IBD
effect was detected at largest distances (>2500km) for both Fg
and Ry;. The overall IBD slope was significant for Fg.(b=0.088,
p<0.001) and Ry (b=0.091, p <0.001). Similar analyses within
the K=2 groups showed significant IBD beyond 2667 km in the
western WIO, but not in the eastern WIO, where a genetic break
was observed instead (Table S2.5).

3.6 | Migration Models

Migration models for A. marina (Table 3) focused on the most
closely related populations with the lowest Fg, from gene
pools GP1 and GP2. These included: (a) East African sites

(GP1), showing northward flow along the bifurcated SEC
via the EACC; (b) MCA sites (GP2), following a southward
bifurcated SEC; (c) West Madagascar sites (GP2), influenced
by the SMCC; (d) Mayotte Island (GP2 but admixed with
GP1), indicating connectivity across the MCA with northern
Madagascar (GP2) and the nearby African mainland; and
(e) Europa Island (GP2), showing potential links to nearby
Madagascar and the African mainland. Testing directionality
across mangrove estuaries revealed that customised stepping-
stone models were more likely than panmixia, bidirectional
stepping-stone, or various source-sink models, except for the
MCA islands (Table 3).

3.7 | Origin Models of Five Microsatellite-Based
Gene Pools

Among nine tested origin scenarios (Appendix S3, Figure S3.1)
and demographic evolution of A. marina gene pools GP1 to GP5
in the WIO—based on a Southeast Asian ancestral outgroup
at time ¢,—phylogeographic scenario 6 (Figures 4B and S3.2)
was best supported (30% votes, 0.43 probability). This scenario
identifies GP5 (Seychelles) as the oldest WIO lineage followed
by GP4 (East Madagascar, Aldabra), then GP1 (East Africa),
GP2 (MCA), and finally GP3 (South Africa). Estimated median
generations ranged from ¢, =935 for the youngest South African
lineage to t,=15,452 for the ancestral root (Table 4; Figures 4B
and S3.3). Assuming a generation time of 5Syears (Table 4),
the divergence of GP5 and GP4 (Seychelles, Aldabra and East
Madagascar) dates to 40,818-77,260years ago, corresponding
to the Late Pleistocene. GP1 (East Africa, including admixed
Mayotte) diverged near the end of the LGM (~23,320years ago),
while GP2 (MCA) and the most recent GP3 (South Africa) di-
verged during the Holocene around 11,985 and 4675years ago,
respectively. Effective population sizes were highest in ancestral
populations, outgroup GP4 and GP5 ranging from 4249 to 6413.
In contrast, recent populations GP1, GP2 and GP3 had lower Ne
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FIGURE4 | Phylogenetic relationships of Avicennia marina in the WIO relative to Asian outgroup. (A) Maximum Likelihood Bayesian tree show-
ing two haplogroups each of the western (HG1, HG2) and eastern (HG4, HG5) WIO, and a related HG3 of the Red Sea. (B) Most likely origin model
from a DIYABC-RANDOM FOREST analysis with subsequent divergence times (f) of five microsatellite gene pools. (C) Most likely origin model from a
DIYABC-RANDOM FOREST analysis with subsequent divergence times (¢) of five haplotype groups.

values between 719 and 1352 (Figure S3.3). Posterior density es-
timates, using a generation time of 3 to Syears, suggest diver-
gence times of roughly (Table 4) t,=3 to 5kya for GP3 (South
African range edge), t,=8 to 12kya for GP2 (MCA), and t,=14
to 23kya for GP1 (East Africa) as shown on the map (Figure 2A).

3.8 | Haplotype Diversity, Chloroplast Mutations
and Evolutionary Units

After removing NUPTs, 87 mutations were retained in 41 WIO
individuals—45 substitutions (transitions or transversions) and
42 mononucleotide repeats or indels. When including outgroups
from the Red Sea and Southeast Asia, 342 mutations were identi-
fied: 223 substitutions and 119 mononucleotide repeats or indels
(Appendix S5).

3.9 | Phylogenetic ML Tree

The ML tree (Figure 4A) revealed two main evolutionary
units. The western WIO group includes populations from
Kenya, Tanzania, Mozambique, South Africa, north and west
Madagascar, and Europa Island (Figures 2B and 4A). The east-
ern WIO group comprises populations from the Aldabra Atoll,
East Madagascar, and the Granitic Seychelles islands. Mayotte
Island showed chloroplast capture from the eastern group.

3.10 | Haplonetwork

Five A. marina haplogroups from the WIO differed markedly
from those in the Malaysian Peninsula and other Southeast
Asian regions (Figure 2B). These haplogroups partly aligned
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TABLE 4 | Approximate posterior distribution of parameters obtained from Bayesian origin models of nuclear microsatellite gene pools (see
Figure 4B) and chloroplast haplogroups (see Figure 4C) obtained from DIYABC-RANDOM FORESTS.

Number of ¢
generations t=3years t=>5years
Nuclear
microsatellite
loci
Supported Median Q0.05 Q0.95 Median Q0.05 Q0.95 Median Q0.05 Q0.95
scenario 6 (see
Figure 4B)
ty 15,452 6527 37,452 46,356 19,581 112,356 77,260 32,635 187,260
t 8103 4597 9844 24,309 13,791 29,532 40,515 22,985 49,220
t, 4664 1881 7834 13,992 5643 23,502 23,320 9405 39,170
t 2397 899 4780 7191 2697 14,340 11,985 4495 23,900
ty 935 215 3572 2805 645 10,716 4675 1075 17,860
Chloroplast genome mutations (¢; and t,)
Supported Median Q0.05 Q0.95 Median Q0.05 Q0.95 Median Q0.05 Q0.95
scenario 4 (see
Figure 4C)
ty 21,836 7972 41,820 65,508 23,916 125,460 109,180 39,860 209,100
t 15,146 5148 28,005 45,438 15,444 84,015 75,730 25,740 140,025
t, 9991 2131 21,504 29,973 6393 64,512 49,955 10,655 107,520
L 12,088 1912 22,724 36,264 5736 68,172 60,440 9560 113,620
t 4059 967 8724 12,177 2901 26,172 20,295 4835 43,620

Note: Both models of nuclear microsatellites and of chloroplast sequences (¢, transitions and ¢, transversions) contain similar parameters but their ¢, and ¢, to ¢, may
comprise different population groups. We consider a generation time of approximately 3 to Syears for Avicennia marina.

with the nuclear microsatellite-based genetic structure. The five
haplogroups (Figure 2C), each comprising related haplotypes,
showed highest diversity (HG1 and HG2) in East Africa. HG2 was
widespread and maternally linked most populations across the
western WIO. HG3 was specific to the Red Sea, HG4 occurred
in ALD1, East Madagascar, and Mayotte, and HG5 was found in
the Seychelles and in ALD2. The two divergent haplogroups in
Aldabra matched the presence of more than two alleles in nuclear
microsatellites (see 3.1), suggesting multiple colonisation events.
Similarly, the two haplogroups along East Africa reflect either
local mutations or, more likely, multiple colonisation events (see
further 3.11). HG2 in East Africa and HG3 in the Red Sea had sim-
ilar numbers of mutational steps from their nearest shared node
(Figures 2B and 2C), indicating a comparable divergence time.

3.11 | Origin Models of Five Haplogroups
(Supported Scenario 4)

Among nine possible origin scenarios for the demographic
evolution of A. marina haplogroups HG1 to HG5 in the WIO
and Red Sea (Appendix S4, Figure S4.1), scenario 4 was best
supported (27% votes, posterior probability =0.54). This sce-
nario proposes HG5 (Seychelles and ALD2) as the oldest ma-
ternal lineage, followed by successive divergences: HG4 (East
Madagascar, ALD1, Mayotte), HG2 (partly East Africa), HG3

(Red Sea), and youngest HG1 (partly East Africa, MCA, South
Africa) (Figures 4C and S4.2). The median divergence times
ranged from f,=4059 generations for the youngest lineage
to t,=21,836 generations for the ancestral node (Table 4;
Figures 4C and S4.3).

Assuming a generation time of 5years (Table 4), haplogroups
HG4 and HG5—found in the Seychelles, Aldabra, Mayotte, and
East Madagascar—date to approximately 75,730 to 109,180 years
BP, corresponding to the Late Pleistocene. Haplogroups HG3
(Red Sea) and HG2 (East Africa) are also referred to as Late
Pleistocene (49,955 to 60,440years BP), while HG1, present
along the main African coast and MCA region, emerged more
recently during the Holocene (20,295years BP). The effective
population sizes of the cpDNA lineages were estimated to range
from Ne=3928 to 5447 (Figure S4.3). Posterior density estimates
were most robust for the oldest haplogroups. When using a gen-
eration time range of 3 to Syears (Table 4), rounded median di-
vergence estimates place HG1 at 12-20 kya, HG2 and HG3 at
30-60kya and 30-50kya, respectively, HG4 at 45-75kya, and
HGS at 65-110kya (Figure 2A). The inferred timing and or-
igin of A. marina along the main African coastline and MCA
(Figure 2A) are consistent across both nuclear microsatellite
data (t,=14-23kya) and cpDNA sequences (t,=12-20kya).
Notably, nuclear microsatellites proved more informative for
tracing recent lineage divergence (LGM and Holocene), while
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cpDNA mutations revealed insights into older, Late Pleistocene
divergence events.

4 | Discussion
4.1 | Evolutionarily Significant Units

The WIO phylogeography of Avicennia marina features two
distinct genetic groups: (1) the Seychelles, Aldabra, and East
Madagascar; and (2) the main African coast and western
Madagascar. Both groups represent distinct ESUs with different
geographic origins and colonisation histories. While the broad
geographical range of A. marina and its production of numer-
ous propagules (Clarke 1992) suggest high dispersal potential,
successful LDD across the Indian Ocean towards the WIO ap-
pears extremely rare, occurring perhaps once every 10,000-
20,000years. Such rare dispersal events likely exploit transient
‘windows of opportunity’, such as during glacial maxima, when
lower sea-levels expose large areas of continental shelves and
increase the number and size of islands (De Groeve et al. 2022).
Such a scenario of enhanced resource populations and stepping
stones was also proposed for Rhizophora mucronata (Triest,
Sierens, and Van der Stocken 2021). Although Lagrangian-
particle simulations based on high-resolution ocean circulation
data suggest sporadic LDD between EIO and WIO for propa-
gules with a 12-month floating period, a 6-month floating pe-
riod would not suffice for direct jump dispersal to reach the
African islands or mainland, and intermediate stepping stones
would be necessary for successful transoceanic dispersal (Van
der Stocken et al. 2019).

The cpDNA haplotype network spanning the WIO supports his-
torical westward LDD events. Intermediate haplogroups found
in the Seychelles, Aldabra and East Madagascar suggest ancient
gene flow and highlight a Late-Pleistocene colonisation history.
On the Seychelles, A. marina populations are highly genetically
distinct and isolated—both from one another and from other
WIO populations—with extremely low allelic diversity, evi-
dence of genetic drift and signs of recent bottlenecks. Complete
fixation of a single homozygous genotype in two populations
points to limited founders followed by drift and biparental in-
breeding, rather than selfing. Their isolation is reinforced by
strong, directional ocean currents and geographic remoteness,
which strongly limit propagule influx. Similar genetic isola-
tion was reported for the mangrove crab Neosarmatium mein-
erti from Mahé, Rodrigues, Aldabra and Mauritius (Ragionieri
et al. 2012).

A second colonisation event—dated roughly 20-35 kya—Ilikely
introduced a distinct maternal lineage to East Madagascar,
with subsequent dispersal to Aldabra and Mayotte (the lat-
ter with chloroplast capture HG4 into nuclear GP1 and GP2).
These events occurred against the backdrop of Pleistocene sea-
level fluctuations, which shaped connectivity. Lower sea lev-
els during the LGM exposed continental shelf areas, forming
barriers to gene flow and altering surface-ocean circulation
patterns. This created strong genetic discontinuities in man-
groves from Southeast Asia towards the WIO (e.g., Gaither
et al. 2011; Yang et al. 2017; Wee et al. 2020). Aldabra's then-
expanded land area, in combination with additional source

populations on emerged islands, likely increased Aldabra's
capacity to intercept propagules from the EIO. In contrast,
the present-day reduced size of the Seychelles Islands limits
opportunities for successful colonisation. Thus, the presence
of a rare and ancient ESU in restricted suitable sites on the
Seychelles, Aldabra and East Madagascar underscores the
conservation value of these populations. Rather than dismiss-
ing A. marina as a pantropical species of least concern, our
data support the recognition of these isolated lineages as rel-
ics of Pleistocene colonisation via now-submerged dispersal
corridors such as the Cargados Carajos Bank Ridge extending
southward from the Seychelles (Hansen et al. 2017).

4.2 | Mixed Late Pleistocene and Holocene Origins

Since the LGM, sea-level fluctuations along the narrow con-
tinental shelf of the African coast caused less disruption to
mangrove habitats over large geographic distances compared
to other regions such as the Sunda Shelf, although a steep coast
provides smaller accommodation space. Avicennia marina
populations were able to shift with changing sea levels with-
out encountering major geographic barriers along the main
African coast. Nevertheless, bifurcation of the SEC near the
Mozambique-Tanzania boundary, northward into the EACC
along coasts of Tanzania and Kenya, and southward into the
MCA, represents an important oceanographic barrier main-
taining genetic differentiation. Dispersal from Madagascar
via the Northeast Madagascar Current (NEMC) and historical
northward currents—the Subtropical Convergence was up to
5° latitude further north during LGM (cf. Prell et al. 1980)—
may have facilitated Late Pleistocene (~30-60kya) colo-
nisation of East Africa and the Red Sea. A distinct Red Sea
haplogroup likely diverged from East African populations
during that long period. Although less common, this older
haplogroup is still present in locations like Lamu and Gazi
(Kenya) and northern Tanzania. Subsequent Holocene dis-
persal (~12-20kya by cpDNA; ~14-23 kya by microsatellites)
introduced new lineages, mixing with remnants of the earlier
gene pool. This admixture likely explains highest genetic di-
versity in East African A. marina. Microsatellite gene pools
GP1 and GP2 overlap in Tanzania. Notably, haplogroup HG2,
present in northern Tanzania, is absent from offshore islands
(Zanzibar, Pemba, Mafia) and southern Tanzania suggesting
two separate colonisation waves.

Avicennia marina populations of the Red Sea and the Persian/
Arabian Gulf (PAG) showed lineage diversification with split-
ting time (40 to 295kya) dating back to the Late and Middle
Pleistocene during glacial periods of low marine connectivity,
though followed by secondary contact among Red Sea and PAG
populations (Friis et al. 2024).

This aligns well with our observation of mixed haplotypes of A.
marina in East Africa. Southern Red Sea coral reefs appeared
connected to regions in the Indian Ocean (Wang et al. 2019),
whereas strong isolation of inner Red Sea populations from the
WIO was reported for corals (van der Ven et al. 2021), fishes
(DiBattista et al. 2016), arthropods (Iacchei et al. 2016), echi-
noderms (Vogler et al. 2008), molluscs (Hui et al. 2016), and
sponges (Worheide et al. 2008). We hypothesise that Avicennia
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mangroves, along with other organisms, could establish in the
northwestern peripheral region of the WIO much earlier than
those along the continental African coast.

4.3 | Holocene Expansion

Our genetic data and demographic models suggest that A. ma-
rina's genetic structure in the WIO is shaped more by histor-
ical gene flow than by strong demographic contractions. Most
populations along the African coast, western Madagascar,
Mayotte and Europa exhibit moderate genetic differentiation,
consistent with ongoing connectivity. Four distant A. marina
locations along Mozambique showed non-significant differenti-
ation, suggesting a single gene pool (Amade et al. 2021). Gene
flow patterns in Tanzania follow the northward EACC, while
gene mixing between East Africa and western Madagascar oc-
curs predominantly in an east-to-west direction. These find-
ings are in line with trajectories of satellite-tracked drifters,
showing that cross-channel transport is possible in both direc-
tions within a time span of 19 to 30days, potentially driven by
frontal zones between mesoscale eddies and interstitial waters
(Hancke et al. 2014). This time span is within the range of prop-
agule buoyancy periods reported for A. marina (Clarke and
Myerscough 1991; Clarke et al. 2001).

Populations on Mayotte and Europa harbour high allelic diver-
sity and share genetic affinities with both Malagasy and African
sources, indicating multiple successful dispersal events. A re-
cent Holocene expansion across the MCA was also reported for
R. mucronata (Triest, Sierens, and Van der Stocken 2021; Triest,
Van der Stocken, De Ryck, et al. 2021).

4.4 | Special Cases

Aldabra populations show higher allelic diversity than pop-
ulations of the Granitic Seychelles, indicating more frequent
colonisation events. Aldabra emerged ~125,000years ago and
its mangrove-suitable inner rim likely formed only ~4-5kya
(Braithwaite et al. 1973). Floating propagules could reach
Aldabra from Madagascar or Africa in 5-7.5days (Hnatiuk and
Rudall 1985) facilitated by seasonal monsoon winds. However,
cpDNA data suggest limited bidirectional gene flow. Two di-
vergent haplotypes on Aldabra indicate successful colonisation
events from sources related to East Madagascar (for ALD1)
and the Seychelles (for ALD2). High allelic richness indicates
multiple propagule arrivals from each. Strikingly similar to A.
marina, Aldabra’s Rhizophora populations show two spatially
distinct lineages within the inner lagoon, and this occurs in
the same site as Avicennia’'s ALD2, harbouring a more ancient
lineage related to the Seychelles (Triest, Sierens, and Van der
Stocken 2021). Hence, this points to a multi-species colonisation
event during a window of opportunity to disperse and colonise
specific parts of the atoll.

Mayotte's A. marina populations exhibit nuclear microsatellite
affinity with western Madagascar and Mozambique; however,
cpDNA haplotypeslink them to the East Madagascar or Aldabra's
(ALD1) lineage. This suggests regular mixing of MCA gene
pools, with Mayotte acting as a contemporary stepping-stone

receiving propagules through the westward flowing SEC and
Comoros Basin circulation (Hancke et al. 2014). Data from other
islands of the Comoros archipelago can corroborate this MCA
mixing hypothesis.

Range-edge populations showed reduced genetic diversity in
Southeast Asia (Arnaud-Haond et al. 2006) and South Africa
(De Ryck et al. 2016). Our data of South African populations
suggest that a bottlenecked, youngest lineage (3-5kya) dispersed
across the Delagoa Bight Limpopo Current (DBLC). These share
a main African haplogroup and are hypothesised to have estab-
lished during a Holocene highstand (~4 kya), similar to patterns
observed in Southeast Asia (Triest et al. 2025), when sea level
rise may have facilitated mangrove dispersal upriver. Changes
in surface-ocean circulation patterns during the LGM—Ilike a
weakened Agulhas current—may have further influenced dis-
persal opportunities (Prell et al. 1980). Estuary inlets in this
region are often narrowed by strong wave action and highly mo-
bile sediments, and during times of reduced river flow, they may
remain closed to the ocean (Van Niekerk et al. 2020), thereby
impeding the dispersal and establishment of mangrove propa-
gules (Raw et al. 2023).

5 | Conclusions

This study presents the WIO phylogeography of Avicennia ma-
rina. We identified two distinct ESUs with different geographic
origins and colonisation histories. Populations on the Seychelles,
Aldabra, and East Madagascar experienced several Pleistocene
colonisation events, while those along the African mainland
and in the MCA were shaped by Holocene migrations that mir-
ror present-day surface-ocean circulation patterns. Given the
ecological importance of mangroves, appropriate conservation
is needed for key evolutionary units and areas of high genetic
diversity, particularly where gene pools mix. Remote island pop-
ulations, often with very small and/or fragmented mangrove
area and in many cases under development pressure, warrant
special attention. LDD to these areas likely occurred only once
or twice during the Holocene, or possibly as far back as the Late
Pleistocene, when sea level was lower. Although present-day
currents may facilitate LDD, such events are rare, and these
remote populations remain highly vulnerable to isolation. This
vulnerability is exacerbated by usual small and fragmented
mangrove area, further threatened by sea level rise.
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