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Population connectivity influences the distribution of genetic diversity and divergence
along a species range, as the likelihood of extinction or differentiation increases in isolated
populations. However, there is still poor understanding of the processes mediating inter-
population dispersal in marine species that are sessile and lack planktonic life stages. One
such case is the seagrass species Halodule wrightii, which produces basal seeds,
although detached plants can drift. Along the tropical western coast of Africa, this
species occurs in distant discontinuous habitats, raising the question of how
interpopulation dispersal is mediated. The species is a key source of ecosystem
functions including feeding large migratory grazers. This study aims to infer whether
genetic differentiation of the seagrass H. wrightii along the western coast of Africa
supports a hypothesis of predominant transportation of rafting seagrass by ocean
currents, versus the hypothesis of biotic vectors of dispersal. Additional hypotheses
were addressed concerning range-wide clonality and genetic diversity, assessed with
microsatellite markers on populations of the west coast of Africa from Mauritania to
Angola. Population genetic diversity and structure were compared with predictions from
biophysical models of dispersal by oceanographic currents. The genetic data revealed low
divergence among most populations, in strong contrast with predictions of very low
probability of connectivity mediated by currents along the western African coastline.
Moderate to high genotypic diversity showed important seed recruitment, but genetic and
genotypic diversities were lower at range edges. Populations north and south of the
equator were differentiated, and remarkably, so were neighboring equatorial populations
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despite their proximity. These results reveal independent sources of colonization of
meadows in these islands, which are major habitat for migratory grazing green turtles,
also supporting the hypothesis of biotically mediated seed transport. The importance of
seagrass for conservation of endangered macrofauna has been widely reported; here we
report evidence supporting the reciprocal role, that macrofauna protection can also plays
a role in long-term survival and reproductive success of seagrass.
Keywords: Western Africa, seagrass, Halodule wrightii, population connectivity, dispersal
INTRODUCTION

Connectivity among populations plays a fundamental role in
their ecology and evolution, mediating population dynamics and
gene flow in metapopulation systems, and consequently the
resilience of populations to environmental changes (Cowen
et al., 2006; Cowen et al., 2007; Olds et al., 2016). Low
connectivity causes smaller population sizes, increasing the
likelihood of local extinctions but also of genetic differentiation
and even speciation. In the oceans, the natural connectivity
potential of marine populations at evolutionary time scales is
often mediated by the oceanic transport of planktonic stages
such as propagules, larvae, juveniles and fragments, but also by
the active movement of adults (Palumbi, 2003; Cowen and
Sponaugle, 2009). However, rafting and anthropogenic
activities may also influence the dispersal of organisms over
long distances (Thiel and Haye, 2006; Crook et al., 2015). Such
dispersal processes are a major determinant of the ecological and
evolutionary history of marine species. The marine environment
appears to lack obvious obstacles for active or passive migration,
suggesting that long distance dispersal is possible for many
marine species. Yet, marine gene flow can be restricted by
currents, thermal barriers, geographic features, and distance/
time relative to the viability of dispersive stages (Goldberg and
Lande, 2007). As a result, many species may exhibit genetic
variability among populations at several spatial scales, revealing
patterns and scales of dispersal that influence population
dynamics and distributions (Kinlan and Gaines, 2003; Iacchei
et al., 2013).

Dispersal distances in the marine environment may vary by
orders of magnitude among or within taxa even for species that
occupy similar ecological niches, such as seagrasses. Some
seagrass species release their seeds in the sediment with no
pelagic life stage while others produce floating propagules
(Orth et al., 2006a) and consequently, genetic connectivity can
differ greatly among populations (Waycott et al., 2006). There is
also insufficient understanding of connectivity processes for
species with very limited dispersal capacity, especially when
they occupy distant habitats that they are very unlikely to
reach without active transportation. Notably, there is almost
no empirical evidence to understand the colonization and gene
flow of oceanographically discontinuous habitats by seagrass
species lacking efficient self-dispersal means, particularly for
those that produce basal and negatively buoyant seeds in the
genera Cymodocea and Halodule (McMahon et al., 2014). It can
in.org 2
be hypothesized that these can only be transported by remaining
attached to drifting detached seagrass shoots or by active
transportation by animals, but the relative contribution of
these potential dispersal mechanisms is poorly understood.

Seagrasses are marine flowering plants, most of which are
distributed along shallow and wave-protected, temperate and
tropical coastal waters around the world (Green et al., 2003).
They provide important ecosystem services such as nursery and
habitat for other organisms (e.g. fish and invertebrates), water
quality improvement, sediment stabilization, productivity for
food webs and carbon sequestration (Nordlund et al., 2016;
Nordlund et al., 2018). However, despite their ecological
importance, seagrasses are among some of the most threatened
coastal ecosystems around the world (Waycott et al., 2009; Short
et al., 2016). The increasing decline of seagrass meadows around
the world raises the need to understand their specific
reproductive and dispersal strategies that allow the connection
between populations, to further implement effective conservation
and restoration strategies (Orth et al., 2006b).

Seagrasses have the ability to reproduce both sexually, when
genetically distinct individuals (genets) result from seeds, and
asexually by clonal growth of plants that produce units capable of
independent life (ramets, a plant fragment containing leaves,
rhizome and roots, that derive from the breakage of the mother
plant into physically independent individuals). Although
seagrass species differ in producing seeds with contrasting
dispersive properties (negative, neutral or positively buoyant)
(Orth et al., 2007), seagrass fragments containing viable shoots
can become dettached and drift away, transported by currents.
These can contribute to recruitment if they eventually reattach in
the sediment elsewhere (a process that is more likely in intertidal
populations than in subtidal ones), or if the drifting fragments
carry fruits and seeds that can disperse over suitable habitat (see
Kendrick et al., 2017 for a review). Although seagrass propagules
have been reported to be transported by ocean currents, tidal
currents, wind, and sediment movement (Ruiz-Montoya et al.,
2012; Ruiz-Montoya et al., 2015), their subsequent arrival in a
suitable habitat and effective recruitment after transportation,
although possible (Berković et al., 2014), is insufficiently
understood. Another hypothesis for the dispersal of seagrasses
is transportation by biotic vectors. Seagrass propagules can be
eaten by herbivores such as green sea turtles and dugongs (e.g.
Tol et al., 2017) or redhead ducks, which during winter feed
exclusively on Halodule wrightii (Michot et al., 2008). Seagrass
propagules can also attach to aquatic birds (e.g. Figuerola and
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Green, 2002), which by moving between similar suitable seagrass
habitats may increase recruitment rates. Ultimately, such
biophysical interactions determine connectivity pathways of
seagrass populations across a wide range of spatial scales,
depending on the transport mechanisms that are present, and
the features of the propagule being dispersed (see McMahon
et al., 2014 for a review).

Halodule wrightii Ascherson, 1868, is dioecious (i.e., separate
males and females), perennial, and tolerates a wide range of
environmental conditions (Bercovich et al., 2019). This species
typically occupies areas associated with wave-protected coastal
features isolated by unsuitable exposed habitat, across the
tropical and subtropical eastern and western Atlantic coastal
shores (Den Hartog and Kuo, 2007). However, it is unclear
whether this distribution reflects the capacity for frequent
long-distance dispersal or whether populations are
fragmented within their range because their seed biology is
not favourable for dispersal H. wrightii produces very
persistent basal seeds that can remain dormant for years
(McMillan, 1981; Orth et al., 2007) and grow at the base of
shoots that are neutrally or negatively buoyant, suggesting
highly restricted seed dispersal. While several studies have
estimated dispersal rates for other seagrasses (Orth et al., 1994;
Harwell and Orth, 2002; Verduin et al. , 2002; Van
Tussenbroek et al., 2009; Berković et al., 2014), to date few
studies have focused on H. wrightii for estimates of seed
(Darnell et al., 2015) or fragment dispersal (Hall et al.,
2006). The reproductive biology of H. wrightii, which has
very restricted dispersal abilities due to basal and non-
buoyant seed production (Darnell et al., 2015), raises the
hypothesis that population genetic isolation may be
prevalent and may contribute to the rare occurrence of this
seagrass along the coastlines of tropical Atlantic Africa.
Among the seagrass species found in the eastern and western
tropical Atlantic, H. wrightii is the only one that has colonized
the eastern Atlantic (western coast of Africa) (Spalding et al.,
2003), although there is insufficient phylogenetic data on
whether it is indeed the same species on both sides. The
absence of other tropical seagrasses of the western Atlantic
on the eastern side suggest that they have not been able to
disperse across the Atlantic via abiotic or biotic means.
This shows that despite its apparently non-dispersive
seeds, H. wrightii has an effective means to achieve long-
range dispersal, even if rarely. Possible mechanisms for this
could be drifting seagrass fragments carrying attached
seeds, resettling fragments without seeds or animal-
mediated dispersal.

The west coast of Africa, one of the world’s largest coastal
systems, is an important center of marine biodiversity and
marine food production, ranked among the world’s most
productive coastal and offshore waters (Roberts et al., 2002),
Ukwe et al., 2003). It comprises very distinct coastal zones
influenced by different main currents dominated by major
wind-driven ocean gyres, the North Equatorial, the Equatorial,
and the South Equatorial gyres (Philander, 2001). A semi-arid
coast (Mauritania and Senegal) dominated by the cold
Frontiers in Marine Science | www.frontiersin.org 3
equatorward coastal current and the Canary Current off
northwest Africa associated with intense coastal upwelling;
Guinea-Bissau is the transition to a shallow ocean off a humid
tropical coast from Guinea to Gabon dominated by a prevailing
offshore current, the Guinea Current, where coastal upwelling
occurs seasonally; and a subtropical coast southwards to Angola,
where it encounters the temperate Benguela Current from
southwest Africa and its important coastal upwelling areas
(Philander, 2001; Ukwe et al., 2006; Hutchings et al., 2009).

Despite being a tropical region with high biodiversity, the
western coast of Africa is one of the least studied regions for
seagrasses in the world (Duarte et al., 2008). To date, there are
few reports of populations of H. wrightii on the western coast
of Africa: it finds its northern limit of distribution at Banc d´
Arguin in Mauritania and Senegal (Cunha and Araújo, 2009),
was reported in Cape Verde (Creed et al., 2016), São Tomé and
Prıńcipe (Alexandre et al., 2017) and has its southern limit in
Angola (Santos, 2007). Other seagrasses that co-occur on this
coast have broader distributions reaching colder temperate
regions northwards (Cymodocea nodosa and Zostera noltei)
and southwards (Zostera capensis in Atlantic South Africa).
Although species of Ruppia have rarely been reported in Africa
(but see Martıńez-Garrido et al., 2017) these are expected to
occur more widely given their propensity for seed dispersal by
migratory aquatic birds (e.g. Figuerola et al., 2002), so the
small number of occurrence records might reflect insufficient
published observations rather than real absences. The location
of seagrasses on coastal ecosystems, and their vulnerability to
environmental conditions, exposes seagrasses to different types
of human-induced disturbances, frequently leading to habitat
loss (Waycott et al. , 2009). Quantifying population
connectivity within coastal ecosystems is a key component of
the management and conservation of seagrass populations and
its ecosystem services.

In this study, we aim to estimate the structure of genetic
connectivity of the tropical seagrass species H. wrightii along
its eastern Atlantic distributional range on the western coast
of Africa, to assess the support for the hypothesis (i) that
hydrodynamic connectivity mirrors genetic structure,
as expected if ocean currents are the main dispersal
mechanism, versus the alternative hypothesis of biotic seed
transportation dependent on large-scale migratory patterns of
megaherbivores. Additionally, we also address the hypotheses
that (ii) partial clonality occurs throughout this coastline, and
that clonal propagation occurs at similar levels among all
sampled populations and that (iii) genetic diversity is greater
in the center of the species range and lower towards the
range edges.

This species model is interesting due to its predicted restricted
propensity for self-dispersal, and the west coast of Africa is
selected because this species has few rare and distant known
occurrences reported, making it important to understand to what
extent they may be connected. This study fills in a major gap in
the understanding of metapopulation connectivity of seagrasses
along the west coast of Africa, a useful resource for conservation
and management planning.
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MATERIALS AND METHODS

Study Area
The present study focused on the distribution range of H.
wrightii along the east Atlantic coastline, where it occurs at a
few scattered locations from Mauritania to Angola, including the
Cape Verde and São Tomé and Prıńcipe Islands. This coastline
coincides mostly with the biogeographic province Gulf of Guinea
and its 5 eco-regions (sensu Spalding et al., 2007), of the Tropical
Atlantic biogeographic realm, but also crosses a major
biogeographic transition zone located around Guinea-Bissau
into the Temperate Northern Atlantic realm at its Lusitanian
biogeographic province where the distribution of H. wrightii
extends into the Saharan upwelling ecoregion (Spalding et al.,
2007; Hemingson and Bellwood, 2018). Across this distributional
range, we obtained samples from eleven localities (Figure 1B)
where, at each location, a variable number of shoots (spatially
separated individual plants) were collected (Table 1). All
sampled locations were subtidal but very shallow (up to 5 m
depth). Samples collected prior to 2018 were mainly obtained
A

C

FIGURE 1 | (A) Genetic differentiation of Halodule wrightii illustrated by factorial corre
Africa; (C) Assignment of individuals to genetic groups that minimize Hardy-Weinberg
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from previously collected herbarium samples (Table 1) thereby
resulting in distinct sample sizes (i.e., different number of
individuals per location). After 2018, directed sampling of ≥20
shoots (depending on depth, visibility, cover area) was conducted
haphazardly, keeping a minimum distance of approximately 1 m
between each sampling unit. All plants were stored individually
on silica gel drying crystals in the field or dried in
herbarium sheets.

DNA Extraction and Genotyping
Microsatellite development and primer sequences for the eight
markers used can be found in Larkin et al. (2012) for loci Hw180,
Hw188, Hw190, Hw196, Hw200 and Hw212; and Larkin et al.
(2017) for loci Hw190b and Hw228. Genomic DNA was
extracted using the NucleoSpin Plant II Kit (Macherey-Nagel,
Duren, Germany) following the protocol from the supplier.
Samples were genotyped for all the variable microsatellite loci
divided into two triplex (HW190b; HW196; HW228) and
(HW180; HW200; HW188) and one duplex (HW190; HW212)
reactions using a GeneAmp ABI2720 Thermal Cycler (Applied
B

spondence analysis (FCA); (B) Sampling sites of Halodule wriightii along West
and linkage disequilibria, estimated by STRUCTURE, K = 3.
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Biosystems, Waltham, MA, USA). Final amplification volume
was 15 mL, containing 1x Colorless GoTaq Flexi Buffer (Promega,
Madison, WI, USA), 2 mMMgCl2 (2.5 mM), 10 mM forward and
reverse primers, 0.2 mM dNTP’s, 1U GoTaq” G2 Flexi DNA
Polymerase (Promega, USA) and 5 mL of template DNA (several
dilutions for different populations). PCR conditions included an
initial denaturation step at 95°C for 5 min, followed by 30 cycles
of 95°C for 30 s, Ta for 30s, extension at 72°C for 30 s and a final
extension at 72°C for 10 min. Amplified fragments were run on
an ABI3130 XL automated DNA sequencer (Applied Biosystems,
Waltham, MA, USA) at CCMAR, with 0.25 mL GeneScanTM
500” LIZ Size Standard (Applied Biosystems, UK) plus 9.75 mL of
Hi-Di formamide, after denaturation at 95°C for 5 min.
Microsatellite alleles were manually scored using STRAND
(Veterinary Genetics Laboratory, University of California,
Davis; http://www.vgl.ucdavis.edu/STRand), 500 LIZ as size
standard (Applied Biosystems) and binned using the R package
‘MsatAllele’ (Alberto, 2009). A detailed and thorough manual
revision of microsatellite amplification and scoring was
conducted including positive and negative controls, PCR
replications to eliminate all ambiguities, and controls testing
allele amplification in more diverse (non-African) samples. The
final genotyping scores were obtained for each sample after a
double-check reading process, to reduce scoring errors and
ensure that the peaks were accurately interpreted.

Data Analysis
To perform the analysis, populations were evaluated according to
genetic clusters and close geographical areas to maximize the
number of individuals per population due to low sample size in
some locations. Because seagrass species can propagate asexually
and the number of shoots sampled at each location might
represent duplicate genotypes collected from the same clone,
Frontiers in Marine Science | www.frontiersin.org 5
the package ‘RClone’ (Bailleul et al., 2016) on R 3.6.2 was used to
assess clonality for all individuals at all sites. Ramets (i.e.,
sampling units with identical alleles) were assigned as identical
multi-locus genotypes (MLGs, or genets). To check if individuals
with the same MLG were truly clones, the probability of finding
identical MLGs resulting from distinct sexual reproductive
events (Psex) was calculated for each population (Arnaud-
Haond et al., 2007). When Psex > 0.01, individuals were
considered to belong to the distinct clones and included in
analyses of genetic diversity. Based on number of individuals
(N) and genets (G) sampled, clonal diversity in each population
was calculated using the clonal richness (R) index, (R = (G − 1)/
(N − 1), ranging from 0 (one single clone) to 1 (when all samples
analyzed correspond to a different genet). Only unique genets per
population were considered for genetic diversity analysis to avoid
biasing allelic frequencies.

The software Micro-checker 2.2.3 was used to check for
stuttering and null alleles (Van Oosterhout et al., 2004).
Microsatellite genetic diversity per sampled site was quantified
by estimating standardized mean allelic richness (Â)
standardized number of private alleles (PÂ), adjusted for the
sample size of 8 samples, Nei’s gene diversity (HE), using
GENETIX 4.05 (Belkhir et al., 1996). Levels of population
differentiation were calculated using FST and Jost’s D using an
analysis of molecular variance (AMOVA) based on allele
frequency under 999 permutations, using GENODIVE (Meirmans
and Van Tienderen, 2004).

To estimate the distribution of genets among genetic groups
that minimize Hardy-Weinberg and linkage disequilibrium, a
Bayesian assignment of genotypes to K groups was made using
the program STRUCTURE (Pritchard et al., 2000). The value K
was estimated from the mean log-likelihood for each K value and
the DK statistic (Earl, 2012) to identify the optimal number
TABLE 1 | Geographic location and genetic diversity indices for sampled sites of Halodule wrightii.

Population Location Country Year of
collection

Lat Long N G R Â3 PÂ3 HE HO FIS

MR Teichott, Banc d’Arguin Mauritania 2018 19.480 -16.445 24 10 0.39 1.62 ± 0.1 0.50 ±
0.61

0.28 0.44 -0.56350*

SN Fadiouth Senegal 2017 14.156 -16.841 30 8 0.24 1.38 ±
0.12

0.31 ±
0.46

0.16 0.24 -0.48810*

CV Gamboa, Praia (Santiago) Cape Verde 2015 14.912 -23.508 21 9 0.40 1.44 ±
0.11

0.74 ±
0.44

0.20 0.29 -0.48387*

GNB Acampamento, Unhocomo Guinea-Bissau 2018 11.281 -16.382 26 14 0.52 1.55 ±
0.19

1.68 ±
0.93

0.21 0.29 -0.34503*
Ancante, Unhocomo 11.312 -16.405

ST-ABA Abade beach, Pagué,
Prıńcipe

São Tomé and
Prıńcipe

2017 1.633 7.455 2 1 0.00 1.50 ±
0.00

0.00 ±
0.00

0.33 0.50 -1.00000

ST-PRI Abade beach, Pagué,
Prıńcipe

2013 1.635 7.456 3 3 1.00 1.75 ±
0.00

1.48 ±
0.50

0.35 0.46 -0.41935

ST-CAB Cabras Islet 2017 0.414 6.656 9 9 1.00 1.86 ±
0.11

1.13 ±
0.71

0.36 0.44 -0.25183

ST-SAN Santana 2017 0.255 6.747 6 5 0.80 1.62 ±
0.08

0.31 ±
0.46

0.28 0.42 -0.57480*

GB Corisco Bay Gabon 2017 0.594 9.307 3 3 1.00 1.62 ±
0.00

1.00 ±
0.00

0.27 0.33 -0.33333

AO Mussulo Bay Angola 2018 -9.006 13.064 39 4 0.08 1.56 ±
0.13

0.14 ±
0.35

0.26 0.43 -0.69106*
Jun
e 2022 | Vol
ume 9
 | Artic
Population; Location; Country; Year of collection; latitude (Lat) and longitude (Lon) in decimal degrees; sample size (N); number of unique genotypes (G); clonal diversity (R); standardized
allelic richness (Â); standardized number of private alleles (PÂ); gene diversity or expected heterozygosity (HE), observed heterozygosity (HO); and multi-locus inbreeding coefficient (FIS),
*p < 0.05.
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of groups. This was analyzed for K ranging from one to eleven
with ten replicates per value and a 50,000 burn-in followed by
500,000 MCMC replicates per iteration. All jobs were run in
parallel on multiple cores using the R package ‘ParallelStructure’
(Besnier and Glover, 2013). Genotypic structure was assessed
with a factorial correspondence analysis (FCA) implemented
with GENETIX 4.05 (Belkhir et al., 1996).

Modelling
Connectivity potential of H. wrightii was further inferred with
biophysical modelling based on propagule dispersal simulations
and network analyses (i.e., graph theory). The model used data
from the Hybrid Coordinate Ocean Model (HYCOM), a
hindcast of high-resolution three-dimensional ocean velocity
fields (regular 1/12-degree horizontal grid with 40 depth
layers) able to resolve key oceanographic processes (e.g.,
filaments, oceanic eddies, fronts and meandering currents)
because it integrates effects of precipitation, wind stress, wind
speed and heat flux on the final end-products about ocean
currents. The hindcast data on the direction and intensity of
ocean currents, when integrated with biological traits of
planktonic viable time in biophysical modelling, allows to
estimate connectivity. This was previously validated with
demographic and generic data for macroalgae, seagrasses,
limpets, mussels, fish, echinoderms and crustaceans (e.g., Assis
et al., 2015; Buonomo et al., 2017; Nicastro et al., 2020).

Individual virtual particles were released on a daily basis
(matching HYCOM temporal resolution) throughout a complete
year from source/sink sites located 1 km apart (i.e., the spatial
resolution of the simulation) where the species is known to
occur. The individual particles simulate rafts of H. wrightii that
strictly float on the ocean surface, and do not consider any
particular shape or density of rafting fragments, as in other
studies also conducted at large spatial scales (e.g., Assis et al.,
2015; Buonomo et al., 2017; Nicastro et al., 2020). Occurrence
records describing the distribution of the species were collated
from the available literature and from biodiversity information
facilities (OBIS and GBIF). The simulation included the west
coast of Africa, from Angola to Mauritania (~6250 km of
coastlines from -10.0° to 21.5° latitude; model domain of
15,616,841km2). A high-resolution polygon was used to define
landmasses (Haklay and Weber, 2008). The model determined
the position of all drifting rafts at every hour of simulation, while
fitting a bilinear interpolation estimate over the velocity fields to
smooth ongoing trajectories. Rafts were allowed to drift for up to
60 days (extreme propagule duration estimate). Rafts arriving at
a shoreline or getting lost in the open ocean (beyond the model
domain) were removed from the simulation. Trajectories were
aggregated to build asymmetric matrices of pairwise probability
of connectivity between source/sink sites, by dividing the
number of virtual rafts released from site i that reached site j,
by the total number of rafts released from site i. Interannual
variability was considered by performing individual simulations
per year, for the 10-year period 2008-2017. Over the entire 10-
year period, the simulation released 3,653 virtual rafts per site
(62,101 rafts in total).
Frontiers in Marine Science | www.frontiersin.org 6
Graph-theory was used to produce networks to visualize
connectivity patterns. The connectivity matrix averaging the 10
years of individual simulations structured the graph nodes
(individual source/sink sites) and the strength of edges
(probability of connectivity). Stepping-stone probability
estimates were determined using the graph, by using a product
function over the probabilities of connectivity along the shortest
paths between all pairs of sites, as found with Floyd–Warshall’s
algorithm, which minimises the sum of log‐transformed
probabi l i t ies . This approach aimed to capture al l
multigenerational potential connectivity across the study
region, beyond the time frame considered in the biophysical
simulations (e.g. Assis et al., 2015; Buonomo et al., 2017; Nicastro
et al., 2020; Ntuli et al., 2020).

Modelling was performed in R (R Development Core Team,
2021), using the packages bigmemory, doParallel, ncdf4, gstat,
gdistance and raster for the biophysical modelling and the
package igraph for the network analyses.
RESULTS

A total of 163 sampling units (seagrass shoots) were successfully
genotyped with 8 microsatellite loci for 10 populations from the
sampled sites along the western coast of Africa. No evidence of
null alleles or linkage disequilibrium was found between the eight
microsatellite loci. Genetic diversity estimates (Table 1) were low
overall, but all diversity metrics were higher in the islands of São
Tomé and Principe, including standardized allelic richness, gene
diversity (mean expected heterozygosity, HE) and number of
private alleles (i.e., endemic genetic diversity represented by
alleles that are not present in any other sites sampled along the
study region). When Psex values were lower than 0.01, the
estimated probabilities of identical MLG were considered
derived from independent reproductive events, leading to the
detection of a total of 66 individual genets. Clonal richness (R),
the proportion of the sampled shoots that were distinct clones
arising from sexual reproduction, varied considerably among
populations, with an overall value indicating a balanced
contribution of seeds and clonal growth (R=0.46). The highest
values of clonal richness were found in São Tomé and Prıńcipe
and Gabon (Table 1), indicating that seed propagation is
dominating in these regions. The inbreeding coefficient (FIS)
was significantly different from zero in six populations (Table 1),
and all values were negative (heterozygote excess), suggestive of
selection favoring heterozygotes.

All population differentiation analyses revealed a separation
between the southern and northern hemisphere sites, with
genetically distinct populations in São Tomé and Principe
(latitude zero) (Figure 1). The Structure analysis revealed three
main clusters (K = 3), which were shared (although in distinct
proportions) between all populations, suggesting incipient
population divergence, which can be caused by either
admixture or recent colonization. The proportions of genotype
assignments were distinct between the southern (Angola, Gabon
and Santana from São Tomé and Prıńcipe) versus the northern
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(all others) hemisphere sites (Figure 1C). The factorial
correspondence analysis (FCA) also supported this result
(Figure 1A) but revealed further differentiation between
population sites. Similar patterns were revealed by the values
of genetic differentiation indices (FST and Jost’s D) among the
eleven populations, with their lack of significance likely being
strongly influenced by the low sample sizes (Table S1;
Supplementary Material).

The data collation from literature (Table S2; Supplementary
Material) and biodiversity databases resulted in 29 locations
where the species is known to occur. This translated in 17 unique
source/sink sites aggregated to 1 km distance (i.e., 12 sites within
distances < 1km), which were included in biophysical modelling.
The aggregated trajectories produced a network showing
potential connectivity only at regional scales (average distance
of connectivity events: 29.124 ± 54.539km; maximum:
176.811km) (Figure 2), with low probabilities of connectivity
(average probability: 0.037 ± 0.081) resulting from a low degree
of connectivity events between paired sites (average number of
events: 13.577± 36.628) (see Supplementary Information). In
particular, the simulations indicated that the sites within São
Tomé and Prıńcipe, Angola and Mauritania were expected to be
connected by oceanographic current transportation (Figure 2).
The remaining sites had no probability of connectivity mediated
by ocean currents (i.e., there were no events of connectivity from/
to these sites, in the 10 years of simulation).
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DISCUSSION

The spatial patterns of genetic structure here found for the
seagrass H. wrightii in its Tropical Eastern Atlantic range
(~6250 km), along the western coast of Africa, did not support
our main hypothesis (i) of ocean currents as main dispersal
vectors mediating population connectivity. Simulated
transportation of drifting seagrass fragments by ocean currents
revealed extremely low or null probability of gene flow between
all populations along this coast, with a few exceptions for nearby
sites. The genetic results, in strong contrast, showed no
significant population differentiation besides a broad genetic
separation north and south of the equator, while on the
equator line (São Tomé and Prı ́ncipe) populations were
genetically distinct despite close proximity, indicating they
originated from independent colonization events by seeds from
genetically differentiated sources. This mismatch between the
observed genetic structure and the predicted connectivity
patterns expected if dispersal was based on ocean currents,
suggests that biotic transportation (e.g., seed transport by
megaherbivores) may play a larger role in the dispersal and
establishment of the species rather than ocean currents, although
further studies are needed to investigate this hypothesis.

The moderate or high genotypic (clonal) diversity here
discovered across all populations (hypothesis ii) demonstrates
successful sexual (seed-based) recruitment, rather than simple
FIGURE 2 | Potential connectivity of Halodule wrightii populations in west Africa, estimated from simulations of transport by ocean currents data (10 years). Circles
in the left panel depict all regions where the species is known to occur. Colors of circles in the right panel represent distinct clusters, i.e., sites that are potentially
connected by ocean currents. For estimates of probability of connectivity between regions see Supplementary Information, Table S3.
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clonal propagation, in all populations. However, genotypic
(clonal) and genetic (allelic) diversity were not similar along
the range (hypothesis iii). Sexual (seed) recruitment and genetic
diversity were maximum in the equator (São Tomé and
Principe), whereas clonal propagation was more prevalent at
both the northern and especially at the southern range of the
species, which may reflect either lower seed production and
dispersal or lower seed germination and seedling survival, at the
range edges. The low genetic (allelic) diversity found across all
populations, is compatible with a hypotheses of recent founder
events/demographic bottlenecks.

This study also compiled all the distribution records and
added new records to fill in the gaps regarding the distribution of
H. wrightii species in this region and underscores the need to
understand the metapopulation dynamics to further implement
conservation measures.

Genetic Structure and Oceanographic
Connectivity
Population genetic differentiation was low and non-significant
across all populations, suggesting high inter-population
connectivity, yet H. wrightii is thought to have low dispersal
capability due to basal non-buoyant seeds. Long-distance
migration by this species can be mediated either by floating
drifting fragments or by animal-mediated transport (entangled
or in the digestive tract). Our results do not support the
hypothesis that connectivity is predominantly mediated by
oceanographic currents, as genetic and hydrodynamic
connectivity show very distinct patterns. Although H. wrightii
fragments can survive floating in the water column for up to four
weeks (Hall et al., 2006), our results indicate that on average,
such dispersal by drifting fragments, would not travel far from
their source location (Figure 2). Although our oceanographic
simulations predict that H. wrightii fragments might still be able
to disperse successfully over short distances between nearby
populations, this was contradicted by the genetic differentiation
of nearby populations in the island of São Tomé.

We cannot rule out the hypothesis of oceanographic
transportation playing a role in dispersal given the extremely
low variability of the markers in this geographic region, that
results in very low power, only capable of detecting genetic
differentiation of high magnitude. Besides, stepping-stone
connectivity could be higher than predicted if unknown
seagrass meadows might exist in between the assessed sites.
However, the poor connectivity potential revealed by passive
transport simulations among H. wrightii populations at such
large scales of distribution indicates that additional factors, such
as grazer transportation, might be involved in mediating
migratory movements in this species. Remarkably, the islands
of São Tomé and Principe contain populations located nearby
but assigned to distinct northern and southern groups, further
suggesting that stochastic rare colonization events might be at
the origin of the colonization of these seagrass populations, as
these bear little or no correlation with geographical distance or
oceanographic distance (i.e., current transport). Multiple
independent colonization events on islands were previously
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reported for coral species: in São Tomé and Principe from
Brazil and from the Caribbean (Teschima et al., 2021), and
numerous colonization events to the Canary Islands and Cape
Verde Islands (de Souza et al., 2017), although such corals have
planktonic life stages. The bio-physical modelling considered key
ecological traits (e.g., rafting duration; Assis et al., 2021) and
oceanographic processes (e.g., eddies and fronts; Manel et al.,
2019) to realistically estimate connectivity, but one cannot
neglect the effect of additional drivers like distinct raft
morphology changing the effect of wind drag (‘windage’) on
their exposed surface (Ruiz-Montoya et al., 2015); however, such
incorporation into modelling is challenging.

Multiple factors may interact to drive seagrass migrations.
Other seagrass species were reported to rely on multiple means of
transportation such as water and sediment movements
(Kendrick et al., 2012; Darnell et al., 2015), drifting (Berković
et al., 2014) or biotic vectors such as herbivores. Dugongs,
manatees, sea turtles, birds or fishes that feed and live among
seagrass meadows, can transport seeds through their
consumption or transport fragments attached to them (see
Heck and Valentine, 2006 for a review). Previous studies have
pinpointed the importance of biotic vectors in the dispersal of
seagrasses. Zostera marina seeds can be dispersed by up to 1.5
km by sea turtles and 19.5 km by birds (Sumoski and Orth,
2012). Other studies have found viable seagrass seeds in
megaherbivores feces, suggesting the potential for green sea
turtles Chelonia mydas (277 – 652 km) and dugongs Dugong
dugon (173 – 234 km) to act as seed migration agents (Tol et al.,
2017). Adding to the potential dispersal distance, it is also
important to consider the digestion retention time for these
herbivores, with reports for dugongs ranging between 6 – 7 days
(Lanyon and Marsh, 1995; Tol et al., 2017) and one to two weeks
for green sea turtles (Brand et al., 1999; Mannina N. B., personal
communication). Satellite tracking data from post-breeding
green sea turtles in our study region indicate that these
animals can travel ~ 400 km between H. wrightii sites in about
10 days (8 – 11 days, n=4, Patrıćio A. R. & Catry P., unpublished
data). This vector could therefore facilitate the dispersal of viable
seeds over such wide distances. Our results support the
hypothesis that the broad distribution of H. wrightii along the
western coast of Africa could be mediated by biotic vectors,
although to date, no study has addressed this subject for this
species. Overall, animals that feed on seagrass meadows on the
west coast of Africa, such as dugongs or green sea turtles
(Marshall et al., 2003; Godley et al., 2010; Hancock et al., 2019)
seem to be the most likely candidates for seagrass seed dispersal,
although wading birds could also play an important role, and
indeed might be able to transport seeds rapidly over greater
distances. On the western side of the Atlantic, one particular
species of duck (Aythya americana) actually feeds on H. wrightii
exclusively for a large part of the year (Michot et al., 2008), but
no equivalent trophic behavior has been reported for any bird
species on the African coastline. In addition to the hypothesis of
biotic transport as main means for seed propagation by H.
wrightii, we also hypothesize that the very large population of
green turtles that migrate along this coast (Catry et al., 2002), one
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of the largest in the world, might be the main dispersal vectors
for H. wrightii. Our study raises interesting questions that still
require further research to assess the true potential of seagrass
seed dispersal via animal vectors along the western coast
of Africa.

Genotypic Diversity
Clonal reproduction is common among seagrass species,
allowing long-term persistence of individual genotypes (e.g.
Arnaud-Haond et al., 2012; Arnaud-Haond et al., 2020). In
dioecious species like H. wrightii maintaining genotypically
diverse populations is also important to increase the
probability of mating encounters, for successful sexual
reproduction to occur. Monoclonal dioecious seagrass
populations do exist and may persist for millennia (e.g. Alberto
et al., 2008), but evidently only by clonal propagation, as a single
male or single female cannot form sexual seeds. The proportion
of distinct sexually originated (seed-derived) clones in a
population (i.e., genotypic richness) is a measure of the long-
term balance between sexual and asexual reproduction.
Genotypic richness, in addition to genetic diversity, can also
play a major role of seagrass ecosystems resilience to maintain
vital functions (Massa et al., 2013). Clonal richness of H. wrightii
along the western coast of Africa was generally high (mean
R=0.46), particularly higher than on the western side of the
Atlantic for the same species (mean R=0.34; Larkin et al., 2017),
revealing a high contribution of seed recruitment for population
maintenance along the west coast of Africa. Our results also
revealed that clonal richness was variable among sites, indicating
that sexual recruitment from seeds was less relevant and/or
successful in some populations, particularly in Angola (R=
0.08, Fis= -0.69), where the lowest R value was observed, and
Senegal (R= 0.24, Fis = -0.69), two populations located near the
southern and northern range edges of the species. Overall, these
results reject our initial hypothesizes of similar observed clonality
across the species range, raising the hypothesis of geographical
parthenogenesis, i.e., higher clonal propagation in range-edge
populations as these occupy marginal habitats (Eckert, 2002;
Tilquin and Kokko, 2016). Furthermore, clonal diversity was
higher in central populations, showing that sexual reproduction
is favored. However, due to the small number of individual
samples for some of the central populations, these results should
be considered carefully (Table 1). Future studies with more shoot
sampling per population could indicate whether sexual
reproduction in central populations is indeed higher than in
peripheral populations. Seagrasses in general have very variable
levels of clonal richness across distinct populations of the same
species (e.g. Arnaud-Haond et al., 2007; Alberto et al., 2008; Boyé
et al., 2021), and this is therefore not a species-specific trait.
However, depending on the levels of genotypic diversity and the
number of disturbance events within a population, seagrass
recovery can occur through either sexual or asexual
reproduction when habitats are disturbed (Becheler et al., 2010;
Jarvis et al., 2012). When seed recruitment is frequent,
disturbance is predicted to increase and maintain high
genotypic variety (Becheler et al., 2010; Becheler et al., 2014;
Paulo et al., 2019; Arnaud-Haond et al., 2020), because
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disturbance increases space available thereby reducing
competition, which favors seedling recruitment. In contrast,
populations with low genotypic diversity are more likely to
recover from disturbances through asexual reproduction of
established genotypes. This reproductive plasticity may
enhance the resistance and resilience of seagrass species to
habitat and environmental changes. Future research for H.
wrightii in West Africa should consider a better sampling
design, particularly in central populations such as São Tomé
and Principe, to increase the number of sampling units to test the
hypothesis of whether clonal or sexual reproduction might vary
over different geographical scales and whether asexual
reproduction is more prevalent towards to the species
range edge.

Genetic Diversity
The low genetic diversity found for populations of H. wrightii in
western Africa (mean Â=1.59) is distinct from H. wrightii on the
western Atlantic (4.08 in Larkin et al., 2017; 3.26 in Reynolds
et al., 2019), and thus it is not a species-specific trait. This could
be caused by diversity loss to population bottlenecks or to
founder events, as might be expected if colonization of these
regions was recent. Although the overall low allelic richness ofH.
wrightii on the west coast of Africa was comparable to mean
levels observed in many other seagrasses around the world (1.44
in Jahnke et al., 2019; 1.56 in Nguyen et al., 2014; 1.62 in Tanaka
et al., 2011), these levels rank among the lowest in seagrasses
(2.16 in Arriesgado et al., 2015; 4.78 in Becheler et al., 2010; 3.25
in Olsen et al., 2004; 5.60 in van Dijk et al., 2018).This pattern
supports the hypothesis of a recent colonization history in the
eastern side of the Atlantic with founder effects, a scenario that is
supported by the observation that this is the only taxon that
occurs on both sides of the tropical Atlantic. Most Atlantic
tropical seagrass species occur exclusively on the western side
of the Atlantic, suggesting that this oceanic migration route must
be a very rare event for seagrasses. The lower allelic richness in
near marginal populations such as Senegal or Angola was
consistent with our hypothesis of lower genetic diversity
towards the range edges, as shown for other species (e.g.,
Arnaud-Haond et al., 2006; Ridgway et al., 2008; Arriesgado
et al., 2015).

The results of this study have important conservation
implications, particularly as extremely productive and
biologically diverse coastal ecosystems of the west coast of
Africa have been under increasing stress due to natural and
human-induced pressures (Polidoro et al., 2017). The low genetic
variation in H. wrightii populations, together with the small
number of known populations and their restricted habitats,
raises concerns for their conservation and ability to deal with
environmental and human mediated impacts, since genetic
diversity is the basis for adaptation to future environments
(Lande and Shannon, 1996). Seagrasses provide essential
habitat for other species and ecosystem services, and their loss
is magnified into a loss of multiple ecological functions.
Protecting existing seagrass meadows in this region and
restoring them where suitable habitats exist, may be vital to
prevent loss of existing genetic diversity (Duval-Diop
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et al., 2014). However, our study suggests that this diversity
might also depend on protecting the herbivores that potentially
mediate their successful gene flow and colonization of new
habitats. The results of this study support the hypothesis that
the very large population of green turtles that migrate along this
coast might be a main dispersal vector. It is widely accepted that
seagrasses must be protected for the survival and persistence of
their associated macrofauna; our results suggest that conversely,
macrofauna such as green turtles, may also play an important
role in long-term seagrass persistence and reproductive success
along the tropical western coast of Africa.
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Berković, B., Cabaco, S., Barrio, J. M., Santos, R., Serrão, E. A., and Alberto, F.
(2014). Extending the Life History of a Clonal Aquatic Plant: Dispersal
Potential of Sexual and Asexual Propagules of Zostera Noltii. Aquat. Bot.
113, 123–129. doi: 10.1016/j.aquabot.2013.10.007

Besnier, F., and Glover, K. A. (2013). ParallelStructure: A R Package to Distribute
Parallel Runs of the Population Genetics Program STRUCTURE on Multi-
Core Computers. PloS One 8 (7), e70651. doi: 10.1371/journal.pone.0070651
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Copyright © 2022 Tavares, Assis, Patrıćio, Ferreira, Cheikh, Bandeira, Regalla,
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